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Prologue: flavor, who cares ? #1

3

(proton-antip-protons annihilation => baryon asym’ of < 10-18 )

• Baryogenesis => SM cannot be the only source of CP 
violation (CPV).                                                                                               

• Accidental symmetries: SM is very protective of itself,  
generically - you touch you die:                                                                                          
Almost any SM extension give new sources of flavor & CPV.

Integrating out new phys. (NP) => dim. 6 Ops.: (d̄idj)2/�2
NP

Precision flavor measurements =>        �NP � 104TeV
.
�MW

The flavor NP hierachy “problem” (puzzle not a problem).3



Prologue: flavor, who cares ? #2

4

• Higgs & flavor, 2 connections: 

 The hierarchy problem, requires low (TeV) new phys. scale.
(tension \w previous page statement …)  

Also, solving the hier’ problem is often linked to flavor phys.. 

 Within the SM, the Higgs is the only source of fundamental 
masses => flavor phys. is by definition due to Higgs phys.. 

This is interesting as the SM flavor parameter are small and 
hierarchical leading to the flavor puzzle.  

Can we use the LHC to verify this story? 

(cancellation top-Higgs loop => top partners => new flavor phys.)



First chapter:
The SM flavor sector



The uniqueness of the SM flavor sector

• SM fermions: 3 x (Q(3,2)1/6 , U(3,1)2/3 , D(3,1)-1/6 , L(1,2)-1/2, E(1,1)-1). 

• This brings with it a whole kind of phys. called flavor/gen’ phys.. 

• It has a special structure & thus comes with sharp predictions: 

Kobayashi-Maskawa Mechanism: 1 CP violating (CPV) phase;  

Mixings is controlled by only 3 real parameters (CKM angles).



Introduction (uniqueness of SM)

• Flavor is violated dominantly via charged current interactions (int’s); 

• Flavor violation, @leading order, only via left-handed (LH) currents; 

• Dominantly, flavor violation is controlled by the top int’s;  

• Flavor sector posses an approximate U(2)Q x U(2)U x U(3)D symmetry;

• SM lepton sector which posses a global a U(1)l3  (beyond our scope).



The SM quark flavor sector,  int’ basis

Int’ basis, the gauge part is trivial:

Yukawa sector is interesting:

global sym’: U(1)3D � U(1)3U ⇥ U(1)B

global sym’:

q̄I
LiD/qI

Lj �ij, q � Q, U, D

U(3)Q � U(3)U � U(3)D

.
qi � U (3�3)

ij qj

(see later)



How many flavor parameters in the SM?

The int’ basis is not unique !

Ex.: can use flavor sym’ to rotate the fields and get different form of 
Yukawa matrices; for ex. we can bring one of them to a diag’ form.

 => mass basis for up or down quarks. (very useful for neutrino experimental 
physics, this is called the neutrino flavor basis where the charged lepton are brought 

to their mass eigenstate)

Do the counting in 2 ways, int’ basis (sym’ oriented) 
and mass basis (explicit).

Counting flavor parameters, int’ basis



SM flavor sym’ breaking- 

How many flavor para (Int’ basis)?

6 masses + 3mixings +1CPVphase

Can use the freedom to eliminate unphysical 
parameters and count the physical ones:

Remove: 3U(3)=3(3Re+6Im)=>9Re +(18Im-1      )  parametersU(1)B

Thus altogether: (18-9)Re+(18-17)Im

U(3)Q � U(3)U � U(3)D



Counting flavor parameters, mass basis

��0⇥ = v/
⇤

2Setting the Higgs field to its vev, we find:



flavor in weak int’(charged current), mass basis

The quarks-W+- couplings are now complicated:



The form of the CKM matrix (i)



The form of the CKM matrix (ii)



The quarks-W+- couplings are now complicated:

SM: weak int’ is only source of flavor and effectively CPV

remove 6 phases -1 U(1)B
� VCKM contains 3 real mixing angles

& 1 CP violating (CPV) phase

i) Only in charged current;  ii) Dominantly via LH quarks.

(         aside)
.
�QCD

The minimal form of the CKM matrix



The SM flavor parameters

� � 0.23 and A, ⇥, � � 0.8, 0.2, 0.3

~

             mu=0.001-3; md=0.003-7; ms=0.1GeV;   
 mc=1.3; mb=4.2; mt=170GeV;

        me=.00055; mμ=0.11; mτ=1.8GeV.

masses in GeV <=> ;
;

.



The flavor puzzle, small & hierarchical parameters

The flavor parameters span many order magnitudes 
and have a clear hierarchy,  why (is it natural)?

= O(10�5)

= O(10�19)J = det[YUY †
U , YDY †

D] = 1
v12 O�

10�22
�



Flavor puzzle vs. problem, tuning vs fine tuning 
Flavor puzzle: parameters are small and hierarchical.

Is the flavor sector finely tuned? (quantum unstable?)

’t Hooft’s-technical-naturalness: a parameter is natural if 
when it’s vanishing a new non-anomalous sym’ is obtained. 

Light masses are protected by residual                         sym’.

2
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g2

U(3)U ⇥ U(3)Qu ⇥ U(3)Qd ⇥ U(3)D

Mixing angles are protected by            sym’.
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Flavor puzzles => matter of tuning (nothing unnatural)

Higgs mass => fine tuning (unnatural)!
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SM Flavor Structure, Spurion (sym’) Analysis 

We promote YU,D to spurions, transform
under the flavor group � flavor invariant LSM .

The maximal global sym’ consistent \w SM gauge sym’ is:

more precisely: GSM
g2/

= U(3)Qu � U(3)Qd � U(3)u � U(3)d

⇤ �W ⇥ �W (3, 3̄, 1, 1)

YU (3, 3̄, 1) , YD(3, 1, 3̄)
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GSM ⇤ U(3)Qu � U(3)Qd � U(3)U � U(3)D

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, ⇥K constrains the scale of maximally flavor violating
NP to be >⇥ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the e�ective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q � U(3)u � U(3)d, (1)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYuuR + HdQ̄LYddR, (2)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y �
u,d =

VQYu,dV
†
u,d, while the quark fields are in the fundamental representations, (Q�, u�, d�) = VQ,u,d(Q, u, d). Weak scale NP

models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa couplings
as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically, this means
that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q bilinears
insertions such as Q̄(YuY †

u )nQ are allowed, while Q̄Y †
d (YuY †

u )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(⇥uYu, ⇥dYd)Q can be expanded

in powers of Yu,d. In the large tan� limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ⇥u,d. We distinguish between two limiting cases
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MFV (minimal flavor violation) theories defined

as an e↵ective theory where only source

of flavor breaking is given by powers of YU,D.

Under the SM flavor group: Q(3, 1, 1), U(1, 3, 1), D(1, 1, 3).



MFV & quick way to estimate SM strength of 
FCNC & constraints

As we saw, flavor structure of NP not generic, similar to SM. 
Extra protection is obtained if the NP flavor structure 

is controlled by same parameters as the SM  
(also, a quick, effortless, way to estimate SM contributions).

(see: D’Ambrosio et. al (02).

YU (3, 3̄, 1) , YD(3, 1, 3̄)

We promote YU,D to spurions, transform
under the flavor group � flavor invariant LSM .
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Effective field theory of MFV

The only source of flavor & CPV is due to the SM Yukawas.

The amount of flavor violation is calculated via setting the Y’s 
to their observed “background” value.

Thus Oij
1 = [Q̄i

L[a(YUY †
U )ij + b(YDY †

D)ij ]Qj
L]2 is U(3)Q invariant.

YUY †
U & YDY †

D transform as 8+1 of the U(3)Q flavor group
and Qi

L(3, 1, 1), U i
R(1,3, 1), Di

R(1, 1,3).

Down quark flavor violation is described in their mass basis: 

Oij,d
1 = {D̄i

L[ a
v2 VCKM diag(m2

ui)V †
CKM]ij + b

v2 diag(m2
di)]Dj

L}2

no flavor conversion.CKM controls flavor & CPV



MFV, estimation of amplitudes, SM approx’ sym’

Oij,d
1 = {D̄i

L[ a
v2 VCKM diag(m2

ui)V †
CKM]ij + b

v2 diag(m2
di)]Dj

L}2

In most cases we can use m2
ui,di � (0, 0,m2

t,b)

Thus, [VCKM diag(m2
ui/v2)V †

CKM]ij � y2
t VtiV

�
tj

     Ex. Bd,s mass difference, Δmd,s:
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For Bd,s system:
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MFV, connection with SM 

Can use same method to estimate SM contributions!

  Top controls the flavor violation (like charm via GIM).

    mt � 130 GeVB’s K’s-
_

The SM structure is identical,
say for Bd,s system:

�
H�B=2

e⇥

⇥SM

Obd,s
1

� (b̄L�µdL, sL)2(VtbV �
td,s)

2/�2
SM

What is �2
SM?

Can ”guesstimate”:
1

�2
SM

=
�

g�
2

⇥4
· 1

M2
W

· 1
16�2

Factor of  2 smaller than the LO result,
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear σ-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd−B̄d mixing is bounded by CPV in Bs−B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D − D̄ mixing and in top flavor violation.
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∆F=2 ≈ 10 TeV

where λd,u,Q are diagonal real matrices, V is the CKM matrix, and Vd is a unitary matrix which parameterizes the
misalignment of XQ with the down mass basis.
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MFV & the SM contributions
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Agreement between Exp’ data & SM implies: �MFV < �SM

For some LLRR, �B,S = 2, operators O(10, 100) enhancement is obtained!

So we can estimate bounds for CP conserving [CPV] (LL)2, (RR)2
operators via �K,Bd,s � �SM � (0.1��5,��3,��2) [(2��5, 4��3,��2)]
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Second chapter:
Flavorful Naturalness 



Conventional naturalness => vague scale => LHC perspective
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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mt̃ ⇠ 400GeV

LHC8: mt̃ ⇠ 700GeV

natural SUSY

tuning ~ 1:102

LHC14 : mt̃ ⇠ 2TeV

tuning ~ 1:10

 Screening away UV sensitivity => new partners, potentially within the LHC reach.
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Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

The LHC naturalness ruler:
          (~ half way through)

26

The LHC is a very limited telescope
but this is the best we have … 
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Rattazzi (12)

With NP new flavor problem might arise
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�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

same sign t’s

7.6⇥ 10�5 2.5⇥ 10�5

1.3⇥ 10�5 4⇥ 10�61.1⇥ 103

3⇥ 1021.1⇥ 102

3.7⇥ 102

NP, model indep’:

28
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However little is known on tFCNC

same sign t’s

Do not directly 

couple to 3rd 

generation!

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.
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�F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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30

t 
, b

u u
d

u u
d

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

�F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

However little is known on tFCNC
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• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

x12

Our most precise probes are made of light quarks;
our initial states are made of light quarks and gluons.
However, natural phys. is about Higgs, top & massive gauge fields.



♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, private com.; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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(@ 1-loop, ignoring EW 2-loop )
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Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a
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s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form
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defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

Tension with LLRR
CP violation (CPV)!

D. Grossman, Hochberg, GP & Soreq, private com.; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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Reverse the logic with light flavors

♦ How large of cutoff to sustain fine tuning of less than 1:100 ?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a
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TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

B system: only case with 
tension with LLLL operators;

Improvement in Bs will 
get us there as well.

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV

32



Reverse the logic with light flavors

♦ How large of cutoff to sustain fine tuning of less than 1:100 ?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

B system: only case with 
tension with LLLL operators;

Improvement in Bs will 
get us there as well.

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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Top partners &  LHC Searches

200 300 400 500 600 700 8000

50

100

150

200

250

300

350

400

450

500

1
0
χ∼+m

t<m
1t~m

(BR=1)0
1
χ∼ t→ 1t

~ production, 1t
~

1t
~

 [GeV]
1t

~m

 [G
eV

]
0 1
χ∼

m

ATLAS Preliminary

 = 8 TeVs, -1 Ldt = 20.5 fb∫
All hadronic channel

All limits at 95 % CL

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

Expected limit (2011)

Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2
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Top partners & naturalness

Naturalness => new colored partners, potentially within the LHC reach.
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I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

Supersymmetry
top partners=stops

Composite Higgs
top partners = ”T”
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Before discussing flavor violation, 
crucial info in flavor diag’ NP sector
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Basic question regarding NP: what structure is realised in nature ?? 

spectrum 
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been applied.
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                  Info’ not related to flavor conversion or CP violation,
                  thus accessible at high energy measurements!

36



Supersymmetric Flavorful Naturalness
&

 implications of split first two generation squark spectrum
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Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

♦ Standard model: 3 copies (flavors) of quarks;

     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 

     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); 
Cohen, Kaplan & Nelson (96) 

Supersymmetric (SUSY) Flavorful naturalness
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♦ Standard model: 3 copies (flavours) of quarks;

     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 

     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); 
Cohen, Kaplan & Nelson (96) > 1000 citations !

♦ This need not be the case, top-partner => “stop-scharm” admixture.

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stopx
Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

m̃1m̃2

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Flavourful naturalness
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Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

m̃t

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

m̃1, m̃2

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

 Signatures change, opening the charm front at high energy &  
 in  D-meson CP violation.

Blum, Grossman, Nir & GP (09); Gedalia, Kamenik, Ligeti & GP; Mahbubani, Papucci, GP, Ruderman & Weiler (12); Blanke, Giudice, Paradisi, GP & Zupan (13).                                                                    

♦ Standard model: 3 copies (flavours) of quarks;

     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 

     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); 
Cohen, Kaplan & Nelson (96) > 1000 citations ...

♦ This need not be the case, top-partner => “stop-scharm” admixture.

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stopx
Flavourful naturalness

40



♦ Flavor: only                               sizable mixing is allowed.  

What is the impact of stop-flavor-violation on tuning ? 
(flavored naturalness)

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

♦ Naively sounds crazy ... 

˜tR � ũR or

˜tR � c̃R

Dine, Leigh & Kagan (93); Dimopoulos & Giudice (95).
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What is the impact of adding flavor violation on stop 
searches ? (flavorful naturalness)

♦ Flavor: only                                sizable mixing is allowed.  

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

c̃R

♦ Naively sounds crazy as worsening the fine tuning problem.  

♦ However, as you’ll see soon the scharm can be light...  

♦ The                          production is suppressed by              .  ”t̃R t̃⇤R” ! tR t⇤R
�
cos ✓R23

�4

Potentially: new “hole” in searches &  what about naturalness? 

˜tR � ũR or

˜tR � c̃R

�m2
Hu = � 3y2t

8⇡2

⇣
m2

t̃L
+ cos

2 ✓RR
23 m2

1 + sin

2 ✓RR
23 m2

2

⌘

42



t 
Producing Top Quarks 
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•! 1.96 TeV pp collider 

•! Run II started in 2001 
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Most of the results 

•! 14 TeV pp collider 

•! Restart in Nov 2009 at 7 TeV 
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(ũ, d̃)L, ũR, d̃R,
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, (c̃, s̃)L

M

8 dof
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, ũR, d̃R,
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, (c̃, s̃)L

M

8 dof
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(ũ, d̃)L, ũR, d̃R,
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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PDFs: all 4 flavor “sea” squarks can be rather light

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

allowed

allowed

allowed
excluded

excluded

excluded

m̃valence & 1.2TeV

m̃sea & 600TeV

sea vs. valence

See also: Heikinheimo, Kellerstein & Sanz (11); Kribs & Martin (12),

GeV

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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mCT (GeV) >150 >200 >250

Top 7.4± 2.7 (7.1) 3.9± 1.6 (3.7) 1.6± 0.7 (1.5)
Z+jets 14± 3 (13) 7.7± 1.7 (7.0) 4.3± 1.2 (3.9)
W+jets 7.2± 4.5 (7.4) 4.1± 2.6 (4.2) 1.9± 1.2 (1.9)
Multijets 0.3± 0.3 0.2± 0.2 0.05± 0.05
Others 0.5± 0.3 0.4± 0.3 0.4± 0.3

Total 30 ± 6 16 ± 3 8.2 ± 1.9
Data 19 11 4

TABLE I. Expected and observed number of events for an integrated luminosity of 20.3 fb�1 at
p
s = 8TeV. Top, Z+jets

and W+jets contributions are estimated using the fit described in the text. For comparison, the numbers obtained using MC
simulations only are shown in parentheses. The row labeled “Others” reports subdominant electroweak backgrounds estimated
from MC simulations. The total uncertainties are also reported.

FIG. 1. Distributions of mCT (top) and mcc (bottom), and
their corresponding SM predictions. Signal region selections
(mCT > 150 GeV for the mcc distribution) are applied, other
than for the variable plotted. Arrows indicate the SR require-
ments on mCT and mcc. In the ratio plots, the grey bands
correspond to the combined MC statistical and experimental
systematic uncertainty.

shaded area. Systematic uncertainties, other than in the
c̃ pair-production cross section, are treated as nuisance
parameters and correlated when appropriate. For the
SUSY scenario considered, the upper limit at 95% C.L.
on the scalar-charm mass obtained in the most conserva-
tive cross-section hypothesis is 540GeV for m

�̃

0
1
= 0 (in-

creasing to 555GeV for the central estimate of the signal
cross section). Neutralino masses up to 200GeV are sim-
ilarly excluded for m

c̃

< 490GeV. This significantly ex-

FIG. 2. Exclusion limits at 95% C.L. in the c̃–�̃0
1 mass plane.

The observed (solid red line) and expected (dashed blue line)
limits include all uncertainties except for the theoretical sig-
nal cross-section uncertainty (PDF and scale). The band
around the expected limits show ±1� uncertainties. The dot-
ted lines around the observed limits represent the results ob-
tained when moving the nominal signal cross section up or
down by the ±1� theoretical uncertainty.

tends the results of previous flavor-blind analyses [16, 17],
which provide no exclusion for m

�̃

0
1
> 160GeV, nor for

single light squarks with masses above 440GeV. The sig-
nal regions are used to set limits on the e↵ective cross
sections �vis of any non-SM processes, including the ef-
fects of branching ratios, experimental acceptance, and
e�ciency, neglecting any possible contamination in the
control regions. Values of �vis larger than 0.44 fb, 0.36 fb,
and 0.23 fb are excluded at 95% C.L. for mCT greater
than 150, 200, and 250GeV respectively.

In summary, this Letter reports results of a search for
scalar-charm pair production in 8TeV pp collisions at the
LHC, based on 20.3 fb�1 of ATLAS data. The selected
events have large Emiss

T and two c-tagged jets. The results
are in agreement with SM predictions for backgrounds

1501.01325

mc̃ & 550GeV
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       Surprisingly: answer is probably yes both from low                                            
                                            energy & UV perspectives.                         

See Galon, GP & Shadmi (13) for microscopic realization, 
aligned SUSY breaking flavored gauge mediation models. 
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Let’s understand the implications for flavor.
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♦SUSY flavor & CP violation => misalignment between squark soft 

masses & standard model (SM) Yukawa matrices.

♦SM: right handed (RH) flavor violated by single source,                      ,

=> RH SUSY masses are alignable removing RH flavor & CP violation:  
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs
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(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
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sleptons with the same electroweak quantum numbers will be degenerate in mass and can
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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Q1; m2
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u1; m2
d
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L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
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strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K
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vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
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is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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u1; m2
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1; m2

L = m2
L1; m2

e = m2
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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q ij (⇥q
ij)MM ⌃⇥q

ij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥q
ij)MM and on ⌃⇥q

ij⌥, where q = u, d and
M = L, R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d
23)RR is about

3 times weaker than that on (⇥d
23)LL (given in table). The constraints on (⇥d

12,13)MM , (⇥u
12)MM

and (⇥d
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥q
ij)LR

d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥q
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ⇤ m2
g̃/m̃

2
q = 1. The constraints on ⇥d

12,13, ⇥u
12, ⇥d

23

and ⇥q
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan �, some constraints are modified from those in Table 4. For instance, the
e⇥ects of neutral Higgs exchange in Bs and Bd mixing give, for tan � = 30 and x = 1 (see [140,
145, 146] and refs. therein for details):

⌃⇥d
13⌥ < 0.01

�
MA0

200 GeV

⇥
, ⌃⇥d

23⌥ < 0.04

�
MA0

200 GeV

⇥
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as
(30/ tan �)2.

The experimental constraints on the (⇥q
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (⇥q
ij)LR and (⇥q

ij)RL, except for (⇥d
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the
phase of (⇥q

11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on
(⇥u,d,�

11 )LR are weakened by a factor ⇧ 6.
While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the
first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses
below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+ m eQ1

⌅
⇤

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
�mQ̃1

mQ̃2
+ mQ̃1

⇥< 0.05� 0.14,

mũ2 �mũ1

mũ2 + mũ1
⇥< 0.02� 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2� 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE e⇥ects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 �KdL

21 | = sin ⇥c = 0.23. Given the constraints from �mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.

13

(squark doublets, gluino, 1TeV)                                                

SUSY alignment implications: no hope for non-degeneracy?

	Blum,	Grossman,	Nir	&	GP	(09)	

With phases, first 2 gen’ squark need to have almost equal masses.
Looks like squark anarchy/alignment is dead!
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♦ SM LH sector consist of 2 flavor breaking sources:
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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q ij (⇥q
ij)MM ⌃⇥q

ij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥q
ij)MM and on ⌃⇥q

ij⌥, where q = u, d and
M = L, R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d
23)RR is about

3 times weaker than that on (⇥d
23)LL (given in table). The constraints on (⇥d

12,13)MM , (⇥u
12)MM

and (⇥d
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥q
ij)LR

d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥q
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ⇤ m2
g̃/m̃

2
q = 1. The constraints on ⇥d

12,13, ⇥u
12, ⇥d

23

and ⇥q
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan �, some constraints are modified from those in Table 4. For instance, the
e⇥ects of neutral Higgs exchange in Bs and Bd mixing give, for tan � = 30 and x = 1 (see [140,
145, 146] and refs. therein for details):

⌃⇥d
13⌥ < 0.01

�
MA0

200 GeV

⇥
, ⌃⇥d

23⌥ < 0.04

�
MA0

200 GeV

⇥
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as
(30/ tan �)2.

The experimental constraints on the (⇥q
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (⇥q
ij)LR and (⇥q

ij)RL, except for (⇥d
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the
phase of (⇥q

11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on
(⇥u,d,�

11 )LR are weakened by a factor ⇧ 6.
While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the
first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses
below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+ m eQ1

⌅
⇤

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
�mQ̃1

mQ̃2
+ mQ̃1

⇥< 0.05� 0.14,

mũ2 �mũ1

mũ2 + mũ1
⇥< 0.02� 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2� 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE e⇥ects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 �KdL

21 | = sin ⇥c = 0.23. Given the constraints from �mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.
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SUSY alignment implications: no hope for non-degeneracy?

	Blum,	Grossman,	Nir	&	GP	(09)	

With phases, first 2 gen’ squark need to have almost equal masses.
Looks like squark anarchy/alignment is dead!

The charm frontier: recntly LHCb made impressive 
progress in CPV in mixingThe SUSY left handed flavor challange
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♦ SM LH sector consist of 2 flavor breaking sources:

♦SUSY: cannot align LH masses 
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, !dad

!QHd + c.c. → (ad)12⟨H0
d⟩!sL

!d∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
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gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
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couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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D mixing: sea vs. valence LH squarks 
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Figure 3: Allowed regions in the squark mass plane for mg̃ = 1 TeV (upper left),

mg̃ = 1.5 TeV (upper right), mg̃ = 2 TeV (lower left), mg̃ = 3 TeV (lower right). Di↵erent

colours correspond to: M

2

= 100 GeV (yellow), M
2

= 200 GeV (red), M
2

= 400 GeV

(green), M
2

= 1000 GeV (black).

15

Ghosh, Paride, GP & Spada (15).

Allowed regions in the squark mass plane formg̃ = 1.5 TeV. Di↵erent colours

correspond to: M2 = 100 GeV (yellow), M2 = 200 GeV (red), M2 = 400 GeV

(green), M2 = 1000 GeV (black).



CPV in D mixing: sea vs. valence LH squarks 
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where the upper bound on |Im zD| has been obtained assuming the bounds on |Im zK | and
|Re zD| from refs. [29] and [30], respectively. Since we are interested in a relation among

physical observables, we exploit the model-independent results of the previous section in

the limit of small CP violation. In particular, from Eq. (9) and (10), and remembering

that in D-physics we are interested in the two generation limit, where all the SM couplings

can be made real without loss of generality, we have

A
�

/2⌧ ⇠ Im (M
12

)
SM2Real

/ Im zD . (28)

As a result, it is straightforward to find the following expression for |A
�

|

|A
�

| . 0.36
p
x tan↵ �✏K , (29)

where �✏K ⇠ Im zK . Finally, imposing the experimental bounds on x and �✏K , we can

find the desired theoretical upper bound for |A
�

|

|A
�

| . 9.3⇥ 10�4

r
|�✏K |max

1.0⇥ 10�3

r
xmax

6.7⇥ 10�3

p
| tan↵| , (30)

where we have assumed |�✏K |max . 1.0⇥10�3 such that |�✏K |max/✏SMK . 0.4 , in agreement

with the bound quoted in ref. [29]. Therefore, the current experimental resolutions (see

Tab. 1) are testing right now the natural predictions of alignment models.

In Fig. 1 on the left, we show the model-independent correlation between A
�

and �✏K
within alignment models. As we can explicitly see, positive NP e↵ects for �✏K at the

level of 20%�30% (which would even improve the current UTfit analyses) naturally imply

values for A
�

close to the present bound A
�

. 4.4 ⇥ 10�4. In fig. 1 on the right we show

also the correlation between Im
�
CD

1

�
and Im

�
CK

1

�
. In both plots we have imposed the

bound on |M
12

| of Tab 1 and set ✓q = �3

C

for definiteness. Moreover, we have considered

↵ = (20�, 45�, 70�, 80�) in the 1st and 4th quadrants while ↵ = �(20�, 45�, 70�, 80�) in the

2nd and 3rd quadrants.

4 D0 � D̄0 mixing in SUSY Alignment Models

We shall now move to consider SUSY alignment models [6, 7]. It amounts to aligning the

squark and quark mass matrices either in the up- or down-sector, so that FCNC e↵ects

are kept under control without requiring any degeneracy in the squark spectrum.

As argued in Ref. [8], within alignment models it is possible to predict both lower and

upper bounds for the SUSY flavor mixing angles (sqM)ij entering the couplings g̃�qMi
�q̃Mj

,

with M = L,R. In particular, by making use of holomorphic zeros in the down quark

mass matrix to suppress the mixing angles of the first two generations, one can find the

predictions of Tab. 2.

9

Alignment: new upper bound on CP violation (CPV) in D-phys.:

LHCb is currently testing alignment paradigm:

Figure 1: Left: correlation between A

�

and �✏K . Right: correlation between Im
�
C

D
1

�

and Im
�
C

K
1

�
. The plots have been obtained imposing the bound on |M

12

| of Tab 1.

In the 1st and 4th quadrant ↵ = (20�, 45�, 70�, 80�) while in the 2nd and 3rd quadrant

↵ = �(20�, 45�, 70�, 80�).

Let us simplify the above expressions remembering that cos ✓
C

⇡ 1, sin ✓
C

⇡ �
C

⇡ 0.22

and taking the limit of almost alignment where ✓q ⌧ 1. We find that

Re cK = (X̂
1

� X̂
2

) ✓q cos↵ ,

Im cK = Im cD = (X̂
1

� X̂
2

) ✓q sin↵ ,

Re cD = (X̂
1

� X̂
2

) (✓q cos↵� �
C

) ,

Re zK = (X̂
1

� X̂
2

)2 ✓2q cos 2↵ ,

Im zK = (X̂
1

� X̂
2

)2 ✓2q sin 2↵ ,

Im zD = (X̂
1

� X̂
2

)2(✓2q sin 2↵� 2�
C

✓q sin↵) ,

Re zD = (X̂
1

� X̂
2

)2(�2

C

+ ✓2q cos 2↵� 2�
C

✓q cos↵) . (26)

The expressions above show that CP violating e↵ects enteringK and D meson systems are

not universal for �F = 2 transitions. Yet, it is still possible to obtain a model-independent

upper bound for charm CP violating e↵ects. In order to see this, we notice that that above

relations imply

|Im zD| ⇡
p
2 tan↵⇥ Im zK

p
Re zD . 4⇥ 10�8

p
| tan↵| , (27)

8

Ghosh, Paride, GP & Spada (15).



Third chapter:
The Flavor of the Higgs



Minimality of Standard Model (SM) Higgs Mechanism

♦ Higgs in minimal SM plays 2 roles: 

54

(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
(the Lagrangian preserves the symmetry but not the vacuum)
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General: Higgs mechanism vs. fermion masses

♦ This mechanism in principle has nothing to do with fermion masses.
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x
x

generically, no relation between Higgs coupling & (light) fermion masses



SM: Higgs mechanism vs. fermion masses

♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
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Higgs in the standard model

3

SM = the Standard Model of particle physics
v =  the Higgs vacuum expectation value

hf̅

ftested by h→WW*,ZZ* yf ∝ mf

mf ≠ 0

not yet tested

Yukawa couplings

h

v

mW,Z ≠ 0

within the SM the two are one to one correlated

(ii) induce fermion masses & unitarization (high-E consistency).



Fermion mass generation in the SM vs. exp.
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SM mass origin: Lmass = yf ¯ffH and hHi = v .

mf = yf ⇥ v , yf = mf/v .

yf = Higgs-fermion coupling, generically: yf =
⇣

@mf

@h

⌘

hHi=v
.

In the SM:
�
@m
@h

�
hHi=v

= m
v .



The (flavor) mass hierarchy puzzle

♦ SM: small/hierarchical masses because of  small/hierarchical  
Yukawa couplings to Higgs.
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Parenthesis: recent discovery of the 
origin of the tau lepton mass (2015)
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ATLAS+CMS combinations:
ATLAS-CONF-2015-044; CMS-PAS-HIG-15-002

! ATLAS+CMS

Ʈ 0.97±0.23

b 0.71±0.31

t 2.2±0.6 (Moriond)

1.12± 0.24

0.69± 0.28

2.3± 0.65

µ

x

=
�

prod

�

SM

⇥ BR(h ! x)

BRSM(h ! x)

5�

The Higgs mechanism is behind the tau mass. 
However, what about the electron and up and down quark masses ?



Matter constituents & fantastically weak interaction

♦ What is the origin of electron and up and down masses?
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Probing the Atomic Higgs Force

Cédric Delaunay,1, ⇤ Roee Ozeri,2, † Gilad Perez,3, ‡ and Yotam Soreq4, §

1
LAPTh, Université Savoie Mont Blanc, CNRS B.P. 110, F-74941 Annecy-le-Vieux, France

2
Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 7610001, Israel

3
Department of Particle Physics and Astrophysics,

Weizmann Institute of Science, Rehovot 7610001, Israel

4
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

We propose an approach to probe Higgs boson couplings to the building blocks of matter: the
electron and the up and down quarks, with precision measurement of isotope shifts in atomic clock
transitions. We show that the attractive Higgs force between nuclei and their bound electrons in-
duces measurable non-linearities in a King plot of two isotope shifts. We present an experimental
method which, given state-of-the-art accuracy in frequency comparison, competes with and poten-
tially surpasses the Large Hadron Collider in bounding the Higgs-to-light-fermion couplings. Better
knowledge of the latter is an important test of the Standard Model which could lead, besides the
establishment of new physics above the weak scale, to an alternative understanding of the flavor
puzzle.

Change for v2: add citations: for UK group,
Feblbaum paper. Numeric factor 2.9 ! 4.9 in the
Z0 e↵ect - Eq. (8), below (11).

Introduction The Standard Model (SM) of elemen-
tary particles and fundamental interactions is one of the
most successful scientific theories. Its last piece, the
Higgs boson, was recently observed by the Large Hadron
Collider (LHC) experiments [1, 2], a discovery of utter-
most importance that led to the awarding of the 2013 No-
bel Prize in Physics. Yet, the SM cannot be a complete
description of nature. It does not possess a viable dark
matter candidate, neutrino masses and mixings are unac-
counted for, and it cannot explain the matter-antimatter
asymmetry of our Universe. Furthermore, the masses
of the charged fermions (quarks and leptons) exhibit a
strong hierarchy, leading to the celebrated “flavor puz-
zle”.

Within the SM, every fermion mass mf is induced
by the product yf ⇥ v, where yf denotes the fermion
coupling to the Higgs boson, which corresponds to the
strength of the Higgs force felt by the fermion f , and
v = (

p
2GF)�1/2 ⇡ 246GeV is the Higgs vacuum ex-

pectation value (VEV). Hence, the observed hierarchy of
masses is a result of the assumed hierarchy in yf , leading
to a unique construct with

ySMf =
mf

v
. (1)

The Higgs discovery leads us to ask: is this new parti-
cle indeed the SM Higgs? It is possible that some of its

⇤Electronic address: cedric.delaunay@lapth.cnrs.fr
†Electronic address: roee.ozeri@weizmann.ac.il
‡Electronic address: gilad.perez@weizmann.ac.il
§Electronic address: soreqy@mit.edu

properties point to physics beyond the SM. An important
new physics test is related to the Higgs boson couplings
to the building blocks of matter: the electron and the
up and down quarks, the proton’s and neutron’s “va-
lence” quarks. We are currently rather ignorant regard-
ing these, and within the SM these couplings (evaluated
at the Higgs mass scale) are very small [3],

ySMe,u,d(mh) ' 2.0⇥ 10�6 , 5.4⇥ 10�6 , 1.1⇥ 10�5 . (2)

In fact, it is possible that the strength of these Higgs-to-
light-fermion interactions is far stronger than the above
prediction [4], or that the light fermion masses are not
due to the Higgs mechanism, resulting in much smaller
couplings [5]. Both cases lead to an alternative under-
standing of the flavor puzzle and to the establishment of
new physics.
LHC Higgs data only directly probes the light quark

couplings through the total Higgs width constraint �h 
1.7GeV [6]. This translates into weak bounds of
yu,d,s,c . 0.3 [7, 8], which is O(104) larger than the
SM values for u and d quarks. Global fits also indi-
rectly constrain the light quark couplings, yet with ad-
ditional assumptions on the production of the Higgs bo-
son. Currently available LHC Higgs data together with
electroweak (EW) precision tests yield a stronger bound
of yu,d,s,c . 1.6 ⇥ 10�2 [7, 9, 10]. The electron cou-
pling, on the other hand, is best probed through the
direct search at the LHC of the h ! e+e� decay, giv-
ing ye . 1.3 ⇥ 10�3 [11, 12], see also [13]. The above
bounds may be improved at next LHC runs. While di-
rect bounds are not expected to significantly improve due
to limitations in the detector resolution, indirect bounds
from global fits could reach yu,d,s,c . 5 ⇥ 10�3 at the
high luminosity stage [14]. The potential reach of the
exclusive Higgs decays [10, 15, 16] to bound its couplings
to constituent quarks is expected to be even weaker [14].
Meanwhile, the direct bound on the electron coupling

ATLAS+CMS (15);
Delaunay, Golling, GP & Soreq (13);
GP, Soreq, Stamou & Tobioka x2 (15)

Current (indirect) LHC bound from Higgs decay:

ye < 1.3⇥ 10�3 , yu,d < 1.3⇥ 10�2 .

To answer this we need to measure the Higgs coupling to them.
However, as their masses are tiny so are their Higgs couplings:

(only 1:108  Higgses decays to electrons, not to mention the background … 
 situation is even worse when discussing the light quarks!)

LHC: product ye ⇥ yu,d might be million times the SM prediction.



Could the SM story of (light) fermion 
mass generation be wrong?

♦ Maybe we’ve looked at it the wrong way?
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⇣
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Two extremes: Yukawafull vs. Yukawaless
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Giudice & Lebedev (08); see also Bauer, et al. (15). 
Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15). 
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(ii) Flavor & EW are linked, H is unrelated to (light) flavor => see 
flavor origin by eye: Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15) 
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Two extreme views
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(i) Enhancement: Higgs Mechanism is also behind flavor generation.
Giudice & Lebedev (08); see analysis by Bauer, Carena, Gemmler (15) 

mlight

hhi / hhin

⇤n
, ylight / (n+ 1)

mlight

hhi , (SM: n = 0)

To solve flavor puzzle: n ⇠ 1 + log(ySM)

More generally:

yhhi
m ⇠ dm

dh ⇥ h
m ⇠ d logm

d log h ⇠ n
spectral
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Second limit: Yukawaless light fermions
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(ii) Flavor & EW are linked, H is unrelated to (light) flavor => see 
flavor origin by eye: Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15) 
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Higgs & flavor physics within the SM
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.

3

Does the Higgs couples like the mass - yi = mi/v

mi

??
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Experimental probes of 
Higgs to light quark couplings

66

(i) discuss charm couplings;
(ii) then u/d/s couplings.



Executive sum.: Constraining Higgs-charm univ.
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♦ Existing data already constrain Higgs-quarks Univ..

Delaunay, Golling, GP & Soreq (13);
GP, Soreq, Stamou & Tobioka x2 (15)

 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200

(i) direct constraint: recast VH(bb),  taking advantage of 2 working point  cc < 230 ; 

 (ii) ATLAS/CMS searches on: h → J/ψγ (see later) yield   cc < 220 ;

         (assumes Higgs coupling to two photons and/or four leptons is not significantly modified by new physics); 

 (iii) the direct measurement of the total width yield cc < 140 (ATLAS),120 (CMS) ; 

(iv) Global fit to the Higgs signal strength, cc < 6 ; 

(v) tth data =>  ct > 1.0 (equivalence to cc > 310). 











Define: f = yf/(yf )SM .



Intermediate summary plot …
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FIG. 4. 68.3% CL (cyan) and 95% CL (gray) allowed regions
of the recast study in the c–b plane, with the best-fit (SM)
point indicated by the black circle(blue rectangle). Shaded
areas represent the regions excluded by the total width (AT-
LAS and CMS) and the exclusive Higgs decay of h ! J/ �.

production mechanisms because they are found to be
negligible for c . 50. The allowed range of V from
EW precision data assuming a cuto↵ scale of 3TeV is
V = 1.08 ± 0.07 [49]. This, along with the Higgs mea-
surement of VBF and gluon fusion in WW ⇤, ZZ⇤, and
⌧ ⌧̄ final states, results in a much stronger bound on the
total Higgs width than the direct measurement.

Following the analysis of Ref. [25] and considering the
current available Higgs data from ATLAS [3–5, 44, 52–
55], CMS [6–8, 10, 42, 56–59] and Tevatron [60, 61] along
with the EW data as in Ref. [49], the 95% CL allowed
range for the charm Yukawa is

c . 6.2 , (20)

where all the Higgs couplings (including h !
WW, ZZ, ��, gg, Z�, bb̄, ⌧ ⌧̄) were allowed to vary from
their SM values. Allowing the up-quark Yukawa also to
vary keeps the same bound.

The ratio between the on-shell and the o↵-shell h !
ZZ(⇤) rates can probe the Higgs width [62]. The cur-
rent bounds are at order of �

total

/�SM

total

. 5.4 , 7.7 from
CMS [63] and ATLAS [64], respectively, which corre-
sponds to c . 14 , 16. However, as pointed out in
Ref. [65] these bounds are model dependent. Thus, we
do not consider this bound in our analysis.

Higgs–quark non-universality: We now turn to
provide a lower bound on the top Yukawa coupling to
compare it with the upper bounds on the charm Yukawa
coupling obtained above. A comparison with tt̄h data
allows us to show that current data eliminates the possi-
bility that the Higgs couples to quarks in a universal way,
as is consistent with the SM prediction. As mentioned in

μ

τ�

�
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

Eq. (2), a naive average of the ATLAS and CMS results
yields µt¯th = 2.4 ± 0.8. This leads to a lower bound on
the top Yukawa (at 95% CL),

t > 0.9

s
BRSM

finals

BR
finals

> 0.9 , (21)

where BR
finals

stands for the final states that were consid-
ered by the collaborations in the tt̄h measurements. The
last inequality is valid in case that the Higgs to charm
pairs is the dominant partial width (as is expected in
the case where our rather weak bounds obtained above
are saturated). In the special case where the dominant
decays are to charms and ⌧ ’s, namely ⌧ � 1, we have
µ

VBF,⌧ > 2, which is excluded by data [5, 8]. We thus
conclude that

yc

yt
=
c

t

ySM

c

ySM

t

' 1

280
⇥ c

t
) yc < yt , (22)

where the last inequality is based on comparison of
Eqs. (11), (14), (19) and (20) with Eq. (21). We there-
fore conclude that the Yukawa couplings of the up-type
quarks are non-universal.
Summary of LHC constraints: In Fig. 4 we present

bounds on Higgs couplings from the V h recast, the total
width measurements, and the exclusive decay to J/ �,
on the c–b plane. We see that the relatively robust
bounds from the V h recast and the total width measure-
ments are of same order of magnitude and also comple-
ment each other.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-

GP, Soreq, Stamou & Tobioka (15)



Inclusive approach: Uncharming the Higgs, 
establishing non-universality & more
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GP, Soreq, Stamou & Tobioka x2 (15);
Delaunay, Golling, GP & Soreq (13)

cc̄
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 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200

#1 Direct constraint: recast VH(bb) 

70

♦ Idea: use several charm-tagging working points of ATLAS & CMS in their 

VH(bb) analysis.

GP, Soreq, Stamou & Tobioka (Feb/15)

2

weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.
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pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
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�SM
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(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
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�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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TABLE I. CMS has CSV scheme [18] Working points of
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM
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µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
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�SM

BRbb̄

BRSM
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(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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♦ Each working point yields flat direction:

♦ However, combining points => bound.

ATLAS-Tight

GP, Soreq, Stamou & Tobioka (15)
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We propose an approach to probe Higgs boson couplings to the building blocks of matter: the
electron and the up and down quarks, with precision measurement of isotope shifts in atomic clock
transitions. We show that the attractive Higgs force between nuclei and their bound electrons in-
duces measurable non-linearities in a King plot of two isotope shifts. We present an experimental
method which, given state-of-the-art accuracy in frequency comparison, competes with and poten-
tially surpasses the Large Hadron Collider in bounding the Higgs-to-light-fermion couplings. Better
knowledge of the latter is an important test of the Standard Model which could lead, besides the
establishment of new physics above the weak scale, to an alternative understanding of the flavor
puzzle.

Change for v2: add citations: for UK group,
Feblbaum paper. Numeric factor 2.9 ! 4.9 in the
Z0 e↵ect - Eq. (8), below (11).

Introduction The Standard Model (SM) of elemen-
tary particles and fundamental interactions is one of the
most successful scientific theories. Its last piece, the
Higgs boson, was recently observed by the Large Hadron
Collider (LHC) experiments [1, 2], a discovery of utter-
most importance that led to the awarding of the 2013 No-
bel Prize in Physics. Yet, the SM cannot be a complete
description of nature. It does not possess a viable dark
matter candidate, neutrino masses and mixings are unac-
counted for, and it cannot explain the matter-antimatter
asymmetry of our Universe. Furthermore, the masses
of the charged fermions (quarks and leptons) exhibit a
strong hierarchy, leading to the celebrated “flavor puz-
zle”.

Within the SM, every fermion mass mf is induced
by the product yf ⇥ v, where yf denotes the fermion
coupling to the Higgs boson, which corresponds to the
strength of the Higgs force felt by the fermion f , and
v = (

p
2GF)�1/2 ⇡ 246GeV is the Higgs vacuum ex-

pectation value (VEV). Hence, the observed hierarchy of
masses is a result of the assumed hierarchy in yf , leading
to a unique construct with

ySMf =
mf

v
. (1)

The Higgs discovery leads us to ask: is this new parti-
cle indeed the SM Higgs? It is possible that some of its
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‡Electronic address: gilad.perez@weizmann.ac.il
§Electronic address: soreqy@mit.edu

properties point to physics beyond the SM. An important
new physics test is related to the Higgs boson couplings
to the building blocks of matter: the electron and the
up and down quarks, the proton’s and neutron’s “va-
lence” quarks. We are currently rather ignorant regard-
ing these, and within the SM these couplings (evaluated
at the Higgs mass scale) are very small [3],

ySMe,u,d(mh) ' 2.0⇥ 10�6 , 5.4⇥ 10�6 , 1.1⇥ 10�5 . (2)

In fact, it is possible that the strength of these Higgs-to-
light-fermion interactions is far stronger than the above
prediction [4], or that the light fermion masses are not
due to the Higgs mechanism, resulting in much smaller
couplings [5]. Both cases lead to an alternative under-
standing of the flavor puzzle and to the establishment of
new physics.
LHC Higgs data only directly probes the light quark

couplings through the total Higgs width constraint �h 
1.7GeV [6]. This translates into weak bounds of
yu,d,s,c . 0.3 [7, 8], which is O(104) larger than the
SM values for u and d quarks. Global fits also indi-
rectly constrain the light quark couplings, yet with ad-
ditional assumptions on the production of the Higgs bo-
son. Currently available LHC Higgs data together with
electroweak (EW) precision tests yield a stronger bound
of yu,d,s,c . 1.6 ⇥ 10�2 [7, 9, 10]. The electron cou-
pling, on the other hand, is best probed through the
direct search at the LHC of the h ! e+e� decay, giv-
ing ye . 1.3 ⇥ 10�3 [11, 12], see also [13]. The above
bounds may be improved at next LHC runs. While di-
rect bounds are not expected to significantly improve due
to limitations in the detector resolution, indirect bounds
from global fits could reach yu,d,s,c . 5 ⇥ 10�3 at the
high luminosity stage [14]. The potential reach of the
exclusive Higgs decays [10, 15, 16] to bound its couplings
to constituent quarks is expected to be even weaker [14].
Meanwhile, the direct bound on the electron coupling

(                                                 )
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♦ Use the eff. Lagrangian: 

Exclusive path towards Higgs-light quark couplings

in the SM: 

Notice that: 
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is

Le↵ = �
X

q=u,d,s

̄

q

m

b

v

hq̄

L

q
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X

q 6=q

0
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qq
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m

2
W

h

v

W

µ

W

µ
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�

A

�

↵

⇡

h

v

F

µ⌫

F

µ⌫

, (1)

where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
̄

qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ̄

s

= m

s

/m

b

' 0.020, ̄
d

= m

d

/m

b

' 1.0 · 10�3,
̄

u

= m

u

/m

b

' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
the SM. Any deviations from these relations would signal
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K
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modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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and 
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are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq
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to the SM b-quark Yukawa coupling for later convenience.
The ̄
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0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A
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using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄
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Exclusive path towards Higgs-light quark couplings

where generically: 

♦ Use the eff. Lagrangian: 
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first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
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Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K
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modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m
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' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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experimental prospects for their observation. The possibility of accessing these Higgs couplings
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Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K
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diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e
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� facilities are too small. This strengthens
the motivation for future hadron colliders.
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straints on the Higgs Yukawa couplings coming from the
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ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
̄

qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ̄

s

= m

s

/m

b

' 0.020, ̄
d

= m

d

/m

b

' 1.0 · 10�3,
̄

u

= m

u

/m

b

' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
the SM. Any deviations from these relations would signal
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Ex.: h → φγ

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the

h

�

s

s̄

h

s

s̄

�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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◆
,

(6)
where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�
?

=

Z 1

0
du

�

�

?

(u)

u(1� u)
. (7)
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
̄

qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The h ! �� amplitude
can be written as

M

h!��

= h��|
�

A

�

↵

⇡

h

v

F

µ⌫

F

µ⌫

|hi . (2)

The SM loop function for the h�� coupling is given at
one-loop order by A

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 

�

= 

V

= 1, and ̄

s

= m

s

/m

b

' 0.020,

φ
φ

direct                                        indirect     
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:

h�(p,"
?

)|s̄(x)�
µ⌫

s(0)|0i =

� if
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?

Z 1

0
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iup·x("
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?

(u).
(8)

The partial decay width for h ! �� decay is

�
h!��

=
1

8⇡

1

m

h

|M�

ss

|2, (9)

where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by

�
h!⇢�

=
|M⇢

dd

�M

⇢

uu

|2
16⇡m

h

, �
h!!�

=
|M!

dd

+M

!

uu

|2
16⇡m

h

,

(10)
where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f

⇢

= 0.216(6)GeV, f

!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f

�

?

= 0.191(28)GeV, f⇢

?

=
0.160(25)GeV, f!

?

= 0.139(27)GeV. Normalizing to the
h ! bb̄ branching ratio gives
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(11)

where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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Final result for the BR(h → φγ)
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The leading twist chiral-odd LCDA �
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(u) is defined
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where the amplitudes are obtained from M
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ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �
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are truncated at second or-
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= 6.84(42), h1/uūi⇢
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µ = 1GeV. The decay constants are f
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where we have neglected the smaller ̄
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terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄
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⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of
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and ̄
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. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B
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vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄
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and ̄
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. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

3

The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
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· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
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= 6.84(42), h1/uūi⇢
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= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f
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=
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where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
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, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s
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decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

Similar holds
for 1st generation:

♦ The resulting sensitivity:

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)76
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The partial decay width for h ! �� is
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=
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|2, (9)

where |✏�
?

· ✏� | = 1 for the two possible photon polariza-
tions, so that the two corresponding decay amplitudes are
equal in size. The decay widths for h ! ⇢� and h ! !�
are similarly given by
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where the amplitudes are obtained from M�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [28] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f
⇢

= 0.216(6)GeV, f
!

= 0.187(10)GeV [28]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [28] to obtain f�

?

= 0.191(28)GeV, f⇢
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=
0.160(25)GeV, f!
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= 0.139(27)GeV. Normalizing to the
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where we have neglected the smaller ̄2
s,d,u

terms. When
calculating the theoretical error on the indirect ampli-
tude, we have added in quadrature an additional uncer-
tainty associated with the scale choice of the electromag-
netic coupling that appears. The SM BR

h!bb̄

= 0.57 is
kept explicit in the denominators. The numerators thus
give the h ! (�, ⇢,!)� branching ratios if the Higgs has
the SM total decay width. The expected deviation from
the SM h ! �� branching ratio is shown in Fig. 2, as a
function of 

�

and ̄
s

.
The coe�cients multiplying ̄

s,d,u

in (11) have a rel-
ative error of O(20%). This means that for ̄

i

⇠ O(1),
deviations from the SM predictions for h ! (�, ⇢,!)�
can be significantly larger than the SM errors. The lat-
ter can be systematically reduced through advances in
lattice QCD and measurements of the leptonic �, ⇢ and
! decays. The BR predictions are relatively insensitive to
other non-perturbative QCD e↵ects, e.g. power correc-
tions. For instance, h ! gg ! gq̄q� yields a higher Fock
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

state contribution to h ! �� of O(few)⇥10�4 of the SM
BR. Finally, the electroweak amplitude due to a W or Z
and a c- or s-quark in the loop (the Higgs attaches to the
gauge boson) scales as O(↵

W

/4⇡)⇥O(m
�

/m
h

), yielding
O(10�2) of the SM h ! �� branching ratio.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B⇤0
s

, B⇤0
d

, K⇤0, D⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄
cu,uc

. They
only receive direct amplitude contributions, since photon
splitting preserves flavor. The h ! K⇤0� rate is readily
obtained from the results of the previous section, yield-
ing an O(10�8) branching ratio for ̄

ds

⇠ O(1), out of
reach of planned colliders. We thus focus on the decays
to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B⇤0
(s) and D⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). For h ! B̄⇤0
s

�, the dominant
leading power contribution, in a general R
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gauge, due
to photon emission from the intermediate s-quark, is
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HQET sum rule estimates of the inverse moment of the
B meson LCDA yield �

B

(µ) = (460 ± 110)MeV for
µ = 1GeV [29] (see also [30]). Note that �

B

can be de-
termined from B ! `⌫�. Present limits, including NLO
radiative corrections, yield a result compatible with the
above estimate [31, 32]. We have assumed flavor SU(3)
symmetry so that �

B

is the same for B0
s

and B0
d

. Nu-
merically one has,

BR
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=
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sb

|2
2

, (13)

where BR(1)
B̄

⇤0
s �

= (2.1 ± 1.0) · 10�7. The h ! B̄⇤0� and

h ! D⇤0� branching ratios are obtained by replacing



GP, Soreq, Stamou & Tobioka (15).

What about reducible background?

♦ Backgrounds: ATLAS=> dominant is jet -> photon + QCD         production. 

6

at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)
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✏�
= 0.33 µJ/ 

s
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�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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♦ Exclusive method is beautiful + only way to probe light-quark-Higgs couplings, 
yet:

♦ Recast+rescaling shows that sensitivity is greatly reduced due to poor signal to 
background ratio. 



Projection for HL-LHC
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GP, Soreq, Stamou & Tobioka (15)

Inclusive (c-tagging): c < 4;

Exclusive (J/ �): c < 40;

Exclusive (��): s < 2000.

Even poorer bounds for u/d quarks  => LHC bounds are weak and will stay so …  

Given our current knowledge:
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Summary

The SM flavor sector is unique =>  sharp predictions (verified so far)

NP has non-generic structure unless it is flavor-blind/MFV/aligned

Flavorful naturalness: ex. for linkage between naturalness & flavor.
look for buried light squarks, top charm final states via charm tagging.

Up type CP violation gives further insight.

Is the Higgs-mechanism behind the light quark masses?
For the first time probed at the LHC.
For the first two gen’ both via inclusive and exclusive.

Cannot be the end of the story => baryogengesis .
Probably not the end of the story => hierarchy problem .



How do limits change?
Estimate:

‡ ≥ 1
m5

q̃

Decouple 6 dof:

∆ �m
max

m
max

= 1 ≠ 4≠1
5 ≥ 25%

TOO NAIVE!

Rakhi Mahbubani CERN Flavour vs LHC squark limits 6/14
6/14

Limits a�ected by:

• squark multiplicity
• signal e�ciencies
• PDFs

Rakhi Mahbubani CERN Flavour vs LHC squark limits 7/14
7/14

Cross-sections vs. mass
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E�ciencies

Signal e�ciency falls very rapidly with decreasing squark mass
Below ≥ 600 GeV ‘‡ = 1

Rakhi Mahbubani CERN Flavour vs LHC squark limits 8/14
8/14

Squark searches
• Relaxing degeneracy assumption:

• naively: σ ∝ 1/m6                                  
→ from 8→2 light squarks mass limit 
change by 41/6-1~ 25%

• but:

• efficiencies have hard thresholds  
(and current limits are on the 
thresholds) 

• P.d.f’s have large effects                      
(u vs. d vs. c vs. s…) 

• large effects on mass limits!! 
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Efficiencies
Searches are inefficient 
for light squarks

Example: ATLAS 1/fb
2jet, Meff > 1TeV, 
mLSP = 0GeV

Do no expect it to be much 
better for higher luminosity
searches (> 5 /fb) b/c
even harder cuts used1000500200 300 700
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ATLAS 1/fb, 
2jet Meff>1TeV

Tuesday, April 17, 12

meff is the scalar sum of transverse momenta 
of the leading N jets with Emiss.



PDFs: all 4 flavor “sea” squarks can be rather light!
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γ

µ
eB

(b)

d s

s d

g g

d

s
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
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couplings following from limits on the electric dipole moments of the neutron and electron.57
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Single squark can be as light as 400-500 GeV!
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plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
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first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Word about: microscopic & macroscopic of alignment models 

♦ Macro: successful alignment models are consistent with flavor 

constraints, due to smallness of physical CP violating phases.  
Gedalia, Kamenik, Ligeti & GP (12); 

Formalism: Gedalia, Mannelli & GP (10) x2  

Degeneracy of Squarks 

NPKI workshop 17 

wrong                                 correct

♦ Micro: Nir & Seiberg (93) showed existing proof; however, 

with ultra high mediation => induce universality & fine tuning.

Progress: flavor gauge mediation (Shadmi-Sabo (11)+5 more recent) =>

non-trivial (MFV) flavor structure & naturally obtain light scharm.
Galon, GP & Shadmi, to appear.



♦ Flavor: only                              sizable mixing is allowed.  

What is the impact of adding flavor violation on stop 
searches ? (flavored naturalness)

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

♦ Naively sounds crazy ... 

˜tR � ũR or

˜tR � c̃R

Dine, Leigh & Kagan (93); Dimopoulos & Giudice (95).



What is the impact of adding flavor violation on stop 
searches ? (flavorful naturalness)

♦ Flavor: only                              sizable mixing is allowed.  

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).
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the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

c̃R

♦ Naively sounds crazy as worsening the fine tuning problem.  

♦ However, just established the scharm can be light.  

♦ The                          production is suppressed by              .  ”t̃R t̃⇤R” ! tR t⇤R
�
cos ✓R23

�4

Potentially: new hole in searches, possibly improve naturalness 
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Constraining flavorful naturalness

♦ RH stops dominates naturalness,   
ATLAS (12), now new bound.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
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ATLAS search [29] with the same final state is also shown.

 [GeV]
1t

~m
200 300 400 500 600 700 800

 [G
eV

]
0 1
χ∼

m

0

50

100

150

200

250

300

350

400

450

500
BR = 100 %
BR = 75 %
BR = 60 %

0.6 0.54 0.58 0.67 0.63 0.75 0.9

0.68 0.62 0.61 0.67 0.65 0.76 0.95

0.74 0.64 0.74 0.68 0.79 0.94

0.84 0.82 0.73 0.85

0.95

1
0
χ∼+m

t<m
1t~m

0
1
χ∼ t→ 1t

~ production, 1t
~

1t
~

=8 TeVs, -1 Ldt = 20.5 fb∫
Observed Excluded Branching Ratio at 95% CL

ATLAS Preliminary

All hadronic channel

Figure 6: Excluded (at 95% CL) branching fractions for t̃1 → t χ̃0
1 in the model where pp →

t̃1t̃∗1 . The conservative assumption is made here that this analysis is sensitive only to the decay
channel t̃1 → t χ̃0

1 and has no sensitivity to other decay modes.

13



Constraining flavorful naturalness

♦ RH stops dominates naturalness,   
ATLAS (12), now new bound.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
??

4

0.1

0.2

0.5

2

5

10

1

1

500 1000 1500 2000

500

1000

1500

2000

msRé @GeVD

m
u L
,Ré
=
m
d L
,Ré
=
m
c L
,Ré
=
m
s Lé
@Ge

V
D

séR v. 7 qé

s ê slim

CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mNé = 50 GeV

0.1

0.2

0.5

2

5

10

1

1

500 1000 1500 2000

500

1000

1500

2000

mcL,Ré = msL,Ré @GeVD

m
u L
,Ré
=
m
d L
,Ré
@Ge

V
D

Sea v. Valence

s ê slimDmD

CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mNé = 50 GeV

0.1

0.2

0.5

2

5

1

400 600 800 1000 1200 1400 1600 1800

400

600

800

1000

1200

1400

1600

1800

muRé = mcRé @GeVD

m
d Ré
=
m
s Ré
@Ge

V
D

U1,2 v. D1,2

s ê slim
CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mN1
é = 50 GeV

FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
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first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
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plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
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squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
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to constraints on non-degenerate squark masses (for the

200 400 600 800 100010-3

10-2

10-1

1

101

mqé @GeVD

s
@pbD

squark limits

8 squarks

1 squarkCMS razor
CMS aT
CMS jets +MET
ATLAS jets +MET

L ª 5 fb-1

FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Summary

The SM flavor sector is unique

Yields sharp predictions

All so far were verified

Electroweak & flavor precision tests => NP has non-generic structure

Unless NP is ~ MFV or aligned

Flavorful naturalness: ex. for linkage between naturalness & flavor.
look for buried light squarks, top charm final states, charm tagging?

Up type FCNC measurements could hold the key

Cannot be the end of the story => baryogenesis
Probably not the end of the story => hierarchy problem



SM Flavor Structure, is it fine tuned by itself? 

General Minimal Flavor Violation
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.
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Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, �K constrains the scale of maximally flavor violating
NP to be >⇥ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
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first. We can construct polynomial of the Yukawas with simple transformation properties under the flavor group. For
instance, consider the transformation tules of the objects

AU,D ⇤ Y †
U,DYU,D �

1
3
tr

⇤
Y †

U,DYU,D

⌅
I3 , (22)

under the flavor group the AX tranform as

AU,D ⌅ VU,DAU,DV †
U,D . (23)

Thus, AU,D are adjoints of U(3)U,D and singlets of the rest of the flavor group [while tr(Y †
U,DYU,D) are flavor sin-

glets]. Via similarity transformation we can bring AU,D to a diagonal form, simultaneously. Thus, we learn that the
background value of each of the Yukawa matrices separately breaks the U(3)U,D down to a residual U(1)3U,D group,
as illustrated in Fig. 2.

We can, in principle, apply the same analysis in the LH flavor group, U(3)Q, via defining the adjoints,

AQu,Qd ⇤ YU,DY †
U,D �

1
3
tr

⇤
YU,DY †

U,D

⌅
I3 , (24)

However, in this case the breaking is more involved since AQu,d are adjoint of the same flavor group. This is a direct
consequence of the SU(2) weak gauge interaction which relates the two components of the SU(2) doublets. This
actually motivates one to extend the global flavor group as follows. If we switch of the electroweak interactions the
SM global flavor group is actually enlarged to

GSM
weakless = U(6)Q ⇥ U(3)U ⇥ U(3)D , (25)

since now each SU(2) doublet, Qi can be split into two independent flavors, Qu,d
i with identical SU(3)⇥ U(1) gauge

quantum numbers [25]. This limit, however is not very illuminating since it does not allow for flavor violation at all.
To make a progress it is instructing to distinguish between the W 3 flavor universal interactions, which couple up and
down quarks separately, from the W± couplings, g±2 , which links between up and down LH quarks. In the presence
of only W 3 couplings the residual flavor group is given by[32]

GSM
exten = U(3)Qu ⇥ U(3)Qd ⇥ U(3)U ⇥ U(3)D . (26)

In this limit, even in the presence of the Yukawa matrices flavor conversion is forbidden since we have already saw
explicitly that only the charged currents links between di�erent flavors [see Eq. (7)]. It is thus evident that to
formally characterize flavor violation we can extend the flavor group from GSM ⌅ GSM

exten where now we break the
quark doublets to their isospin components, UL, DL, and add another spurion, g±2

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)
Spurions : g±2 (3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄) . (27)

Flavor breaking within the SM occurs only when GSM
exten is fully broken via the Yukawa background value but also due

to the fact that g±2 has a background value. Unlike YU,D, g±2 is a special spurion in the sense that its eigen values are
degenerate as required by the weak gauge symmetry hence it breaks the U(3)Qu ⇥ U(3)Qd down to a diagonal group
which is nothing but U(3)Q. We can identify two bases where g±2 has an interesting background value: The weak
interaction basis where the background value of g±2 is simply a unit matrix

�
g±2

⇥
int
⇧ 13 . (28)

The mass basis where (after removing all unphysical parameters) the background value of g±2 is the CKM matrix
�
g±2

⇥
mass

⇧ V CKM . (29)

Now we are at position to understand the way flavor conversion is obtained in the SM. Three spurions must be
involved YU,D and g±2 . Since g±2 is involved it is clear that generation transitions has to involve LH charged current
interactions. These transitions can be characterize by the spurions, AQu,Qd [see Eq. (24)] which characterize the
breaking of of the individual LH flavor symmetries, U(3)Qu,Qd . Flavor conversion occurs because of the fact that in
general we cannot diagonalize simultaneously AQu,Qd and g±2 , this is illustrated in Fig. 3. It shows that the flavor
breaking within the SM goes through collective breaking [24] a term often used in the context of little Higgs models
(see e.g [? ] and Refs. therein).



What is the flavor puzzle (1st ingredient)?

The flavor puzzle is of 2 ingredients:

3

• Non-linear MFV (NLMFV): ⇥u,d ⌅ O(1), higher powers of Yu,d are important, and a truncated expansion in yt,b

is not possible.

Examples of NLMFV are: low energy supersymmetric models in which large tan� e⇥ects need to be resummed (large
⇥d), and models obeying MFV at a UV scale �F ⌃ µW , where large ⇥u,d � log(µW /�F ) are generated from sizable
anomalous dimensions in the renormalization group running [? ]. Another example is warped extra dimension models
with alignment [? ], in cases where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there is a systematic expansion in small quantities, Vtd, Vts, and light
quark masses, while resumming in yt, yb ⌅ O(1). This is achieved via a non-linear ⌃-model–like parametrization.
Namely, in the limit of vanishing weak gauge coupling (or mW ⌥ ), U(3)Q is enhanced to U(3)Qu ⇥ U(3)Qd . The
two groups are broken down to U(2)⇥ U(1) by large third generation eigenvalues in Yu,dY

†
u,d, so that the low energy

theory is described by a [U(3)/U(2)⇥U(1)]2 non-linear ⌃-model. Flavor violation arises due to the misalignment of Yu

and Yd, given by Vtd and Vts once the weak interaction is turned on. We can then prove with complete generality that
in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs � B̄s mixing provide an upper bound on the amount of CPV in Bd � B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 ⌥ 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
and can induce significant new CPV in ⇥K . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [? ]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ⇧ 1, as discussed below.

Formalism. To realize GSM non-linearly, we promote the Yukawa matrices to spurions, with the transformation
properties given below Eq. (??). These flavor transformations are broken once the Yukawa couplings obtain their
background values. The eigenvalues of the latter are hierarchical and the two matrices are approximately aligned. We
therefore take Yu ⌅ diag (0, 0, yt) and Yd ⌅ diag (0, 0, yb). The breaking of the flavor group is dominated by the top
and bottom Yukawa couplings which break it down to HSM = U(2)Q ⇥ U(2)u ⇥ U(2)d ⇥ U(1)3.

The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

Yu,d = ei�̂Qe±i⇥̂/2Ỹu,de
�i�̂u,d , (3)

where the reduced Yukawa spurions, Ỹu,d, are

Ỹu,d =
�

⌥u,d 0
0 yt,b

⇥
. (4)

Here ⌥u,d are 2 ⇥ 2 complex spurions, while �̂ and ⇧̂i, i = Q, u, d, are the 3 ⇥ 3 matrices spanned by the broken
generators. Explicitly,

�̂ =
�

0 �
�† 0

⇥
, ⇧̂i =

�
0 ⇧i

⇧†i ⇤i

⇥
, i = Q, u, d, (5)

where � and ⇧i are two dimensional vectors. The ⇧i shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ⇧i have no physical significance. �, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
e⇥ective theory [see Eq. (??)].

Under the flavor group the above spurions transform as,

ei�̂�
i = Vie

i�̂iU†
i , ei⇥̂�

= UQei⇥̂U†
Q, Ỹ ⌅

i = UQỸiU
†
i . (6)

Here Ui = Ui(Vi, ⇧̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i ⇥ U(1)3,

Ui =
�

U2⇥2
i 0
0 ei⇤3

⇥
, i = Q, u, d. (7)

For Vi ⌦ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ⇧̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (??) defines Ui(Vi, ⇧̂i) by requiring that ⇧̂⌅i is of the same form as ⇧̂i,
Eq. (??). Consequently ⇧̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
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U(3)U � U(3)Qu � U(3)Qd � U(3)D

GSM ⇤ U(3)Qu � U(3)Qd � U(3)U � U(3)D

U(3)U ⌅ U(1)3U

U(3)D ⌅ U(1)3D

Y †
UYU

Y †
DYD

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, �K constrains the scale of maximally flavor violating
NP to be >⇥ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
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first. We can construct polynomial of the Yukawas with simple transformation properties under the flavor group. For
instance, consider the transformation tules of the objects

AU,D ⇤ Y †
U,DYU,D �

1
3
tr

⇤
Y †

U,DYU,D

⌅
I3 , (22)

under the flavor group the AX tranform as

AU,D ⌅ VU,DAU,DV †
U,D . (23)

Thus, AU,D are adjoints of U(3)U,D and singlets of the rest of the flavor group [while tr(Y †
U,DYU,D) are flavor sin-

glets]. Via similarity transformation we can bring AU,D to a diagonal form, simultaneously. Thus, we learn that the
background value of each of the Yukawa matrices separately breaks the U(3)U,D down to a residual U(1)3U,D group,
as illustrated in Fig. 2.

We can, in principle, apply the same analysis in the LH flavor group, U(3)Q, via defining the adjoints,

AQu,Qd ⇤ YU,DY †
U,D �

1
3
tr

⇤
YU,DY †

U,D

⌅
I3 , (24)

However, in this case the breaking is more involved since AQu,d are adjoint of the same flavor group. This is a direct
consequence of the SU(2) weak gauge interaction which relates the two components of the SU(2) doublets. This
actually motivates one to extend the global flavor group as follows. If we switch of the electroweak interactions the
SM global flavor group is actually enlarged to

GSM
weakless = U(6)Q ⇥ U(3)U ⇥ U(3)D , (25)

since now each SU(2) doublet, Qi can be split into two independent flavors, Qu,d
i with identical SU(3)⇥ U(1) gauge

quantum numbers [25]. This limit, however is not very illuminating since it does not allow for flavor violation at all.
To make a progress it is instructing to distinguish between the W 3 flavor universal interactions, which couple up and
down quarks separately, from the W± couplings, g±2 , which links between up and down LH quarks. In the presence
of only W 3 couplings the residual flavor group is given by[32]

GSM
exten = U(3)Qu ⇥ U(3)Qd ⇥ U(3)U ⇥ U(3)D . (26)

In this limit, even in the presence of the Yukawa matrices flavor conversion is forbidden since we have already saw
explicitly that only the charged currents links between di�erent flavors [see Eq. (7)]. It is thus evident that to
formally characterize flavor violation we can extend the flavor group from GSM ⌅ GSM

exten where now we break the
quark doublets to their isospin components, UL, DL, and add another spurion, g±2

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)
Spurions : g±2 (3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄) . (27)

Flavor breaking within the SM occurs only when GSM
exten is fully broken via the Yukawa background value but also due

to the fact that g±2 has a background value. Unlike YU,D, g±2 is a special spurion in the sense that its eigen values are
degenerate as required by the weak gauge symmetry hence it breaks the U(3)Qu ⇥ U(3)Qd down to a diagonal group
which is nothing but U(3)Q. We can identify two bases where g±2 has an interesting background value: The weak
interaction basis where the background value of g±2 is simply a unit matrix

�
g±2

⇥
int
⇧ 13 . (28)

The mass basis where (after removing all unphysical parameters) the background value of g±2 is the CKM matrix
�
g±2

⇥
mass

⇧ V CKM . (29)

Now we are at position to understand the way flavor conversion is obtained in the SM. Three spurions must be
involved YU,D and g±2 . Since g±2 is involved it is clear that generation transitions has to involve LH charged current
interactions. These transitions can be characterize by the spurions, AQu,Qd [see Eq. (24)] which characterize the
breaking of of the individual LH flavor symmetries, U(3)Qu,Qd . Flavor conversion occurs because of the fact that in
general we cannot diagonalize simultaneously AQu,Qd and g±2 , this is illustrated in Fig. 3. It shows that the flavor
breaking within the SM goes through collective breaking [24] a term often used in the context of little Higgs models
(see e.g [? ] and Refs. therein).
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.

U(3)U � U(3)Qu � U(3)Qd � U(3)D

GSM ⇤ U(3)Qu � U(3)Qd � U(3)U � U(3)D

U(3)U ⌅ U(1)3U

U(3)D ⌅ U(1)3D

Y †
UYU

Y †
DYD

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, �K constrains the scale of maximally flavor violating
NP to be >⇥ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
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What is the flavor puzzle (2nd ingredient)?
(ii) Smallness of the CKM mixing angles (Yu,d quasi-alignment) - 
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In diagonal basis can expand Y’s via Gel-Mann matrices: 
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To leading order only the rotation in the (13) & (23) 
matters, hence, say in the down mass basis we find:
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The amount of alignment can be extracted from the 
scalar product of two vectors (in any flavor basis):
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The flavor puzzle, breaking & naturalness 
Flavor puzzle: The parameters’ are small and hierarchical!

Is the flavor sector fine tuned?
’t Hooft definition of technical naturallness: a parameter is natural if when it’s 
set to 0 there’s an enhanced sym’. 

Light masses are protected by residual                      sym’.
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General Minimal Flavor Violation
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.
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Flavor puzzles => tuning not fine tuning (nothing unnatural)!



Back to the bounds from flavor precision

Flavor anecdotes

Daniel Grossman, Yonit Hochberg, Gilad Perez and Yotam Soreq

I. BOUNDS ON EFFECTIVE OPERATORS

Operator cij = 1 [TeV] LMFV [TeV] GMFV [TeV] Observables

Re Im Re Im

(s̄LγµdL)2 9.8 × 102 1.6 × 104 4.0 × 10−1 5.6 4.0 × 10−1 5.6 ∆mK ; ϵK

(s̄RdL)2 7.7 × 103 1.3 × 105 1.3 × 10−3 3.0 × 10−2 3.6 × 10−2 6.9 × 10−1 ∆mK ; ϵK

(s̄R dL)(s̄LdR) 1.7 × 104 3.0 × 105 < GeV 8.8 × 10−2 1.3 × 10−2 2.5 × 10−1 ∆mK ; ϵK

(c̄LγµuL)2 1.2 × 103 2.8 × 103 < GeV < GeV 2.4 × 10−1 < GeV ∆mD; |q/p|, φD

(c̄R uL)2 3.2 × 103 7.4 × 103 − − − − ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2 × 103 1.5 × 104 − − − − ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1 × 102 9.3 × 102 4.8 4.6 × 10−1 4.8 8.7 ∆mBd
; SψKS

(b̄R dL)2 1.0 × 103 1.8 × 103 3.6 × 10−1 6.7 × 10−1 7.9 15 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9 × 103 3.5 × 103 1.3 × 10−2 < GeV 3.5 × 10−1 6.7 × 10−1 ∆mBd
; SψKS

(b̄LγµsL)2 1.1 × 102 4.6 5 ∆mBs

(b̄R sL)2 2.1 × 102 5.2 × 10−3 1.3 × 10−1 ∆mBs

(b̄R sL)(b̄LsR) 4.0 × 102 6.9 × 10−2 1.7 ∆mBs

L̄iσµνeRjHFµν

1.7 × 104 Br (µ → eγ)

3.3 × 102 Br (τ → µγ)

2.6 × 102 Br (τ → eγ)

(µ̄γµPLe) (ūγµPLu) 1.9 × 102 σ(µ−Ti→e−Ti)
σ(µ−Ti→capture)

TABLE I: Bounds on the scale Λ of representative dimension-six ∆F = 2 operators in the quark and lepton

sectors. Bounds on Λ are quoted assuming an effective coupling cij/Λ2, where the coefficients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from ∆mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The effects of new physics at a high energy scale (Λ ≫ mW ) on the various meson mixing

systems can be studied in an effective operator language. A complete set of four quark operators

1

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

same sign t’sVery very strong ...
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With new physics new flavor problem arises



What about the fine tuning problem ?

 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.
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♦ The most severe problem is due to top coupling:

!&Reinhard Schwienhorst, Michigan State University
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הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:



What about the fine tuning problem ?

 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 
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(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
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היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.

♦ The most severe problem is due to top coupling:

!&Reinhard Schwienhorst, Michigan State University
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• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

fine tuning of worse than 1:100 !

Assume cuto↵ ⇤ = 7 TeV; �tm2
h =

3
8⇡2 y2

t ⇤

2 ⇠ 1.4TeV

2

m2
h,phys = m2

tree + �tm2
h = m2

tree + 1.4 TeV
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Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

�F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 
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♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.
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(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV



♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

�F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs
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TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a
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Tension with LLRR
CP violation (CPV)!

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV



Reverse the logic with light flavors

♦ How large of cutoff to sustain fine tuning of less than 1:100 ?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

6

B system: only case with 
tension with LLLL operators;

Improvement in Bs will 
get us there as well.

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV



MFV & quick way to estimate SM strength of 
FCNC & constraints

As we saw, flavor structure of NP not generic, similar to SM. 
Extra protection is obtained if the NP flavor structure 

is controlled by same parameters as the SM  
(also, a quick, effortless, way to estimate SM contributions).

(see: D’Ambrosio et. al (02).

YU (3, 3̄, 1) , YD(3, 1, 3̄)

We promote YU,D to spurions, transform
under the flavor group � flavor invariant LSM .
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear σ-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd−B̄d mixing is bounded by CPV in Bs−B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D − D̄ mixing and in top flavor violation.
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where λd,u,Q are diagonal real matrices, V is the CKM matrix, and Vd is a unitary matrix which parameterizes the
misalignment of XQ with the down mass basis.
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GIM mechanism (Glashow-Iliopoulos-Maiani, 70) suppression of neutral currents 

Gluon & photon protected by gauge univ’; Z ??

So far -> Flavor violation (FV) only in CC.  What about NC?
Unitarity of CKM implies cancellation of divergencies & absence 
of flavor changing neutral currents (FCNC). 



GIM mechanism, SM 1-loop example

d̄s

� �̄

W

(a)

g

W

(b)

g W
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g,!,Z
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FIG. 2. One-loop current-current (a)–(c), penguin (d) and box (e) diagrams in the full theory. For pure

QCD corrections as considered in this section and e.g. in VI the - and -contributions in diagram (d) and

the diagram (e) are absent. Possible left-right or up-down reected diagrams are not shown.

Under the same conditions, the unrenormalized current-current matrix elements of the opera-

tors and are from g. 3 (a)-(c) found to be

(III.45)

(III.46)

Again, the divergences in the rst terms are eliminated through eld renormalization. However, in

contrast to the full amplitude, the resulting expressions are still divergent. Therefore an additional

multiplicative renormalization, refered to as operator renormalization, is necessary:

(III.47)

Since (III.45) and (III.46) each involve both and , the renormalization constant is in this

case a matrix . The relation between the unrenormalized ( ) and the renormalized

amputated Green functions ( ) is then

(III.48)

From (III.45), (III.46) and (III.15) we read off ( -scheme)

(III.49)
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MFV & GIM

As we saw, flavor structure of NP not generic, similar to SM. 
Extra protection is obtained if the NP flavor structure 

is controlled by same parameters as the SM  
(also, a quick, effortless, way to estimate SM contributions).

(see: D’Ambrosio et. al (02).

YU (3, 3̄, 1) , YD(3, 1, 3̄)

We promote YU,D to spurions, transform
under the flavor group � flavor invariant LSM .
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terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear σ-model techniques
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in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd−B̄d mixing is bounded by CPV in Bs−B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
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Effective field theory of MFV

The only source of flavor & CPV is due to the SM Yukawas.

YUY †
U & YDY †

D transform as 8+1 of the U(3)Q flavor group
and Qi

L(3, 1, 1), U i
R(1,3, 1), Di

R(1, 1,3).

After symm’ breaking useful to consider the approx’ limit 

General Minimal Flavor Violation

Alexander L. Kagan,1 Gilad Perez,2, 3 Tomer Volansky,4 and Jure Zupan5, 6

1Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
2Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel

3YITP, Stony Brook University, Stony Brook, NY 11794-3840, USA
4School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540

5Theory Division, Department of Physics, CERN, CH-1211 Geneva 23, Switzerland
6Faculty of mathematics and physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.

GSM = U(3)Qu � U(3)Qd � U(3)U � U(3)D

Introduction. Precision flavor and CP violation
measurements provide very strong constraints on models
of new physics (NP) beyond the Standard Model (SM).
For instance, ⇥K constrains the scale of maximally flavor
violating NP to be >⇤ 104 TeV. Therefore, TeV scale NP
which stabilizes the electroweak scale and is accessible at
the LHC has to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the
SM Yukawa matrices are the only source of flavor break-
ing, even in the presence of new particles and interac-
tions [? ? ? ]. This hypothesis goes under the name of
Minimal Flavor Violation (MFV). Sometimes additional
assumptions are made — that the SM Yukawa couplings
are also the only source of CP violation (CPV ), e.g. in [?
], or that NP does not change the Lorentz structure of the
e⇥ective weak hamiltonian [? ]. We will not make these
assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced
in [? ]. It relies on the observation that for vanishing
Yukawa couplings the SM has an enhanced global sym-
metry. Focusing on the quark sector this is

GSM = U(3)Q � U(3)u � U(3)d, (1)

where Q, u, d stand for quark doublets and up and down
type quark singlets respectively. The SM Yukawa cou-
plings

HuQ̄LYuuR + HdQ̄LYddR, (2)

are formally invariant under GSM, if the Yukawa matri-
ces are promoted to spurions that transform as Y �

u,d =
VQYu,dV

†
u,d, while the quark fields are in the fundamental

representations, (Q�, u�, d�) = VQ,u,d(Q, u, d). Weak scale
NP models are then of the MFV class if they are formally
invariant under GSM, when treating the SM Yukawa cou-
plings as spurions. Similarly, the low energy flavor ob-
servables are formally invariant under GSM. Practically,
this means that only certain insertions of Yukawa cou-
plings are allowed in the quark bilinears. For example, in
Q̄Q bilinears insertions such as Q̄(YuY †

u )nQ are allowed,
while Q̄Y †

d (YuY †
u )nQ are not.

The above definition of MFV is only useful if flavor
invariant operators such as Q̄f(⇥uYu, ⇥dYd)Q can be ex-
panded in powers of Yu,d. In the large tan� limit both
Yu and Yd have O(1) eigenvalues yt,b. The convergence
radius is then given by the size of ⇥u,d. We distinguish
between two limiting cases

• Linear MFV (LMFV): ⇥u,d ⌅ 1 and the dominant
flavor breaking e⇥ects are captured by the lowest
order polynomials of Yu,d.

• Non-linear MFV (NLMFV): ⇥u,d ⇤ O(1), higher
powers of Yu,d are important, and a truncated ex-
pansion in yt,b is not possible.

Examples of NLMFV are: low energy supersymmetric
models in which large tan� e⇥ects need to be resummed
(large ⇥d), and models obeying MFV at a UV scale
�F ⇧ µW , where large ⇥u,d ⌃ log(µW /�F ) are gener-
ated from sizable anomalous dimensions in the renormal-
ization group running [? ]. Another example is warped
extra dimension models with alignment [? ], in cases
where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there
is a systematic expansion in small quantities, Vtd, Vts,
and light quark masses, while resumming in yt, yb ⇤
O(1). This is achieved via a non-linear ⌅-model–like
parametrization. Namely, in the limit of vanishing weak
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.

GSM ⇤ U(3)Qu � U(3)Qd � U(3)U � U(3)D

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, ⇥K constrains the scale of maximally flavor violating
NP to be >⇥ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the e�ective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q � U(3)u � U(3)d, (1)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYuuR + HdQ̄LYddR, (2)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y �
u,d =

VQYu,dV
†
u,d, while the quark fields are in the fundamental representations, (Q�, u�, d�) = VQ,u,d(Q, u, d). Weak scale NP

models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa couplings
as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically, this means
that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q bilinears
insertions such as Q̄(YuY †

u )nQ are allowed, while Q̄Y †
d (YuY †

u )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(⇥uYu, ⇥dYd)Q can be expanded

in powers of Yu,d. In the large tan� limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ⇥u,d. We distinguish between two limiting cases



GIM mechanism & SU(3)Qu  x  SU(3)Qd 
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the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
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with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.
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Within the SM flavor changing NCs (FCNCs) are highly 
suppressed => good probe of new physics (NP).



Effective field theory of MFV

The only source of flavor & CPV is due to the SM Yukawas.

The amount of flavor violation is calculated via setting the Y’s 
to their observed “background” value.

Thus Oij
1 = [Q̄i

L[a(YUY †
U )ij + b(YDY †

D)ij ]Qj
L]2 is U(3)Q invariant.

YUY †
U & YDY †

D transform as 8+1 of the U(3)Q flavor group
and Qi

L(3, 1, 1), U i
R(1,3, 1), Di

R(1, 1,3).

Down quark flavor violation is described in their mass basis: 

Oij,d
1 = {D̄i

L[ a
v2 VCKM diag(m2

ui)V †
CKM]ij + b

v2 diag(m2
di)]Dj

L}2

no flavor conversion.CKM controls flavor & CPV



MFV, estimation of amplitudes, SM approx’ sym’

Oij,d
1 = {D̄i

L[ a
v2 VCKM diag(m2

ui)V †
CKM]ij + b

v2 diag(m2
di)]Dj

L}2
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t VtiV
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     Ex. Bd,s mass difference, Δmd,s:
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MFV, connection with SM 

Can use same method to estimate SM contributions!

  Top controls the flavor violation (like charm via GIM).

    mt � 130 GeVB’s K’s-
_

The SM structure is identical,
say for Bd,s system:

�
H�B=2

e⇥

⇥SM

Obd,s
1

� (b̄L�µdL, sL)2(VtbV �
td,s)

2/�2
SM

What is �2
SM?

Can ”guesstimate”:
1

�2
SM

=
�

g�
2

⇥4
· 1

M2
W

· 1
16�2

Factor of  2 smaller than the LO result,
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the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
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MFV & the SM contributions

Similarly can be applied to CPV in Kaon system,      :�K�
H�s=2

e⇥

⇥
Osd

1
= (s̄L�µd)2 (VtsV

�
td)

2 /�2
MFV

Thus, MFV protection is mostly due to “CKM” suppression. 

Agreement between Exp’ data & SM implies: �MFV < �SM

For some LLRR, �B,S = 2, operators O(10, 100) enhancement is obtained!

So we can estimate bounds for CP conserving [CPV] (LL)2, (RR)2
operators via �K,Bd,s � �SM � (0.1��5,��3,��2) [(2��5, 4��3,��2)]

2

ΛSM
∆F=2 ≈ 10 TeV

ΛSM
∆F=2

<∼ ΛMFV
∆F=2

where λd,u,Q are diagonal real matrices, V is the CKM matrix, and Vd is a unitary matrix which parameterizes the
misalignment of XQ with the down mass basis.
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General MFV, non-linear MFV (NLMFV)

If time permit we shall answer last 2 questions.

The top Yukawa is large (possibly also the bottom one) no 
justification to treat it perturbatively. 

Our “LO” expansion is valid only for ex. for 
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D

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, ϵK constrains the scale of maximally flavor violating
NP to be >∼ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the effective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q × U(3)u × U(3)d, (3)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYUuR + HdQ̄LYDdR, (4)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y ′
u,d =

VQYu,dV
†
u,d, while the quark fields are in the fundamental representations, (Q′, u′, d′) = VQ,u,d(Q, u, d). Weak scale NP

models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa couplings
as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically, this means
that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q bilinears
insertions such as Q̄(YUY †

U )nQ are allowed, while Q̄Y †
D(YUY †

U )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(ϵuYU , ϵdYD)Q can be expanded

in powers of Yu,d. In the large tanβ limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ϵu,d. We distinguish between two limiting cases

• Linear MFV (LMFV): ϵu,d ≪ 1 and the dominant flavor breaking effects are captured by the lowest order
polynomials of Yu,d.

• Non-linear MFV (NLMFV): ϵu,d ∼ O(1), higher powers of Yu,d are important, and a truncated expansion in yt,b

is not possible.

Examples of NLMFV are: low energy supersymmetric models in which large tanβ effects need to be resummed (large
ϵd), and models obeying MFV at a UV scale ΛF ≫ µW , where large ϵu,d ∝ log(µW /ΛF ) are generated from sizable
anomalous dimensions in the renormalization group running [5]. Another example is warped extra dimension models
with alignment [6], in cases where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there is a systematic expansion in small quantities, Vtd, Vts, and light
quark masses, while resumming in yt, yb ∼ O(1). This is achieved via a non-linear σ-model–like parametrization.
Namely, in the limit of vanishing weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd . The

two groups are broken down to U(2) × U(1) by large third generation eigenvalues in Yu,dY
†
u,d, so that the low energy

theory is described by a [U(3)/U(2)×U(1)]2 non-linear σ-model. Flavor violation arises due to the misalignment of YU

and YD, given by Vtd and Vts once the weak interaction is turned on. We can then prove with complete generality that
in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs − B̄s mixing provide an upper bound on the amount of CPV in Bd − B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 → 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
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Kagan, GP, Volansky & Zupan (09).

We distinguish between 2 cases LMFV & NLMFV:



General MFV, non-linear MFV (NLMFV)
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and can induce significant new CPV in ϵK . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [7]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ≪ 1, as discussed below.

Formalism. To realize GSM non-linearly, we promote the Yukawa matrices to spurions, with the transformation
properties given below Eq. (4). These flavor transformations are broken once the Yukawa couplings obtain their
background values. The eigenvalues of the latter are hierarchical and the two matrices are approximately aligned. We
therefore take YU ∼ diag (0, 0, yt) and YD ∼ diag (0, 0, yb). The breaking of the flavor group is dominated by the top
and bottom Yukawa couplings which break it down to HSM = U(2)Q × U(2)U × U(2)D × U(1)3.

The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

Yu,d = eiρ̂Qe±iχ̂/2Ỹu,de
−iρ̂u,d , (5)

where the reduced Yukawa spurions, Ỹu,d, are

Ỹu,d =

!

φu,d 0
0 yt,b

"

. (6)

Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, u, d, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

0 χ
χ† 0

"

, ρ̂i =

!

0 ρi

ρ†i θi

"

, i = Q, u, d, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †

i , eiχ̂′

= UQeiχ̂U †
Q, Ỹ ′

i = UQỸiU
†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
expansion in φu,d, χ. This is a straightforward generalization of the known effective field theory description of spon-
taneous symmetry breaking [8]. The only difference in our case is that Yu,d are not aligned, as manifested by χ ̸= 0.
Since the background field values of the relevant spurions are small, we can expand in them.

We are now in a position to write down the flavor structures of quark bilinears from which low energy flavor
observables can be constructed. We work to leading order in the spurions that break HSM, but to all orders in the
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and can induce significant new CPV in ϵK . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [7]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ≪ 1, as discussed below.
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"
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Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, u, d, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,
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where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
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in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs − B̄s mixing provide an upper bound on the amount of CPV in Bd − B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 → 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
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For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new
physics (NP) beyond the Standard Model (SM). For instance, ϵK constrains the scale of maximally flavor violating
NP to be >∼ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the effective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q × U(3)U × U(3)D, (3)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYUuR + HdQ̄LYDdR, (4)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y ′
u,d =

VQYu,dV
†
u,d, while the quark fields are in the fundamental representations, (Q′, u′, d′) = VQ,u,d(Q, u, d). Weak scale NP

models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa couplings
as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically, this means
that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q bilinears
insertions such as Q̄(YUY †

U )nQ are allowed, while Q̄Y †
D(YUY †

U )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(ϵuYU , ϵdYD)Q can be expanded

in powers of Yu,d. In the large tanβ limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ϵu,d. We distinguish between two limiting cases

• Linear MFV (LMFV): ϵu,d ≪ 1 and the dominant flavor breaking effects are captured by the lowest order
polynomials of Yu,d.

• Non-linear MFV (NLMFV): ϵu,d ∼ O(1), higher powers of Yu,d are important, and a truncated expansion in yt,b

is not possible.

Examples of NLMFV are: low energy supersymmetric models in which large tanβ effects need to be resummed (large
ϵd), and models obeying MFV at a UV scale ΛF ≫ µW , where large ϵu,d ∝ log(µW /ΛF ) are generated from sizable
anomalous dimensions in the renormalization group running [5]. Another example is warped extra dimension models
with alignment [6], in cases where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there is a systematic expansion in small quantities, Vtd, Vts, and light
quark masses, while resumming in yt, yb ∼ O(1). This is achieved via a non-linear σ-model–like parametrization.
Namely, in the limit of vanishing weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd . The

two groups are broken down to U(2) × U(1) by large third generation eigenvalues in Yu,dY
†
u,d, so that the low energy

theory is described by a [U(3)/U(2)×U(1)]2 non-linear σ-model. Flavor violation arises due to the misalignment of YU

and YD, given by Vtd and Vts once the weak interaction is turned on. We can then prove with complete generality that
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in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs − B̄s mixing provide an upper bound on the amount of CPV in Bd − B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 → 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
and can induce significant new CPV in ϵK . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [7]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ≪ 1, as discussed below.

Formalism. To realize GSM non-linearly, we promote the Yukawa matrices to spurions, with the transformation
properties given below Eq. (4). These flavor transformations are broken once the Yukawa couplings obtain their
background values. The eigenvalues of the latter are hierarchical and the two matrices are approximately aligned. We
therefore take YU ∼ diag (0, 0, yt) and YD ∼ diag (0, 0, yb). The breaking of the flavor group is dominated by the top
and bottom Yukawa couplings which break it down to HSM = U(2)Q × U(2)U × U(2)D × U(1)3.

The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

YU,D = eiρ̂Qe±iχ̂/2ỸU,De−iρ̂u,d , (5)

where the reduced Yukawa spurions, ỸU,D, are

ỸU,D =

!

φu,d 0
0 yt,b

"

. (6)

Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, u, d, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

0 χ
χ† 0

"

, ρ̂i =

!

0 ρi

ρ†i θi

"

, i = Q, u, d, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †

i , eiχ̂′

= UQeiχ̂U †
Q, Ỹ ′

i = UQỸiU
†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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ỸU,D =

!

φu,d 0
0 yt,b

"

. (6)

Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, u, d, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

0 χ
χ† 0

"

, ρ̂i =

!

0 ρi

ρ†i θi

"

, i = Q, u, d, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †

i , eiχ̂′

= UQeiχ̂U †
Q, Ỹ ′
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ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)
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†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,
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ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant

6

in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs − B̄s mixing provide an upper bound on the amount of CPV in Bd − B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 → 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
and can induce significant new CPV in ϵK . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [7]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ≪ 1, as discussed below.

Formalism. To realize GSM non-linearly, we promote the Yukawa matrices to spurions, with the transformation
properties given below Eq. (4). These flavor transformations are broken once the Yukawa couplings obtain their
background values. The eigenvalues of the latter are hierarchical and the two matrices are approximately aligned. We
therefore take YU ∼ diag (0, 0, yt) and YD ∼ diag (0, 0, yb). The breaking of the flavor group is dominated by the top
and bottom Yukawa couplings which break it down to HSM = U(2)Q × U(2)U × U(2)D × U(1)3.

The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

YU,D = eiρ̂Qe±iχ̂/2ỸU,De−iρ̂u,d , (5)
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†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,
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d-type flavor violation is obtained by shifting to d-mass basis:
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expansion in φu,d,χ. This is a straightforward generalization of the known effective field theory description of spon-
taneous symmetry breaking [8]. The only difference in our case is that YU,D are not aligned, as manifested by χ ̸= 0.
Since the background field values of the relevant spurions are small, we can expand in them.

We are now in a position to write down the flavor structures of quark bilinears from which low energy flavor
observables can be constructed. We work to leading order in the spurions that break HSM, but to all orders in the
top and bottom Yukawa couplings. Beginning with the left-left (LL) bilinears, to second order in χ,φu,d one finds
(omitting gauge and Lorentz indices)

b̃Lb̃L, d̃(2)
L d̃(2)

L , d̃(2)
L φuφ†

ud̃(2)
L , (12)

d̃(2)
L χb̃L, b̃Lχ†χb̃L, d̃(2)

L χχ†d̃(2)
L . (13)

The first two bilinears in Eq. (12) are diagonal in the down-quark mass basis and do not induce flavor violation. In this
basis the Yukawa couplings take the form YU = V †

CKMdiag (mu, mc, mt), YD = diag (md, ms, mb). This corresponds to
spurions taking the background values ρQ = χ/2, ρ̂u,d = 0, φd = diag (md, ms)/mb, while flavor violation is induced
via

χ† = i(Vtd, Vts), φu = V (2)†
CKM diag

!mu

mt
,
mc

mt

"

. (14)

V (2)
CKM stands for a two generation CKM matrix. In terms of λ = sin θC ≃ 0.23, the flavor violating spurions scale as

χ ∼ (λ3,λ2), (φu)12 ∼ λ5. Note that the redefined down quark fields, Eqs. (10,11), coincide with the mass-eigenstate
basis, d̃L,R = dL,R, for the above choice of spurion background values.

The left-right (LR) and right-right (RR) bilinears which contribute to flavor mixing are in turn (at leading order
in χ,φu,d spurions),

d̃(2)
L χb̃R, d̃(2)

L χχ†φdd̃
(2)
R , b̃Lχ†φdd̃

(2)
R , (15)

d̃(2)
R φ†

dχb̃R, d̃(2)
R φ†

dχχ†φdd̃
(2)
R . (16)

To make contact with the more familiar MFV notation, consider down quark flavor violation from LL bilinears. We
can then expand in the Yukawa couplings,

Q̄
#

a1YuY †
u + a2(YuY †

u )2
$

Q +
#

b2 Q̄YuY †
u YdY

†
d Q + h.c.

$

+ · · · , (17)

with a1,2 = O(ϵ2,4
u ), b2 = O(ϵ2uϵ

2
d). Following the discussion in the Introduction, the LMFV limit corresponds to

a1 ≫ a2, b2, and the NLMFV limit to a1 ∼ a2 ∼ b2. While a1,2 are real, the third operator in Eq. (17) is not
Hermitian and b2 can be complex [9], introducing a new CP violating phase beyond the SM phase. The leading flavor
violating terms in Eq. (17) for the down quarks are

d̄i
L

#

(a1 + a2y
2
t )ξt

ij + a1ξ
c
ij

$

dj
L +

#

b2y
2
b d̄i

Lξt
ibbL + h.c.

$

=

cb

!

d̃(2)
L χb̃L + h.c

"

+ ctd̃
(2)
L χχ†d̃(2)

L + ccd̃
(2)
L φuφ

†
ud̃(2)

L , (18)

where ξk
ij = y2

kV ∗
kiVkj with i ̸= j. On the RHS we have used the general parameterization in Eqs. (12,13) with

cb ≃ (a1y2
t + a2y4

t + b2y2
b ), ct ≃ a1y2

t + a2y4
t and cc ≃ a1 to leading order. The contribution of the cc bilinear in flavor

changing transitions is O(1%) compared to the ct bilinear, and can be neglected in practice.
LMFV vs. NLMFV. A novel feature of NLMFV is the potential for observable CPV from right-handed currents,

to which we return below. Other important distinctions can be readily understood from Eq. (18). In NLMFV (with
large tanβ) the extra flavor diagonal CPV phase Im(cb) can be large, leading to observable deviations in the Bd,s−B̄d,s

mixing phases, but none in LMFV. Another example is b → sνν̄ and s → dνν̄ transitions. These receive contributions
only from a single operator in Eq. (18) multiplied by the neutrino currents. Thus, new contributions to B → Xsνν̄,
B → Kνν̄ vs. KL → π0νν̄, K+ → π+νν̄ are correlated in LMFV (cb ≃ ct), see e.g., [10], but are independent in
NLMFV with large tanβ. O(1) effects in the rates would correspond to an effective scale ΛMFV ∼ 3 TeV in the four
fermion operators, with smaller effects scaling like 1/ΛMFV due to interference with the SM contributions. Other
interesting NLMFV effects involving the third generation, e.g., large deviations in Br(Bd,s → µ+µ−) and b → sγ,
arise in the MSSM at large tanβ, where resummation is required [11]. Contributions to 1 → 2 transitions which
proceed through the charm (cc) and the top (ct) are correlated within LMFV (ct ≃ ccy2

t ), but are independent in the
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(                )

Magic, flavor invariance is obtained by moding-out fields:

6

in MFV: (i) extra CPV can only arise from flavor diagonal CPV sources in the UV theory; (ii) the extra CP phases
in Bs − B̄s mixing provide an upper bound on the amount of CPV in Bd − B̄d mixing; (iii) if operators containing
right-handed light quarks are subdominant then the extra CPV is equal in the two systems, and is negligible in
2 → 1 transitions. Conversely, these operators can break the correlation between CPV in the Bs and Bd systems,
and can induce significant new CPV in ϵK . Combinations of observables which are sensitive to LMFV vs. NLMFV
are also identified. Another non-linear parameterization of MFV was presented in [7]. We focus on exploiting the
general control obtained by our formalism in order to study its model independent implications. A modification of
the formalism is needed for yb ≪ 1, as discussed below.

Formalism. To realize GSM non-linearly, we promote the Yukawa matrices to spurions, with the transformation
properties given below Eq. (4). These flavor transformations are broken once the Yukawa couplings obtain their
background values. The eigenvalues of the latter are hierarchical and the two matrices are approximately aligned. We
therefore take YU ∼ diag (0, 0, yt) and YD ∼ diag (0, 0, yb). The breaking of the flavor group is dominated by the top
and bottom Yukawa couplings which break it down to HSM = U(2)Q × U(2)U × U(2)D × U(1)3.

The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

YU,D = eiρ̂Qe±iχ̂/2ỸU,De−iρ̂u,d , (5)

where the reduced Yukawa spurions, ỸU,D, are

ỸU,D =

!

φu,d 0
0 yt,b

"

. (6)

Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, U, D, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

02×2 χ
χ† 0

"

, ρ̂i =

!

02×2 ρi

ρ†i θi

"

, i = Q, U, D, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †

i , eiχ̂′

= UQeiχ̂U †
Q, Ỹ ′

i = UQỸiU
†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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Y †
DYD

YUY †
U & YDY †

D

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)

Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Also φu,d (χ) form appropriate bi-fundamentals (fundeamental) of HSM.
Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new

physics (NP) beyond the Standard Model (SM). For instance, ϵK constrains the scale of maximally flavor violating
NP to be >∼ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the effective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q × U(3)U × U(3)D, (3)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYUuR + HdQ̄LYDdR, (4)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y ′
U,D =

VQYU,DV †
u,d, while the quark fields are in the fundamental representations, (Q′, u′, d′) = VQ,u,d(Q, u, d). Weak scale

NP models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa
couplings as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically,
this means that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q
bilinears insertions such as Q̄(YUY †

U )nQ are allowed, while Q̄Y †
D(YUY †

U )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(ϵuYU , ϵdYD)Q can be expanded

in powers of YU,D. In the large tanβ limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ϵu,d. We distinguish between two limiting cases

• Linear MFV (LMFV): ϵu,d ≪ 1 and the dominant flavor breaking effects are captured by the lowest order
polynomials of YU,D.

• Non-linear MFV (NLMFV): ϵu,d ∼ O(1), higher powers of YU,D are important, and a truncated expansion in
yt,b is not possible.

Examples of NLMFV are: low energy supersymmetric models in which large tanβ effects need to be resummed (large
ϵd), and models obeying MFV at a UV scale ΛF ≫ µW , where large ϵu,d ∝ log(µW /ΛF ) are generated from sizable
anomalous dimensions in the renormalization group running [5]. Another example is warped extra dimension models
with alignment [6], in cases where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there is a systematic expansion in small quantities, Vtd, Vts, and light
quark masses, while resumming in yt, yb ∼ O(1). This is achieved via a non-linear σ-model–like parametrization.
Namely, in the limit of vanishing weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd . The

two groups are broken down to U(2)×U(1) by large third generation eigenvalues in YU,DY †
U,D, so that the low energy

theory is described by a [U(3)/U(2)×U(1)]2 non-linear σ-model. Flavor violation arises due to the misalignment of YU
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where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †
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= UQeiχ̂U †
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Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,
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For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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ỸU,D =

!
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"
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Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, U, D, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

02×2 χ
χ† 0

"

, ρ̂i =

!

02×2 ρi

ρ†i θi

"

, i = Q, U, D, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
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i = Vie
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= UQeiχ̂U †
Q, Ỹ ′

i = UQỸiU
†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,
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U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)
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L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
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Spurions : g2(3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄)

Also φu,d (χ) form appropriate bi-fundamentals (fundeamental) of HSM.
Introduction. Precision flavor and CP violation measurements provide very strong constraints on models of new

physics (NP) beyond the Standard Model (SM). For instance, ϵK constrains the scale of maximally flavor violating
NP to be >∼ 104 TeV. Therefore, TeV scale NP which stabilizes the electroweak scale and is accessible at the LHC has
to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the SM Yukawa matrices are the only source of flavor breaking,
even in the presence of new particles and interactions [1–3]. This hypothesis goes under the name of Minimal Flavor
Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the effective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q × U(3)U × U(3)D, (3)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYUuR + HdQ̄LYDdR, (4)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y ′
U,D =

VQYU,DV †
u,d, while the quark fields are in the fundamental representations, (Q′, u′, d′) = VQ,u,d(Q, u, d). Weak scale

NP models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa
couplings as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically,
this means that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q
bilinears insertions such as Q̄(YUY †

U )nQ are allowed, while Q̄Y †
D(YUY †

U )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(ϵuYU , ϵdYD)Q can be expanded

in powers of YU,D. In the large tanβ limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ϵu,d. We distinguish between two limiting cases

• Linear MFV (LMFV): ϵu,d ≪ 1 and the dominant flavor breaking effects are captured by the lowest order
polynomials of YU,D.

• Non-linear MFV (NLMFV): ϵu,d ∼ O(1), higher powers of YU,D are important, and a truncated expansion in
yt,b is not possible.

Examples of NLMFV are: low energy supersymmetric models in which large tanβ effects need to be resummed (large
ϵd), and models obeying MFV at a UV scale ΛF ≫ µW , where large ϵu,d ∝ log(µW /ΛF ) are generated from sizable
anomalous dimensions in the renormalization group running [5]. Another example is warped extra dimension models
with alignment [6], in cases where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there is a systematic expansion in small quantities, Vtd, Vts, and light
quark masses, while resumming in yt, yb ∼ O(1). This is achieved via a non-linear σ-model–like parametrization.
Namely, in the limit of vanishing weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd . The

two groups are broken down to U(2)×U(1) by large third generation eigenvalues in YU,DY †
U,D, so that the low energy

theory is described by a [U(3)/U(2)×U(1)]2 non-linear σ-model. Flavor violation arises due to the misalignment of YU
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NLMFV described via requiring solely HSM-invariance!



Predictions

LO flavor violation come from the following operators:
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The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

YU,D = eiρ̂Qe±iχ̂/2ỸU,De−iρ̂u,d , (5)

where the reduced Yukawa spurions, ỸU,D, are

ỸU,D =

!

φu,d 0
0 yt,b

"

. (6)

Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, U, D, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,

χ̂ =

!

02×2 χ
χ† 0

"

, ρ̂i =

!

02×2 ρi

ρ†i θi

"

, i = Q, U, D, (7)

where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].

Under the flavor group the above spurions transform as,

eiρ̂′

i = Vie
iρ̂iU †

i , eiχ̂′

= UQeiχ̂U †
Q, Ỹ ′

i = UQỸiU
†
i . (8)

Here Ui = Ui(Vi, ρ̂i) are (reducible) unitary representations of the unbroken flavor subgroup U(2)i × U(1)3,

Ui =

!

U2×2
i 0
0 eiϕ3

"

, i = Q, u, d. (9)

For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,

ũL = e−iχ̂/2e−iρ̂QuL, d̃L = eiχ̂/2e−iρ̂QdL, (10)

ũR = e−iρ̂uuR, d̃R = e−iρ̂ddR. (11)

The latter form reducible representations of HSM. Concentrating here and below on the down sector we therefore

define d̃L,R = (d̃(2)
L,R, 0) + (0, b̃L,R). Under flavor transformations d̃(2)

L
′ = U2×2

Q d̃(2)
L and b̃L

′ = exp(iϕ3)b̃L. A similar
definition can be made for the up quarks.

With the redefinitions above, invariance under the full flavor group is captured by the invariance under the unbro-
ken flavor subgroup HSM [8]. Thus, NLMFV can be described without loss of generality as a formally HSM–invariant
expansion in φu,d, χ. This is a straightforward generalization of the known effective field theory description of spon-
taneous symmetry breaking [8]. The only difference in our case is that YU,D are not aligned, as manifested by χ ̸= 0.
Since the background field values of the relevant spurions are small, we can expand in them.

We are now in a position to write down the flavor structures of quark bilinears from which low energy flavor
observables can be constructed. We work to leading order in the spurions that break HSM, but to all orders in the
top and bottom Yukawa couplings. Beginning with the left-left (LL) bilinears, to second order in χ, φu,d one finds
(omitting gauge and Lorentz indices)

b̃Lb̃L, d̃(2)
L d̃(2)

L , d̃(2)
L φuφ†

ud̃(2)
L , (12)

d̃(2)
L χb̃L, b̃Lχ†χb̃L, d̃(2)

L χχ†d̃(2)
L . (13)

The first two bilinears in Eq. (12) are diagonal in the down-quark mass basis and do not induce flavor violation. In this
basis the Yukawa couplings take the form YU = V †

CKMdiag (mu, mc, mt), YD = diag (md, ms, mb). This corresponds to

B  phys.:
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spurions taking the background values ρQ = χ/2, ρ̂u,d = 0, φd = diag (md, ms)/mb, while flavor violation is induced
via

χ† = i(Vtd, Vts), φu = V (2)†
CKM diag

!

mu

mt
,
mc

mt

"

. (14)

V (2)
CKM stands for a two generation CKM matrix. In terms of λ = sin θC ≃ 0.23, the flavor violating spurions scale as
χ ∼ (λ3,λ2), (φu)12 ∼ λ5. Note that the redefined down quark fields, Eqs. (10,11), coincide with the mass-eigenstate
basis, d̃L,R = dL,R, for the above choice of spurion background values.

The left-right (LR) and right-right (RR) bilinears which contribute to flavor mixing are in turn (at leading order
in χ,φu,d spurions),

d̃(2)
L χb̃R, d̃(2)

L χχ†φdd̃
(2)
R , b̃Lχ†φdd̃

(2)
R , (15)

d̃(2)
R φ†

dχb̃R, d̃(2)
R φ†

dχχ
†φdd̃

(2)
R . (16)

To make contact with the more familiar MFV notation, consider down quark flavor violation from LL bilinears. We
can then expand in the Yukawa couplings,

Q̄
#

a1YuY †
u + a2(YuY †

u )2
$

Q +
#

b2 Q̄YuY †
u YdY

†
d Q + h.c.

$

+ · · · , (17)

with a1,2 = O(ϵ2,4
u ), b2 = O(ϵ2uϵ

2
d). Following the discussion in the Introduction, the LMFV limit corresponds to

a1 ≫ a2, b2, and the NLMFV limit to a1 ∼ a2 ∼ b2. While a1,2 are real, the third operator in Eq. (17) is not
Hermitian and b2 can be complex [9], introducing a new CP violating phase beyond the SM phase. The leading flavor
violating terms in Eq. (17) for the down quarks are

d̄i
L

#

(a1 + a2y
2
t )ξt

ij + a1ξ
c
ij

$

dj
L +

#

b2y
2
b d̄i

Lξ
t
ibbL + h.c.

$

=

cb

%

d̃(2)
L χb̃L + h.c

&

+ ctd̃
(2)
L χχ†d̃(2)

L + ccd̃
(2)
L φuφ

†
ud̃(2)

L , (18)

where ξk
ij = y2

kV ∗
kiVkj with i ̸= j. On the RHS we have used the general parameterization in Eqs. (12,13) with

cb ≃ (a1y2
t + a2y4

t + b2y2
b ), ct ≃ a1y2

t + a2y4
t and cc ≃ a1 to leading order. The contribution of the cc bilinear in flavor

changing transitions is O(1%) compared to the ct bilinear, and can be neglected in practice.
LMFV vs. NLMFV. A novel feature of NLMFV is the potential for observable CPV from right-handed currents,

to which we return below. Other important distinctions can be readily understood from Eq. (18). In NLMFV (with
large tanβ) the extra flavor diagonal CPV phase Im(cb) can be large, leading to observable deviations in the Bd,s−B̄d,s

mixing phases, but none in LMFV. Another example is b → sνν̄ and s → dνν̄ transitions. These receive contributions
only from a single operator in Eq. (18) multiplied by the neutrino currents. Thus, new contributions to B → Xsνν̄,
B → Kνν̄ vs. KL → π0νν̄, K+ → π+νν̄ are correlated in LMFV (cb ≃ ct), see e.g., [10], but are independent in
NLMFV with large tanβ. O(1) effects in the rates would correspond to an effective scale ΛMFV ∼ 3 TeV in the four
fermion operators, with smaller effects scaling like 1/ΛMFV due to interference with the SM contributions. Other
interesting NLMFV effects involving the third generation, e.g., large deviations in Br(Bd,s → µ+µ−) and b → sγ,
arise in the MSSM at large tanβ, where resummation is required [11]. Contributions to 1 → 2 transitions which
proceed through the charm (cc) and the top (ct) are correlated within LMFV (ct ≃ ccy2

t ), but are independent in the
NLMFV case, even for small tanβ. Unfortunately, the smallness of the cc bilinear prevents tests of this correlation
in the near future, e.g., via comparison of K+ → π+νν̄ and the CPV decay KL → π0νν̄.

CP Violation. Assuming MFV, new CPV effects can be significant if and only if the UV theory contains new
flavor-diagonal CP sources. The proof is as follows. If no flavor diagonal phases are present, CPV only arises from
the CKM phase. In the exact U(2)L limit the CKM phase can be removed and the theory becomes CP invariant (at
all scales). The only spurions that break the U(2)L flavor symmetry are φu,d and χ. CPV in operators linear in χ
is directly proportional to the CKM phase [cf. Eq. (18)]. Any additional contributions are suppressed by at least
[φ†

uφu,φ†
dφd] ∼ (ms/mb)2(mc/mt)2 sin θC ∼ 10−9, and are therefore negligible.

Flavor diagonal weak phases in NLMFV can lead to new CPV effects in 3 → 1 and 3 → 2 decays. An example is
∆B = 1 electromagnetic and chromomagnetic dipole operators constructed from the first bilinear in Eq. (15). The
operators are not Hermitian, hence their Wilson coefficients can contain new CPV phases. Without new phases, the
untagged direct CP asymmetry in B → Xd,sγ would essentially vanish due to the residual U(2) symmetry, as in
the SM [12], and the B → Xsγ asymmetry would be less than a percent. However, in the NLMFV limit (large yb),
non-vanishing phases can yield significant CPV in untagged and B → Xsγ decays, and the new CPV in B → Xsγ

& possibly (Bs only) from
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is directly proportional to the CKM phase [cf. Eq. (18)]. Any additional contributions are suppressed by at least
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Flavor diagonal weak phases in NLMFV can lead to new CPV effects in 3 → 1 and 3 → 2 decays. An example is
∆B = 1 electromagnetic and chromomagnetic dipole operators constructed from the first bilinear in Eq. (15). The
operators are not Hermitian, hence their Wilson coefficients can contain new CPV phases. Without new phases, the
untagged direct CP asymmetry in B → Xd,sγ would essentially vanish due to the residual U(2) symmetry, as in
the SM [12], and the B → Xsγ asymmetry would be less than a percent. However, in the NLMFV limit (large yb),
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The broken symmetry generators live in GSM/HSM cosets. It is useful to factor them out of the Yukawa matrices.
We thus use the parameterization

YU,D = eiρ̂Qe±iχ̂/2ỸU,De−iρ̂u,d , (5)

where the reduced Yukawa spurions, ỸU,D, are
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Here φu,d are 2 × 2 complex spurions, while χ̂ and ρ̂i, i = Q, U, D, are the 3 × 3 matrices spanned by the broken
generators. Explicitly,
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where χ and ρi are two dimensional vectors. The ρi shift under the broken generators and therefore play the role
of spurion ”Goldstone bosons”. Thus the ρi have no physical significance. χ, on the other hand, parametrizes the
misalignment of the up and down Yukawa couplings and will therefore correspond to Vtd and Vts in the low energy
effective theory [see Eq. (14)].
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For Vi ∈ HSM, Ui = Vi. Otherwise the Ui depend on the broken generators and ρ̂i. They form a nonlinear realization
of the full flavor group. In particular, Eq. (8) defines Ui(Vi, ρ̂i) by requiring that ρ̂′i is of the same form as ρ̂i,
Eq. (7). Consequently ρ̂i is shifted under GSM/HSM and can be set to a convenient value as discussed below. Under
HSM, χ [ρi] are fundamentals of U(2)Q [U(2)i] carrying charge −1 under the U(1)3, while φu,d are bi-fundamentals of
U(2)Q × U(2)u,d.

As a final step we also redefine the quark fields by moding out the ”Goldstone spurions”,
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definition can be made for the up quarks.
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expansion in φu,d, χ. This is a straightforward generalization of the known effective field theory description of spon-
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 B: RH currents are non-Hermitians allows for new CPV.

Kaon: contributions from charm & top are decorrelated.

Generically, CPV in Bs bounds on in Bd  system .
(without light RH currents they are fully correlated)

Generically, large CPV in D & top FCNC (also in LMFV).

(SUSY: Colangelo et. al., 0807.0801[ph])
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Flavor at the LHC

If no NP probed t-FCNC & D mixing could be at the frontier,
we have just entered the isospin up flavor precision era.

However, what if new particles which couple SM fermions 
discovered ?
These may carry microscopical info’ flavor dynamics.

We can look at two entities: 
(i) Spectrum or strength of flavor diagonal couplings.
(ii) Flavor conversion info’.



The approximate U(2)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the difference between yc and yt dictates a difference between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the difference between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices Λ3 and Λ8, defined as

r3/8 =
1

n3/8

Tr(Λ3m2
QL

)

Tr(Λ8m2
QL

)
, (2.4)

where

Λ3 =
1√
2
diag(1,−1, 0), Λ8 =

1√
6
diag(1, 1,−2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr(Λ3m2

u)

Tr(Λ8m2
u)

∼ 1.1 · 10−5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
αa

4π
Λ, a = 1, 2, 3,

m2
φi

= 2Λ2
3!

a=1

"αa

4π

#2
Ca(i), φi = QL, UR etc.,

(2.7)

where Λ is the effective SUSY breaking scale (for a messenger superfield S the relation is Λ =

⟨FS⟩/⟨S⟩), Ca(i) are the quadratic Casimir group theory invariants for the superfield φi, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(φi) = 3Y 2
φi

/5, (2.8)

with Yφi
the hypercharge of the field.
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where Λ is the effective SUSY breaking scale (for a messenger superfield S the relation is Λ =

⟨FS⟩/⟨S⟩), Ca(i) are the quadratic Casimir group theory invariants for the superfield φi, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(φi) = 3Y 2
φi

/5, (2.8)

with Yφi
the hypercharge of the field.
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The approximate U(2)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

Breaking of U(2) => sensation!
Can the LHC answer?

XQ
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Nir, Planck 2009



Summary

The SM flavor sector is unique

Yields sharp predictions

All so far were verified

Unless NP is ~ MFV or maybe aligned?

Up type FCNC measurements could hold the key

Electroweak & flavor precision tests => NP has non-generic structure

Cannot be the end of the story => baryogenesis
Probably not the end of the story => hierarchy problem



End of the 5th lecture



GIM mechanism (Glashow-Iliopoulos-Maiani, 70) suppression of neutral currents 

Gluon & photon protected by gauge univ’; Z ??

So far -> Flavor violation (FV) only in CC.  What about NC?
Unitarity of CKM implies cancellation of divergencies & absence 
of flavor changing neutral currents (FCNC). 



GIM mechanism, SM 1-loop example

d̄s

� �̄

W

(a)

g

W

(b)

g W

(c)

g

W

(d)

g,!,Z

W

W

(e)

FIG. 2. One-loop current-current (a)–(c), penguin (d) and box (e) diagrams in the full theory. For pure

QCD corrections as considered in this section and e.g. in VI the - and -contributions in diagram (d) and

the diagram (e) are absent. Possible left-right or up-down reected diagrams are not shown.

Under the same conditions, the unrenormalized current-current matrix elements of the opera-

tors and are from g. 3 (a)-(c) found to be

(III.45)

(III.46)

Again, the divergences in the rst terms are eliminated through eld renormalization. However, in

contrast to the full amplitude, the resulting expressions are still divergent. Therefore an additional

multiplicative renormalization, refered to as operator renormalization, is necessary:

(III.47)

Since (III.45) and (III.46) each involve both and , the renormalization constant is in this

case a matrix . The relation between the unrenormalized ( ) and the renormalized

amputated Green functions ( ) is then

(III.48)

From (III.45), (III.46) and (III.15) we read off ( -scheme)

(III.49)
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SM Flavor Structure, Spurion (sym’) Analysis 

More precisely, in heavy W limit  flavor group is enhanced:
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.

GSM = U(3)Qu � U(3)Qd � U(3)U � U(3)D

Introduction. Precision flavor and CP violation
measurements provide very strong constraints on models
of new physics (NP) beyond the Standard Model (SM).
For instance, ⇥K constrains the scale of maximally flavor
violating NP to be >⇤ 104 TeV. Therefore, TeV scale NP
which stabilizes the electroweak scale and is accessible at
the LHC has to have a highly non generic flavor structure.

The tension with precision flavor tests is relaxed if the
SM Yukawa matrices are the only source of flavor break-
ing, even in the presence of new particles and interac-
tions [? ? ? ]. This hypothesis goes under the name of
Minimal Flavor Violation (MFV). Sometimes additional
assumptions are made — that the SM Yukawa couplings
are also the only source of CP violation (CPV ), e.g. in [?
], or that NP does not change the Lorentz structure of the
e⇥ective weak hamiltonian [? ]. We will not make these
assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced
in [? ]. It relies on the observation that for vanishing
Yukawa couplings the SM has an enhanced global sym-
metry. Focusing on the quark sector this is

GSM = U(3)Q � U(3)u � U(3)d, (1)

where Q, u, d stand for quark doublets and up and down
type quark singlets respectively. The SM Yukawa cou-
plings

HuQ̄LYuuR + HdQ̄LYddR, (2)

are formally invariant under GSM, if the Yukawa matri-
ces are promoted to spurions that transform as Y �

u,d =
VQYu,dV

†
u,d, while the quark fields are in the fundamental

representations, (Q�, u�, d�) = VQ,u,d(Q, u, d). Weak scale
NP models are then of the MFV class if they are formally
invariant under GSM, when treating the SM Yukawa cou-
plings as spurions. Similarly, the low energy flavor ob-
servables are formally invariant under GSM. Practically,
this means that only certain insertions of Yukawa cou-
plings are allowed in the quark bilinears. For example, in
Q̄Q bilinears insertions such as Q̄(YuY †

u )nQ are allowed,
while Q̄Y †

d (YuY †
u )nQ are not.

The above definition of MFV is only useful if flavor
invariant operators such as Q̄f(⇥uYu, ⇥dYd)Q can be ex-
panded in powers of Yu,d. In the large tan� limit both
Yu and Yd have O(1) eigenvalues yt,b. The convergence
radius is then given by the size of ⇥u,d. We distinguish
between two limiting cases

• Linear MFV (LMFV): ⇥u,d ⌅ 1 and the dominant
flavor breaking e⇥ects are captured by the lowest
order polynomials of Yu,d.

• Non-linear MFV (NLMFV): ⇥u,d ⇤ O(1), higher
powers of Yu,d are important, and a truncated ex-
pansion in yt,b is not possible.

Examples of NLMFV are: low energy supersymmetric
models in which large tan� e⇥ects need to be resummed
(large ⇥d), and models obeying MFV at a UV scale
�F ⇧ µW , where large ⇥u,d ⌃ log(µW /�F ) are gener-
ated from sizable anomalous dimensions in the renormal-
ization group running [? ]. Another example is warped
extra dimension models with alignment [? ], in cases
where right handed up-quark currents are subdominant.

In this letter we show that even in NLMFV there
is a systematic expansion in small quantities, Vtd, Vts,
and light quark masses, while resumming in yt, yb ⇤
O(1). This is achieved via a non-linear ⌅-model–like
parametrization. Namely, in the limit of vanishing weak

With  the following spurions:
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There’s a 2-tale story for the quark singlets & doublets.

Since there’s no flavor conversion involving RH currents =>
quark singlet flavor structure is simpler.



SM Flavor Structure, Quarks Singlets (RH)
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Violation (MFV). Sometimes additional assumptions are made — that the SM Yukawa couplings are also the only
source of CP violation (CPV ), e.g. in [1], or that NP does not change the Lorentz structure of the e�ective weak
hamiltonian [4]. We will not make these assumptions, but will discuss their consequences below.

A useful language for discussing MFV was introduced in [1]. It relies on the observation that for vanishing Yukawa
couplings the SM has an enhanced global symmetry. Focusing on the quark sector this is

GSM = U(3)Q � U(3)u � U(3)d, (1)

where Q, u, d stand for quark doublets and up and down type quark singlets respectively. The SM Yukawa couplings

HuQ̄LYuuR + HdQ̄LYddR, (2)

are formally invariant under GSM, if the Yukawa matrices are promoted to spurions that transform as Y �
u,d =

VQYu,dV
†
u,d, while the quark fields are in the fundamental representations, (Q�, u�, d�) = VQ,u,d(Q, u, d). Weak scale NP

models are then of the MFV class if they are formally invariant under GSM, when treating the SM Yukawa couplings
as spurions. Similarly, the low energy flavor observables are formally invariant under GSM. Practically, this means
that only certain insertions of Yukawa couplings are allowed in the quark bilinears. For example, in Q̄Q bilinears
insertions such as Q̄(YuY †

u )nQ are allowed, while Q̄Y †
d (YuY †

u )nQ are not.
The above definition of MFV is only useful if flavor invariant operators such as Q̄f(⇥uYu, ⇥dYd)Q can be expanded

in powers of Yu,d. In the large tan� limit both Yu and Yd have O(1) eigenvalues yt,b. The convergence radius is then
given by the size of ⇥u,d. We distinguish between two limiting cases

6

first. We can construct polynomial of the Yukawas with simple transformation properties under the flavor group. For
instance, consider the transformation tules of the objects

AU,D ⇤ Y †
U,DYU,D �

1
3
tr

⇤
Y †

U,DYU,D

⌅
I3 , (22)

under the flavor group the AX tranform as

AU,D ⌅ VU,DAU,DV †
U,D . (23)

Thus, AU,D are adjoints of U(3)U,D and singlets of the rest of the flavor group [while tr(Y †
U,DYU,D) are flavor sin-

glets]. Via similarity transformation we can bring AU,D to a diagonal form, simultaneously. Thus, we learn that the
background value of each of the Yukawa matrices separately breaks the U(3)U,D down to a residual U(1)3U,D group,
as illustrated in Fig. 2.

We can, in principle, apply the same analysis in the LH flavor group, U(3)Q, via defining the adjoints,

AQu,Qd ⇤ YU,DY †
U,D �

1
3
tr

⇤
YU,DY †

U,D

⌅
I3 , (24)

However, in this case the breaking is more involved since AQu,d are adjoint of the same flavor group. This is a direct
consequence of the SU(2) weak gauge interaction which relates the two components of the SU(2) doublets. This
actually motivates one to extend the global flavor group as follows. If we switch of the electroweak interactions the
SM global flavor group is actually enlarged to

GSM
weakless = U(6)Q ⇥ U(3)U ⇥ U(3)D , (25)

since now each SU(2) doublet, Qi can be split into two independent flavors, Qu,d
i with identical SU(3)⇥ U(1) gauge

quantum numbers [25]. This limit, however is not very illuminating since it does not allow for flavor violation at all.
To make a progress it is instructing to distinguish between the W 3 flavor universal interactions, which couple up and
down quarks separately, from the W± couplings, g±2 , which links between up and down LH quarks. In the presence
of only W 3 couplings the residual flavor group is given by[32]

GSM
exten = U(3)Qu ⇥ U(3)Qd ⇥ U(3)U ⇥ U(3)D . (26)

In this limit, even in the presence of the Yukawa matrices flavor conversion is forbidden since we have already saw
explicitly that only the charged currents links between di�erent flavors [see Eq. (7)]. It is thus evident that to
formally characterize flavor violation we can extend the flavor group from GSM ⌅ GSM

exten where now we break the
quark doublets to their isospin components, UL, DL, and add another spurion, g±2

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)
Spurions : g±2 (3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄) . (27)

Flavor breaking within the SM occurs only when GSM
exten is fully broken via the Yukawa background value but also due

to the fact that g±2 has a background value. Unlike YU,D, g±2 is a special spurion in the sense that its eigen values are
degenerate as required by the weak gauge symmetry hence it breaks the U(3)Qu ⇥ U(3)Qd down to a diagonal group
which is nothing but U(3)Q. We can identify two bases where g±2 has an interesting background value: The weak
interaction basis where the background value of g±2 is simply a unit matrix

�
g±2

⇥
int
⇧ 13 . (28)

The mass basis where (after removing all unphysical parameters) the background value of g±2 is the CKM matrix
�
g±2

⇥
mass

⇧ V CKM . (29)

Now we are at position to understand the way flavor conversion is obtained in the SM. Three spurions must be
involved YU,D and g±2 . Since g±2 is involved it is clear that generation transitions has to involve LH charged current
interactions. These transitions can be characterize by the spurions, AQu,Qd [see Eq. (24)] which characterize the
breaking of of the individual LH flavor symmetries, U(3)Qu,Qd . Flavor conversion occurs because of the fact that in
general we cannot diagonalize simultaneously AQu,Qd and g±2 , this is illustrated in Fig. 3. It shows that the flavor
breaking within the SM goes through collective breaking [24] a term often used in the context of little Higgs models
(see e.g [? ] and Refs. therein).
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.
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first. We can construct polynomial of the Yukawas with simple transformation properties under the flavor group. For
instance, consider the transformation tules of the objects

AU,D ⇤ Y †
U,DYU,D �

1
3
tr

⇤
Y †

U,DYU,D

⌅
I3 , (22)

under the flavor group the AX tranform as

AU,D ⌅ VU,DAU,DV †
U,D . (23)

Thus, AU,D are adjoints of U(3)U,D and singlets of the rest of the flavor group [while tr(Y †
U,DYU,D) are flavor sin-

glets]. Via similarity transformation we can bring AU,D to a diagonal form, simultaneously. Thus, we learn that the
background value of each of the Yukawa matrices separately breaks the U(3)U,D down to a residual U(1)3U,D group,
as illustrated in Fig. 2.

We can, in principle, apply the same analysis in the LH flavor group, U(3)Q, via defining the adjoints,

AQu,Qd ⇤ YU,DY †
U,D �

1
3
tr

⇤
YU,DY †

U,D

⌅
I3 , (24)

However, in this case the breaking is more involved since AQu,d are adjoint of the same flavor group. This is a direct
consequence of the SU(2) weak gauge interaction which relates the two components of the SU(2) doublets. This
actually motivates one to extend the global flavor group as follows. If we switch of the electroweak interactions the
SM global flavor group is actually enlarged to

GSM
weakless = U(6)Q ⇥ U(3)U ⇥ U(3)D , (25)

since now each SU(2) doublet, Qi can be split into two independent flavors, Qu,d
i with identical SU(3)⇥ U(1) gauge

quantum numbers [25]. This limit, however is not very illuminating since it does not allow for flavor violation at all.
To make a progress it is instructing to distinguish between the W 3 flavor universal interactions, which couple up and
down quarks separately, from the W± couplings, g±2 , which links between up and down LH quarks. In the presence
of only W 3 couplings the residual flavor group is given by[32]

GSM
exten = U(3)Qu ⇥ U(3)Qd ⇥ U(3)U ⇥ U(3)D . (26)

In this limit, even in the presence of the Yukawa matrices flavor conversion is forbidden since we have already saw
explicitly that only the charged currents links between di�erent flavors [see Eq. (7)]. It is thus evident that to
formally characterize flavor violation we can extend the flavor group from GSM ⌅ GSM

exten where now we break the
quark doublets to their isospin components, UL, DL, and add another spurion, g±2

Fields : UL(3, 1, 1, 1), DL(1,3, 1, 1), U(1, 1,3, 1), D(1, 1, 1,3)
Spurions : g±2 (3, 3̄, 1, 1), YU (3, 1, 3̄, 1), YD(1,3, 1, 3̄) . (27)

Flavor breaking within the SM occurs only when GSM
exten is fully broken via the Yukawa background value but also due

to the fact that g±2 has a background value. Unlike YU,D, g±2 is a special spurion in the sense that its eigen values are
degenerate as required by the weak gauge symmetry hence it breaks the U(3)Qu ⇥ U(3)Qd down to a diagonal group
which is nothing but U(3)Q. We can identify two bases where g±2 has an interesting background value: The weak
interaction basis where the background value of g±2 is simply a unit matrix

�
g±2

⇥
int
⇧ 13 . (28)

The mass basis where (after removing all unphysical parameters) the background value of g±2 is the CKM matrix
�
g±2

⇥
mass

⇧ V CKM . (29)

Now we are at position to understand the way flavor conversion is obtained in the SM. Three spurions must be
involved YU,D and g±2 . Since g±2 is involved it is clear that generation transitions has to involve LH charged current
interactions. These transitions can be characterize by the spurions, AQu,Qd [see Eq. (24)] which characterize the
breaking of of the individual LH flavor symmetries, U(3)Qu,Qd . Flavor conversion occurs because of the fact that in
general we cannot diagonalize simultaneously AQu,Qd and g±2 , this is illustrated in Fig. 3. It shows that the flavor
breaking within the SM goes through collective breaking [24] a term often used in the context of little Higgs models
(see e.g [? ] and Refs. therein).
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CPV in interference between mixing & decay.

(occur when both B and

¯B decay

to a common CP final state).
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Tale of  2 phases:



tiny smaller by a loop factor
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C factor, �2
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the Bd � ¯Bd mixing amplitude;
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A model independent study of the minimal flavor violation (MFV) framework is presented, where
the only sources of flavor breaking at low energy are the up and down Yukawa matrices. Two limits
are identified for the Yukawa coupling expansion: linear MFV, where it is truncated at the leading
terms, and nonlinear MFV, where such a truncation is not possible due to large third generation
Yukawa couplings. These are then resummed to all orders using non-linear �-model techniques
familiar from models of collective breaking. Generically, flavor diagonal CP violating (CPV) sources
in the UV can induce O(1) CPV in processes involving third generation quarks. Due to a residual
U(2) symmetry, the extra CPV in Bd�B̄d mixing is bounded by CPV in Bs�B̄s mixing. If operators
with right-handed light quarks are subdominant, the extra CPV is equal in the two systems, and is
negligible in processes involving only the first two generations. We find large enhancements in the
up type sector, both in CPV in D � D̄ mixing and in top flavor violation.
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U(2)D ⇤ U(2)U ⇤ U(1)B

U(2)Qd ⇤ U(2)D ⇤ U(1)b
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Highly suppressed, at LO need to go through the 3rd 
gen’. (                  )

Within the SM flavor changing NCs (FCNCs) are highly 
suppressed => good probe of new physics (NP).



CPV (Kobayashi-Maskawa) 

Note: C, P change the Lorentz rep from SU(2)L to SU(2)R but not CP

C⇤C�1 = i⇥c(⇤̄�0�2)T , P⇤(t, x)P�1 = ⇥p�
0⇤(t,�x)

If field redef’ yield basis in where Y’s are real => no CPV! 

In the SM 3 gen => explicit CP breaking!  
Any CPV obser’ requires going through 3 gen’



How is CP broken in the SM (flavor sector)?

Im(J ) = Im{det[YUY †
U , YDY †

D]}

We can ignore the RH flavor sector (unbroken             ).

Can construct to adjoint of the U(3)Q flavor group:

CP violation is due to missalignment between the two 
(recall each breaks to         ).

YUY †
U & YDY †

D

U(1)3qR

U(1)3Q
Also CPV requires complex flavor parameters,

in term of reparameterization invariant: 

We saw that J is tiny so even though the
phase is large the SM cannot yield baryogenesis.


