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Why flavor matters in the LHC era?

• Directly relates to two outstanding HEP issues: SM & NP flavor 
puzzles

• Indirectly probes NP scales up to 105 TeV through virtual effects

• Can help shed light / constrain the nature of the EWSB & the 
Higgs sector

• Can help reduce fine-tuning in models addressing the EW 
hierarchy in light of null LHC NP search results

• In case of observed deviations from SM, can point towards 
experimental targets both at high-pT and at other venues
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LνSM = Lgauge(Aa,ψi) +Dµφ
†Dµφ− Veff(φ, Aa,ψi)

Veff = −µ2φ†φ+ λ(φ†φ)2 + Y ijψi
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Twofold role of flavor physics

(1) Indirect probe of BSM physics beyond direct reach
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Fig. 1. Result of the SM CKM fit projected onto the ρ̄ − η̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
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Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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Aqj ]⊗ [q̄iΓ

Bqj ]

zij ∼ exp(iφNP )

UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
ETMC, 1207.1287Crucial input from Lattice QCD &

measurements of SM flavor parameters!
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In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea
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where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions
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LH
C

108

FC
N
C
s

{{

Origin of flavor
?
?
?

!
-1 -0.5 0 0.5 1

"

-1

-0.5

0

0.5

1
#

$

%

)#+$sin(2

sm&
dm&

dm&

K'

cbV
ubV

)()*BR(B

summer13
SM fit

Excellent overall 
consistency

Why flavor matters in the LHC era?



EW scale 
stabilization

Λ [GeV]

102

104

106

9

Dark matter 

(WIMPs)

Twofold role of flavor physics

(1) Indirect probe of BSM physics beyond direct reach

May 24, 2014 0:27 WSPC/INSTRUCTION FILE kamenik˙15-5

Flavor Constraints on New Physics 3

dm
K

K

sm & dm

ubV

sin 2

(excl. at CL > 0.95)
 < 0sol. w/ cos 2

excluded at CL > 0.95

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

FPCP 13

CKM
f i t t e r

Fig. 1. Result of the SM CKM fit projected onto the ρ̄ − η̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb!1 LHCb data and
5 ab!1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb!1 LHCb and 50 ab!1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both ! and
!s will be ! 0.2" by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the di!culty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from "#s, whose e$ects on the future constraints
on NP studied in this paper are small. While "#s is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ! "2(M s
12)SM, are excluded

by the LHCb measurement of the sign of"#s [24]. We do
not consider K mixing for the fits shown in this Section,

2030?
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In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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CPV in D, Bs only constraints not (yet) theory limited
⇒ effective null-tests within SM
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Suggestive pattern of masses and mixings

Accidental? Dynamics? Symmetries?
S. Stone, 1212.6374

Why flavor matters in the LHC era?
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

In SM flavor only broken by Higgs interactions

Veff = −µ2φ†φ+ λ(φ†φ)2 + Y ijψi
Lψ

j
Rφ+

yij

Λ
ψiT
L ψj

Lφ
Tφ+ . . .

EW breaking Flavor breaking

BSM sources of flavor breaking may or may not be related to 
EW scale generation

Why flavor matters in the LHC era?
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Example 1: MSSM 

New flavor sources from SUSY breaking  
- squark, slepton masses & trilinear terms

Radiative EWSB from flavor effects          
- Higgs mass term driven negative by top 
Yukawa RGE
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan ! ! " cot" ! 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0
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0
d ! 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses m!t1 , m!t2 much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

!(m2
h0) =

3

4#2
cos2" y2tm

2
t ln

"
m!t1m!t2/m

2
t

#
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an e"ective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy e"ective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 # mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ! m2
Z cos2(2!)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from su#ciently low-energy experiments. The angle " is very nearly !"#/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy e"ective theory, especially from these one-loop diagrams.
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This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an e"ective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy e"ective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 # mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2
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Z cos2(2!)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from su#ciently low-energy experiments. The angle " is very nearly !"#/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Global flavor symmetry of SM broken by Yukawas: 
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces

contributions to CP violation in ∆F = 1 processes which are approximately universal, in that

they are not affected by flavor rotations between the up and the down mass bases. Therefore,

such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.

Another consequence of this universality is that supersymmetric alignment models with a moderate

mediation scale are consistent with the data, and are harder to probe via CP violating observables.

With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ≡ (YuY
†
u )/tr , Ad ≡ (YdY

†
d )/tr , (1)
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces

contributions to CP violation in ∆F = 1 processes which are approximately universal, in that

they are not affected by flavor rotations between the up and the down mass bases. Therefore,

such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.

Another consequence of this universality is that supersymmetric alignment models with a moderate

mediation scale are consistent with the data, and are harder to probe via CP violating observables.

With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces

contributions to CP violation in ∆F = 1 processes which are approximately universal, in that

they are not affected by flavor rotations between the up and the down mass bases. Therefore,

such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.

Another consequence of this universality is that supersymmetric alignment models with a moderate

mediation scale are consistent with the data, and are harder to probe via CP violating observables.

With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.
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New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
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CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
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measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.
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It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
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Global flavor symmetry of SM broken by Yukawas: 
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Flavor mixing in lepton sector is large

Tied to chiral symmetry (for Dirac ν’s) or 
lepton number breaking (for Majorana ν’s) 

⇒ observables generically suppressed by mν
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Flavor mixing in lepton sector is large

Tied to chiral symmetry (for Dirac ν’s) or 
lepton number breaking (for Majorana ν’s) 

⇒ observables generically suppressed by mν

A (minimal) case for LFV: 
• assume L breaking at high scale 

       as suggested by small mν

• decouple flavor & L breaking scales

       ⇒ pseudo-Dirac neutrinos with 
           sizable LFV (fixed by neutrino data 
           up to overall Yukawa normalization λ1)

Example: Type-I see-saw (2 fermionic EW singlets Ni)
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Figure 1: Decay branching ratio BR(µ → eγ) normalized to |λ1λ1λ1|4 for normal

light neutrino mass spectrum as a function of the common RH neutrino mass (left

hand side plot). The upper horizontal dashed line indicates the current limit on

BR(µ → eγ) from the MEG experiment [18], whereas the lower dotted one marks

prospective future experimental sensitivities [19]. The corresponding bounds on |λ1λ1λ1|
from the present [18] (upper gray band) and prospective future [19] (lower brown

band) experimental searches are shown in the right hand side plot. The widths of

the bands are due to the uncertainties in the neutrino mass matrix parameters. The

results for the inverted neutrino spectrum are very similar and are thus not shown

separately.

others discussed below—are controlled only by the parameters M and |λ1λ1λ1|, thus
implying that for sufficiently light RH neutrino masses and large |λ1λ1λ1| these processes
may be measurable.

In order to quantify the size of these lepton flavor violating effects we ran-

domly generate neutrino masses, mixing angles and Dirac and Majorana CP vi-

olating phases in their 2σ ranges for both normal and inverted hierarchical light

neutrino mass spectra [1]. We also randomly generate the parameters |λ1λ1λ1| and M in

the ranges [10
−5, 1] and [10

2, 106] GeV allowing RH neutrino mass splittings in the

range [10
−8, 10−6

] GeV. With the numerical output we calculate the different lepton
flavor violating decay branching ratios from eq. (19), using the full loop function

given in the appendix, eq. (37).

We find that radiative τ decay rates are always below their current bounds and

barely reach values of 10
−9

for RH neutrino masses around 100-200 GeV (values

exceeding the current bounds are not consistent with the seesaw condition, that for

concreteness we take as mDmDmDMNMNMN
−1 < 10

−1
), we thus focus on the µ → eγ process.

The results for the normal mass spectrum case are displayed in fig. 1 as a function

of the common RH neutrino mass, MN = M . We observe that BR(µ → eγ) can

reach the current experimental limit reported by the MEG experiment [18] for RH

neutrino masses MN < 0.1 TeV, 1 TeV, 10 TeV provided |λ1λ1λ1| � 2× 10
−2, 10

−1, 1,

respectively. The results for the inverted light neutrino mass hierarchy are very

similar and consistent with these values. Finally we note that the widths of the

8

c.f. Gavela et al., 0906.1461

Aristizabal Sierra, Degee & J.F.K., 1205.5547

Why flavor matters in the LHC era?

(also μ-e conv. in nuclei)

PSI proposal
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Global flavor symmetry of SM broken by Yukawas: 

Formally, NP flavor cannot be completely trivial

“Minimal Flavor Violation”ai>2 � a1,2

Λ [TeV]

z = 1+ a1Au + a2Ad + . . .

Reclaiming flavorful NP at EW scale

d’Ambrosio et al., hep-ph/0207036
Colangelo et al., 0807.0801

...

22

Q(6) ∼ [Aij
u (Q̄iγµQj)]

2

�
d4xT{QNP HSM}

NP in loops 
⇓

probe EW scale masses

GF = SU(3)Q × SU(3)U × SU(3)D × SU(3)L × SU(3)E

http://arxiv.org/abs/hep-ph/0207036
http://arxiv.org/abs/hep-ph/0207036


Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 
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t

In SM, top Yukawa imposes largest 
fine-tuning in Higgs potential ⇒ 

prefer light top partners ( mT < 1TeV )
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 
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t

In SM, top Yukawa imposes largest 
fine-tuning in Higgs potential ⇒ 

prefer light top partners ( mT < 1TeV )

avoiding flavor bounds though triviality 
⇒ presence of u,d,... partners (mU~mT)

δm2
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: mχ̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1σ experimental and background-theory uncertainties on the mχ̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the mχ̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for mχ̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate χ̃±1 to two
quarks, a W boson and a χ̃0

1, and pair produced light squarks each decaying via an intermediate χ̃±1 to
a quark, a W boson and a χ̃0

1. Results are presented for models in which either the χ̃0
1 mass is fixed to

60 GeV, or the mass splitting between the χ̃±1 and the χ̃0
1, relative to that between the squark or gluino

and the χ̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan β = 10, µ > 0, m

2
H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m
2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and χ̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

Strong LHC direct search constraints
(MSSM example) ATLAS-CONF-2013-047
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EW hierarchy stabilization only requires light 3rd generation 
partners ⇒ LHC bounds then imply flavor nontrivial spectra

Possible in flavor models mimicking the SM SU(3)/SU(2) flavor 
breaking pattern (i.e. U(2)3)

Example: natural SUSY
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Figure 7: Correlation between ∆F = 2 observables. Dark and light blue points are allowed by
all constraints, light blue points have a compressed spectrum (see text for details),
light gray points are ruled out by B → Xsγ. The red star is the SM. The black
dashed line is the 95% C.L. region allowed by the global CKM fit imposing the U(2)3

relations, the gray dashed line in a generic new physics fit. The dashed lines in the
first row show the MFV limit, the solid lines in the last row the U(2)3 limit.
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Figure 7: Correlation between ∆F = 2 observables. Dark and light blue points are allowed by
all constraints, light blue points have a compressed spectrum (see text for details),
light gray points are ruled out by B → Xsγ. The red star is the SM. The black
dashed line is the 95% C.L. region allowed by the global CKM fit imposing the U(2)3

relations, the gray dashed line in a generic new physics fit. The dashed lines in the
first row show the MFV limit, the solid lines in the last row the U(2)3 limit.
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beyond tree level
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see talk by Kohda
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MFV

Figure 2: Correlation between the branching ratios of Bs → µ+µ− and Bd → µ+µ−

in MFV, the SM4 and four SUSY flavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs → µ+µ− vs. Bd → µ+µ−

The correlation between the decays Bs → µ+µ− and Bd → µ+µ− is an example of a
“vertical” correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq → µ+µ−) ∝ |S|2
�
1− 4x2

µ

�
+ |P |2, (5)

S = Cbq
S − C �bq

S , P = Cbq
P − C �bq

P + 2xµ(C
bq
10 − C �bq

10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to Cbq

S from neutral Higgs exchange scales as tan β2,
where tan β is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tanβ3.

Figure 2 shows the correlation between BR(Bs → µ+µ−) and BR(Bd → µ+µ−)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coefficients, cf. eq. (3). The largest effects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).
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S − C �bq

S , P = Cbq
P − C �bq

P + 2xµ(C
bq
10 − C �bq

10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to Cbq

S from neutral Higgs exchange scales as tan β2,
where tan β is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tanβ3.

Figure 2 shows the correlation between BR(Bs → µ+µ−) and BR(Bd → µ+µ−)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coefficients, cf. eq. (3). The largest effects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).

5

CMS 68%, 95% C.L.

update of Straub, 1012.3893
using CMS, 1307.5025

Bd/Bs
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2 Effective couplings of the Z boson to down-type quarks

As pointed out in Refs. [4, 6], there exists a wide class of models where the only relevant

deviations from the SM in B(Bs → µ+µ−
) and Z → bb̄ can be described in terms of

modified Z-boson couplings at zero momentum transfer, defined by the following effective
Lagrangian

L Z
eff =

g

cW
Zµd

i
γµ

�
(gijL + δgijL )PL + (gijR + δgijR )PR

�
dj . (3)

Here g is the SU(2)L gauge coupling, cW = cos θW (sW = sin θW ), and gijL,R denote the

effective SM couplings. In the following we employ state-of-the-art expressions to estimate

the SM contributions to B(Bs → µ+µ−
) and Z → bb̄, and use L Z

eff at the tree level only

to estimate the non-standard effects parameterized by δgijL,R.

For later convenience we recall the leading structure of the gijL,R. The tree-level SM

couplings are

(giiL)tree = −1

2
+

1

3
s2W , (giiR)tree =

1

3
s2W , (gi �=j

L,R)tree = 0 . (4)

At the one-loop level the giiL,R are gauge dependent, but they assume the following simple

and gauge-independent form in the limit mt � mW (or g → 0):

(gijL )
(g=0)
1−loop =

m2
t

16π2v2
V ∗
tiVtj , (gijR )

(g=0)
1−loop = 0 , (5)

where Vij denote the elements of the CKM matrix and v ≈ 246 GeV.

The new-physics contributions, parameterized by δgijL,R, can be related to the couplings

of a manifestly gauge-invariant Lagrangian,

L NP
eff = −1

2

�

n,A

�

i,j

cijnA
Λ2

Oij
nA , (6)

with the following set of dimension-six operators:

O
ij
1L = i

�
Q

i
Lγ

µQj
L

�
H†↔DµH , O

ij
1R = i

�
D

i
Rγ

µDj
R

�
H†↔DµH ,

O
ij
2L = i

�
Q

i
Lτ

aγµQj
L

�
H†τa

↔
DµH . (7)

Defining the flavor indices {i, j} in the mass-eigenstate basis of down-type quarks we find

δgijL =
v2

4Λ2

�
cij1L +

1

4
cij2L

�
, δgijR =

v2

4Λ2
cij1R . (8)

The set of operators in Eq. (7) is not the complete set of gauge-invariant dimension-

six operators contributing to Bs → µ+µ−
and Z → bb̄ at the tree level. In principle,

we can consider also four-fermion (two-quarks/two-leptons) operators, terms of the type

Jν ×DµFµν
, or terms of the type H†Jµν ×Fµν

, where Jν and Jµν are quark bilinears, and

Fµν
generically denotes the field-strength tensor of U(1) or SU(2)L gauge fields. However,

the effects of these operators cannot be described by means of L Z
eff and we lose the natural

correlation between these two observables.
1
For this reason in the following we concentrate

only on the set of operators in Eq. (7).

1 The four-fermion operators do not contribute to L Z
eff at the tree level, hence they have a negligible impact on Z → bb̄

compared to Bs → µ+µ−. Conversely, operators with the field-strength tensor generate amplitudes suppressed by
at least one power of p/v, with p the external momentum, that therefore have negligible impact on Bs → µ+µ−

compared to Z → bb̄.

2
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As pointed out in Refs. [4, 6], there exists a wide class of models where the only relevant

deviations from the SM in B(Bs → µ+µ−
) and Z → bb̄ can be described in terms of

modified Z-boson couplings at zero momentum transfer, defined by the following effective
Lagrangian

L Z
eff =

g

cW
Zµd

i
γµ
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(gijL + δgijL )PL + (gijR + δgijR )PR

�
dj . (3)

Here g is the SU(2)L gauge coupling, cW = cos θW (sW = sin θW ), and gijL,R denote the

effective SM couplings. In the following we employ state-of-the-art expressions to estimate

the SM contributions to B(Bs → µ+µ−
) and Z → bb̄, and use L Z

eff at the tree level only

to estimate the non-standard effects parameterized by δgijL,R.

For later convenience we recall the leading structure of the gijL,R. The tree-level SM

couplings are

(giiL)tree = −1

2
+

1

3
s2W , (giiR)tree =

1

3
s2W , (gi �=j

L,R)tree = 0 . (4)

At the one-loop level the giiL,R are gauge dependent, but they assume the following simple

and gauge-independent form in the limit mt � mW (or g → 0):

(gijL )
(g=0)
1−loop =

m2
t

16π2v2
V ∗
tiVtj , (gijR )

(g=0)
1−loop = 0 , (5)

where Vij denote the elements of the CKM matrix and v ≈ 246 GeV.

The new-physics contributions, parameterized by δgijL,R, can be related to the couplings

of a manifestly gauge-invariant Lagrangian,

L NP
eff = −1

2

�

n,A

�

i,j

cijnA
Λ2

Oij
nA , (6)

with the following set of dimension-six operators:

O
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1L = i
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H†↔DµH , O

ij
1R = i
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µDj
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H†↔DµH ,

O
ij
2L = i
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aγµQj
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H†τa

↔
DµH . (7)

Defining the flavor indices {i, j} in the mass-eigenstate basis of down-type quarks we find

δgijL =
v2

4Λ2

�
cij1L +

1

4
cij2L

�
, δgijR =

v2

4Λ2
cij1R . (8)

The set of operators in Eq. (7) is not the complete set of gauge-invariant dimension-

six operators contributing to Bs → µ+µ−
and Z → bb̄ at the tree level. In principle,

we can consider also four-fermion (two-quarks/two-leptons) operators, terms of the type

Jν ×DµFµν
, or terms of the type H†Jµν ×Fµν

, where Jν and Jµν are quark bilinears, and

Fµν
generically denotes the field-strength tensor of U(1) or SU(2)L gauge fields. However,

the effects of these operators cannot be described by means of L Z
eff and we lose the natural

correlation between these two observables.
1
For this reason in the following we concentrate

only on the set of operators in Eq. (7).

1 The four-fermion operators do not contribute to L Z
eff at the tree level, hence they have a negligible impact on Z → bb̄

compared to Bs → µ+µ−. Conversely, operators with the field-strength tensor generate amplitudes suppressed by
at least one power of p/v, with p the external momentum, that therefore have negligible impact on Bs → µ+µ−

compared to Z → bb̄.
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in

red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop

region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from

our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in

red, while the LEP limits are shown in gray. The effect of combining the σtt̄ measurement with current mt measurements

(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume

right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 − 100GeV, due to the less efficient t → t̃χ0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃, mχ0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, mχ0

1
� 20GeV, while

it is not effective for higher masses because signal rates
rapidily become too low with increasing mχ0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of σtt̄ presented in [59]. We show the
limits of this scenario in the (mt̃,mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce σtt̄, thus compensating the effects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across different analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

Czakon et al., 1407.1043

Note: sizable top-charm partner mixing allowed!
⇒ flavor violating high-pT signatures

Gedalia et al., 1202.5038
Mahbubani et al., 1212.3328

Blanke et al., 1302.7232
Delaunay et al., 1311.2072
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BSM flavor effects mediated by 3rd 
generation squarks (& sleptons)

Key observables: 

• (CPV) in K(εK), B mixing (Δmq, φq)

• Rare B decays (B→(X)l+l-,νν)

• LFV & EDMs

Kagan et al., 0903.1794

Barbieri et al., 1105.2296
1108.5125
1203.4218
1206.1327
1211.5085

Buras & Girrbach, 1206.3878
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Figure 9: Maximum value of the argument of the µ term, φµ, allowed by two-loop contribu-

tions to the electron EDM, in the plane of the common chargino mass mχ̃± and the

pseudoscalar Higgs mass MA.

role than for ∆B = 2 processes. First, this is because the dipole operators change chirality

and hence in general they can receive tanβ enhanced contributions. Second, there are the

Bs,d → µ+µ−
decays which receive strongly tanβ enhanced contributions from scalar operators.

Here, we focus on the regime tanβ � 5, where the branching ratios of Bs,d → µ+µ−
are

modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-

vation for a split squark spectrum, as it allows to have sizable CP-violating phases without

excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-

perimental bound on the electron EDM has been obtained [56], |de| < 8.7 × 10
−29 e cm, that

improves the previous bound [?] by a factor of 12. Here, we study the impact of this new

bound on models with a split sfermion spectrum.

First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the

bound in [58], we find a lower bound on the sneutrino mass, depending on tanβ and the phase

of the µ term (µ = |µ|eiφµ),

mν̃1 > 17 TeV× (sinφµ tanβ)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino

loop attached to the electron line by a Higgs and a gauge boson. This contribution is tanβ
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions

for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these
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. The Higgs-mediated two-loop quark EDMs (dE
q=u,d,s)
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Flavor portals to dark sector



Are there only SM particles at low-energy?

• Experimentally:

• Even very light states could be missed if very weakly interacting,

• There is dark matter in the Universe; it could be relatively light.

• Theoretically: Plenty of models predict new light particles

• Pseudo-Goldstone scalars (axion, familon,...),

• U(1) vectors (string, ED,...),

• Hidden sectors & messengers (SUSY, mirror worlds,...)

• Many others: millicharged fermions, dilaton, majoron, neutralino, sterile 
neutrino, gravitino,...
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How to probe low-energy particle content?

• Heavy NP can be projected onto effective gauge-invariant operators 
built in terms of SM fields.
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How to probe low-energy particle content?

• Take X as neutral, but include all possible interactions as SM gauge-
invariant effective operators.
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J. F. K. & C. Smith, 1111.6402

X = dark sector 
state connected
to the SM, or a 
light messenger.

taken from C. Smith @ LPC - Clermont-Ferrand, 4/2012
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Assumptions about the dark state X :

• Not stable ⇒ No DM constraints.

• Long-lived ⇒ Escapes as missing energy.

• Weakly coupled ⇒ Does not affect SM processes. 

⇒ Main impact is then to open new decay and production 

channels.

How to probe low-energy particle content?
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L � εBµν ×A�
µν

Contributions to rare decays via heavy 
quark loops suppressed

B(b → sA�) � |ε|2B(b → sγ)SM

A’
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Example: light neutralino & down squark mixing in 
K+→π+ Emiss (B→X Emiss, ...)

[s̄γµ(1± γ5)d][χ̄γµγ5χ]

(δLL,RR)

, tuned by        .

B. Flavor-breaking scenario: Very light neutralinos

Invisible 2/4

Dreiner et al ‘09

Beyond MFV, the flavor-breaking comes from squark mixings.
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Andrea, Fuks & Maltoni, 1106.6199 
J.F.K. & Zupan, 1107.0623

CDF, 1202.5653
Ezequiel et al., 1310.7600

Agram et al., 1311.6478
CMS-PAS-B2G-12-022

New flavor & DM dynamics at high pT

http://arXiv.org/abs/arXiv:1106.6199
http://arXiv.org/abs/arXiv:1106.6199


Conclusions

Success of SM in describing flavor-changing processes implies 
that large new sources of flavor symmetry breaking at TeV scale 
are mostly excluded. 

However, NP at TeV scale need not be flavor trivial!

If (properly aligned) new sources of flavor breaking present
• Precision flavor observables may hide NP signals  @10% level in well 

motivated NP models (natural SUSY)

• can significantly affect & guide NP searches high pT

• have implications for EW fine-tuning

46

Worth to invest in searches of exotic flavor-violating effects
• Example: missing energy modes as portals to dark BSM sectors
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Flavor as guide to high pT



LFU in (semi)leptonic B decays

In SM weak charged current interactions are lepton flavor 
universal

• Tested directly at colliders via W decays ~1%

Additional charged (scalar) interactions could induce LFU 
violation in processes at low energies

Can be predicted accurately even in hadronic processes, 
since most QCD uncertainties cancel in ratios

• Pion, kaon, D processes well consistent with LFU 
expectations ~(0.1-1)%

c.f. HFAG, 1010.1589
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Apparent tension in global 
CKM unitarity fits

Discrepancy between |Vub| 
determinations

Most pronounced for taunic B 
decay

Somewhat reduced with 
updated Belle result

LFU in (semi)leptonic B decays

Belle, 1208.4678

see talks by  Kwon, Bharucha
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LFU in (semi)leptonic B decays

However, maybe not CKM issue at all

Can eliminate |Vub| in ratio

Similarly in semitauonic decays

Implications of lepton flavor universality violations in B decays

Svjetlana Fajfer,1, 2, ∗ Jernej F. Kamenik,1, 2, † Ivan Nǐsandžić,1, ‡ and Jure Zupan3, §
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2
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Present measurements of b → cτν and b → uτν transitions differ from the standard model pre-

dictions of lepton flavor universality by combined 4.6σ, if gaussian errors are assumed. We examine

new physics interpretations of this anomaly. An effective field theory analysis shows that mini-

mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,

right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss

explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-

ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are

presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B → D

(∗)τν
branching fractions normalized to the corresponding
B → D

(∗)�ν modes (with � = e, µ) [1]

R
∗
τ/� ≡ B(B→D∗τν)

B(B→D∗�ν) = 0.332± 0.030 , (1)

Rτ/� ≡ B(B→Dτν)
B(B→D�ν) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R

∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
R

∗,SM
τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
B(B̄0 → π+�−ν̄) = (14.6 ± 0.7) × 10−5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R
π
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

B(B̄0 → π+�−ν̄)
= 1.07± 0.20 . (3)

The SM prediction is R
π,SM
τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R
π,exp
τ/� /R

π,SM
τ/� = 3.45 ± 0.93,

R
exp
τ/�/R

SM
τ/� = 1.49±0.26 andR

∗,exp
τ/� /R

∗,SM
τ/� = 1.32±0.12,

giving a combined excess of 4.6σ above the SM expec-
tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
(∗)
τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (

√
2/4GF )1/2 � 174 GeV

L = LSM +
�

a

za

Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
a
q3)J

µ
3,a , (5)

Q
i
R = (ūR,iγµbR)(H

†τaH̃)J µ
3,a , (6)
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new physics interpretations of this anomaly. An effective field theory analysis shows that mini-

mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,

right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss

explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-

ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are

presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B → D

(∗)τν
branching fractions normalized to the corresponding
B → D

(∗)�ν modes (with � = e, µ) [1]

R
∗
τ/� ≡ B(B→D∗τν)

B(B→D∗�ν) = 0.332± 0.030 , (1)

Rτ/� ≡ B(B→Dτν)
B(B→D�ν) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R

∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
R

∗,SM
τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
B(B̄0 → π+�−ν̄) = (14.6 ± 0.7) × 10−5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R
π
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

B(B̄0 → π+�−ν̄)
= 1.07± 0.20 . (3)

The SM prediction is R
π,SM
τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R
π,exp
τ/� /R

π,SM
τ/� = 3.45 ± 0.93,

R
exp
τ/�/R

SM
τ/� = 1.49±0.26 andR

∗,exp
τ/� /R

∗,SM
τ/� = 1.32±0.12,

giving a combined excess of 4.6σ above the SM expec-
tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
(∗)
τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (

√
2/4GF )1/2 � 174 GeV

L = LSM +
�

a

za

Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
a
q3)J

µ
3,a , (5)

Q
i
R = (ūR,iγµbR)(H

†τaH̃)J µ
3,a , (6)
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ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
a
q3)J µ

3,a , (5)

Qi
R = (ūR,iγµbR)(H

†τaH̃)J µ
3,a (6)

QLR = i∂µ(q̄3τ
a
HbR)

�
jJ

µ
j,a , (7)

Qi
RL = i∂µ(ūR,iH̃

†τaq3)
�

jJ
µ
j,a , (8)

where τa = σa/2, J µ
j,a = (l̄jγµτalj), H̃ ≡ iσ2H

∗ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji∗

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji∗
PMNSνL,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate effects in c → uνν̄ and t → c(u)νν̄ transitions.
The first process is typically obscured by SM tree level
contributions (i.e. D → (τ → πν)ν̄ [12]), while the sec-
ond will induce an interesting monotop signature at the
LHC [13].

Other di ≤ 8 operators can either be reduced to
the above using equations of motion, or have vanishing
�0| Qi |B� hadronic matrix elements and thus cannot af-
fect Rπ

τ/� (e.g., Q̄iσµντaHbR). Note that Qi
L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions ψ could mimic
the missing energy signature of SM neutrinos in the
b → uiτν decays [14]. We thus also consider the low-
est dimensional operators coupling ψ to SM quarks and
charged leptons and invariant under the SM gauge group

Qi
ψS = (q̄ibR)(l̄3ψR) , Qi

ψV = (ūiγµbR)(τ̄Rγ
µψR) . (9)

In the following we consider a single NP operator con-

tributing to R(∗)
τ/� and Rπ

τ/� at a time and later compare
this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [16]. The effect of QL

is to rescale the SM predictions for R(∗)
τ/�, R

π
τ/� by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/Λ)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| � 1.18
with a value of χ2 � 4.0 (for the SM, χ2 � 21). Both
Rτ/� and R∗

τ/� are then well accommodated, while the
Rπ

τ/� tension remains at the 1.5σ level. The effective NP

scale probed is Λ|zL|−1/2 = v|cL|−1/2 � 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 15]. In the case of Rτ/� we also need

�
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Figure 1: Preferred 1σ (darker green) and 2σ (lighter yellow) pa-
rameter regions for effective operators QLR (left plot, dependence
on complex cLR Wilson coefficient) and MFV Qi

ψS (right plot,
dependence on ψ mass and modulus of the universal Wilson co-
efficient, |cψS |). The 1σ constraints from Rτ/�, R∗

τ/� and Rπ
τ/�

are drawn in full black, dashed purple and dotted red contours,
respectively. The best fit points are marked with an asterisk.

to take into account a significant experimental efficiency
correction due to the different kinematics induced by the
QLR operator compared to QL and the SM [1]. Effec-
tively this amounts to multiplying the term quadratic in
cLR by a correction factor of ∼ 1.5 . The same argument
applies for the operators Qi

RL and QψS (near mψ = 0).
Switching on only the QLR operator the best fit point is
cLR = zLR(v/Λ)4 � −34, where χ2 � 8.5 with both Rτ/�

and Rπ
τ/� perfectly accommodated, while a tension with

the observed value of R∗
τ/� remains (see Fig. 1 left). Irre-

spective of Rπ
τ/�, the central measured values of Rτ/� and

R∗
τ/� can never be simultaneously obtained using only

QLR [3]. The preferred value of cLR points to a very low
effective NP scale of v|cLR|−1/4 � 72 GeV.
The relative strength of semileptonic b → c and b → u

transitions generated by the Qi
R,Qi

RL or Qi
ψS,V oper-

ators is fixed only once we explicitly specify the fla-
vor structure. For Qi

R, Qi
RL and Qi

ψV , MFV implies

z
i
R,RL,ψV ∝ mui leading to extremely suppressed effects
in Rπ

τ/�. Consequently we do not consider these oper-
ators within MFV. On the other hand, in the case of
Qi

ψS the MFV hypothesis is satisfied by taking z
i
ψS =

V
ib
CKMcψS(Λ/v)2. The corrections to R(∗)

τ/� and Rπ
τ/� now

also depend on the mass mψ of the new invisible fermion
ψ. Close tomB−mD(∗)−mτ thresholds the contributions

toR(∗)
τ/� are suppressed relative to the ones inRπ

τ/�. Vary-

ing both cψS and mψ the best fit of χ2 = 9.1 is reached
for cψS � 0.40 and mψ = 0 (see Fig. 1 right). Significant
tensions between the three observables remain.
Generic flavor structures. In the presence of more

general flavor violation the NP contributions to Rπ
τ/� are

no longer related to those in R(∗)
τ/�. We thus parametrize

the contributions of Qi
ψS,ψV and Qi

R,RL operators to
b → c semileptonic transitions by (A = ψS,ψV,R,RL)
z
c
A = cA(Λ/v)2, and to b → u semileptonic transitions
by z

u
A = �AzcA. The effect of Qi

R is to rescale the

2
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Predict effects 
in top physics

Predict effects 
in Higgs physics

pp → hτEmiss
T

pp → tEmiss
T

Can it be NP? Need to satisfy severe constraints:
• no tree-level down quark / charged lepton FCNCs

• no LFU violations in pion, kaon sectors

Points towards low NP scale:
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}require flavor alignment

LFU in (semi)leptonic B decays

Λ � 100GeV for Q(6) in MFVQ(6)
AB ∼ Vqb[b̄ΓAq]⊗ [ν̄ ΓBτ ]

http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872

