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Twofold role of flavor (B) 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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(2) Test sources of flavor symmetries & their violation
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Twofold role of flavor (B) physics

(2) Test sources of flavor symmetries & their violation

Global flavor symmetry of SM broken by Yukawas: 

GF = SU(3)Q × SU(3)U × SU(3)D

Ad

Au

Ad ×Au
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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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Global flavor symmetry of SM broken by Yukawas: 

Formally, NP flavor cannot be completely trivial

GF = SU(3)Q × SU(3)U × SU(3)D

“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

...

11

Q(6) ∼ [Aij
u (Q̄iγµQj)]

2

Most stringent bounds
 from B sector

�
d4xT{QNP HSM}

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 

Reclaiming flavorful NP at EW scale
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prefer light top partners ( mT < 1TeV )

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

Isidory @ ICHEP’14

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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BSM flavor effects mediated by 3rd 
generation squarks (& sleptons)

Key observables: 

• (CPV) in K(εK), B mixing (Δmq, βq)

• 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

Isidory @ ICHEP’14

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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Barbieri et al., 1402.6677
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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 
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Example: natural SUSY
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Key observables: 
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Particularly sensitive to FCNC scalar currents and FCNC Z 
penguins

Bs,d → μ+μ-

18

Clean probe of the Yukawa interaction  (⇒ Higgs sector) 

beyond tree level

see talk by Misiak

(virtually no long-distance contributions)
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Leading SM contributions:

Examples in natural SUSY:

(large tanβ solutions excluded)
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Clean probe of the Yukawa interaction  (⇒ Higgs sector) 
beyond tree level

Latest results beginning 
to test possible         
enhancement 

Nontrivial test of MFV.

see talk by Kohda

Hurth et al., 0807.5039

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]).

5

CMS 68%, 95% C.L.

update of Straub, 1012.3893
using CMS, 1307.5025
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Similar to Bs → μ+μ- in probing semileptonic b → s FCNCs and 
Z-penguins

Caveat: LD (charming penguin) contributions need to be 
controlled!

Complementary observables: b → s νν  

b → s μ+μ-

20

see talk by Bobeth

                    anomalyB → K∗�+�−

If NP, should couple universally to both lepton chiralities                       

• Cannot be due to anomalous Zbs coupling

      - but known Z‘ model examples could be compatible        

• Effect in B → (K,K*,Xs)!!? 

      - No non-local QCD contributions (but need precise form factor estimates)        

      - Expect (~50%) reduction compared to SM predicted rates 

• If chiral cancelation not perfect, also Bs → "+"-

QL+R ∼ zijQ̄
iγµQ

j(L̄γµL+ eRγ
µeR)Q9

!NP > !EW 

Buras, De Fazio & Girrbach, 1211.1896 

Descotes-Genon, Matias & Virto, 1307.5683

Key measurements for BelleII

c.f. Altmannshofer et al., 0902.0160



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,...



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�
µνRecent example:

hidden photons
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Flavor probes of the invisible

• FCNC meson decays with Emiss CKM suppressed in SM

stage and get an idea of the sensitivity of the rare
contributes to dI → dJX ≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | ,:

B(K → πEmiss) ∼ 10−11

B(B → K(∗)Emiss) ∼ 10−6



Flavor probes of the invisible

• FCNC meson decays with Emiss CKM suppressed in SM

• Potentially very high X-operator scales probed:

Figure 1: The rare decays with missing energy in the SM, as induced by the Z penguin (W boxes are understood).

n = 5 n = 6 n = 7 n = 8 n = 9
s → d 3.3 · 107 TeV 130 TeV 2.0 TeV 0.25 TeV 0.07 TeV
b → d 1.3 · 105 TeV 26 TeV 1.5 TeV 0.37 TeV 0.16 TeV
b → s 2.7 · 104 TeV 12 TeV 0.9 TeV 0.25 TeV 0.11 TeV

Table 1: Naive reach, in terms of scales Λ and as a function of the effective operator dimension n, of the rare
FCNC-induced K and B decays, as estimated from Eq. (1) with the CKM values of Eq. (6).

Rare FCNC decays

The FCNC-induced decay modes are very suppressed in the SM, where the missing energy is carried away by
a νν̄ pair (see Fig. 1). So, even relatively small NP contributions could be evidenced. Specifically, to set the
stage and get an idea of the sensitivity of the rare K and B decays, imagine that a NP operator of dimension
n contributes to dI → dJX , with I = 2, 3, J = 1, 2 the quark generation indices. If its Wilson coefficient is set
to one, then there is a scale Λ such that the NP contribution equates the SM prediction for dI → dJνν̄,

mn−6
I

Λn−4
≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | , (1)

with m2,3 = mK,B, g the SU(2)L coupling constant, and V the CKM matrix. As shown in Table 1 as a
function of the dimension, the SM loop factor combined with the CKM suppression pushes the scales Λ well
above the electroweak scale for n ! 7. On the contrary, the rare decay constraints cease to make sense for
SU(2)L ⊗ U(1)Y invariant operators of dimension n " 9, since powers of (H†H)/Λ2 → v2/Λ2 grow unchecked
when Λ ! v, where v ≈ 246 GeV is the SM Higgs vacuum expectation value.

Clearly, these scales are only indicative. The true sensitivity to a given dark operator depends essentially on
two additional factors. First, the quark transitions dI → dJX have to be probed through hadronic processes.
Hence, depending on the modes, hadronic matrix elements as well as phase-space factors can alter significantly
the estimates of Table 1. In the following, we compare the sensitivities of all the leading modes. Specifically, in
the K sector, we include the modes with the least number of pions and photons in the final states, i.e. K → X ,
K → πX , K → γX , and K → ππX , and leave out the K → πππX modes. Similarly, in the B sector, the
considered modes are the B → X , B → (K,K∗)X , and B → (π, ρ)X decay channels. The γX channel, driven
in the K sector by the QED anomaly, is suppressed and difficult to reconstruct experimentally in the B sector,
and will thus not be included [6].

The second factor determining the true sensitivity of a given mode is related to the experimental strategies
deployed to measure it. Since invisible states are not seen, the kinematical reconstruction is limited. In addition,
these modes are so rare (in the SM) that they require very aggressive background suppressions. To this end,
the central tool is the differential rate in terms of the kinematical parameters of the visible products. But this
differential rate depends on the nature of the dark particle. Currently, most experimental analyses implicitly
impose the SM differential rate (for X = νν̄). This means that the current bounds cannot be directly translated
to other types of final state particles. This motivates another goal of the present paper, which is to provide the
full dictionary of the differential rates for all the leading effective interactions involving invisible final states.

3

mn−6
I

Λn−4
≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | ,

cI !=J ∼ O(1)

n = 5 n = 6 n = 7
s → d 3.3 · 107 TeV 130 TeV 2.0 TeV 0
b → d 1.3 · 105 TeV 26 TeV 1.5 TeV 0
b → s 2.7 · 104 TeV 12 TeV 0.9 TeV 0

(n-dim X-NP ≈ SM)

cIJ

Heff (qI → qJX) =
cIJ

Λn
q̄IqJ ×X

:



Flavor - based classification of dark operators

• Bounds directly derived from dI → dJX processes. 

• When MFV holds, cI J ∼ λIJ times appropriate chirality flip factors    
(mI,J/v).

Flavor-violating (cI !=J != 0) Flavor-conserving (

∼ λIJ = Y†
uYu ≈ V ∗

tIVtJ →







λsd ≈ (−3.1 + i1.3)× 10−4 ,
λbd ≈ (7.8− i3.1)× 10−3 ,
λbs ≈ (−4.0− i0.07)× 10−2 .



Flavor - based classification of dark operators

• Same local operator basis, but with the coefficients rescaled as          
cI J ∼ ctt kIJ times appropriate chirality flip factors (mI,J/v).

Flavor-violating (cI !=J != 0) Flavor-conserving (

Heavy quark: q = (c), t

= 0) Flavor-conserving (cI !=J = 0)

, kIJ =
g2

16π2
λIJ →







ksd ≈ (−0.8 + i0.4)× 10−6 ,
kbd ≈ (2.1− i0.8)× 10−5 ,
kbs ≈ (−1.1− i0.02)× 10−4 .



Flavor - based classification of dark operators

• Due to small Vub, B decays not competitive. 

• For K decays, q = u contributions are dominant but non local, and 
require controlling long-distance hadronic effects.

Flavor-violating (cI !=J != 0) Flavor-conserving (cI !=J = 0)

Heavy quark: q = (c), t Light quarks: q = u, d, s, (c)



Beyond the scaling argument: Kinematics

Importance of combining several available modes

Current bounds assuming flat exp. acceptances

Figure 3: Scales Λ (in TeV) accessible using the rare K and B decays, for the vector current cVLL and the scalar
current cSLL. The plots on the right are obtained when MFV is imposed on the Wilson coefficients.

discarded.
The leading dimension-five operators involve either Bµν or H†H . The Bµν operators effectively assign a

(mass-dependent) hypercharge to the invisible fermions, since under partial integration

Bµν × ψ̄Rσ
µνψL = 2iBµ × ψ̄R

←→
D µψL + 2mψBµ × (ψ̄Lγ

µψL + ψ̄Rγ
µψR) . (13)

With mψ/Λ $ 1 but otherwise arbitrary, the second term describes millicharged fermions, a scenario to be
discussed later on. The H†H operators effectively correct the ψ mass after the electroweak symmetry breaking,
with (setting cHLR,RL to one)

δmψ = v2/Λ . (14)

Taken at face value, naturality would thus prefer Λ > 24 (240) TeV if mψ ≈ δmψ < mB/2 (mK/2), as required
to produce these states in rare B (K) decays. As seen in Tables 3 and 4, this would push the NP effects from
the FCNC operators (8) just beyond accessibility. Of course, these numbers are only indicative, a specific model
need not produce these dimension-five operators, and even if generated, a sizeable deviation from naturality
cannot be ruled out.

All the other Hψ̄ψ
int operators are, for our purpose, only marginally relevant. As explained in Sec. 1, they

reduce to the four-fermion operators of Eq. (8) once Higgs and gauge fields are coupled to quarks, with the
four-fermion Wilson coefficients obeying the SM scalings (7). For example, the dimension-six operators with

H†←→D µH reduce, after the electroweak symmetry breaking, to an effective Z coupling to ψ which can be treated
in perfect analogy to the SM Z coupling to νν̄ (see Fig. 1). The rare decays proceed through the flavor-changing
hadronic Z penguin, and the four-fermion operators scale like cIJLL(RR) ∼ gcHLL(RR)k

IJ with kIJ given in Eq. (7).
The final class of operators involves only one dark fermion field, and thus, from Lorentz invariance, violates

10

V ∗
tiVtj

Λ2
Q̄iγµQ

j × ψ̄Lγ
µψLMFV example:



Observational hints



Several recent intriguing flavor anomalies 



Several recent intriguing flavor anomalies 

Theorists often taken by surprise

⇒ Don’t listen to us too much
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Several recent intriguing flavor anomalies 

Theorists often taken by surprise

Proposed BSM explanations not always 
very elegant 

Prompt reevaluation of possible SM 
effects 

Unfortunately, some deviations of limited 
duration

If any such hint would be confirmed, 
tremendous implications for high pT searches



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
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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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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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SM predictions very robust
~1.6σ~3.4σ
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�Oexp

∆Rπ
τ/� ≡
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∆B(B̄0 → π+�−ν̄)
= 5.17± 1.01
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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∗
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spective of Rπ
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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.
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ψV , MFV implies
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R,RL,ψV ∝ mui leading to extremely suppressed effects
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ators within MFV. On the other hand, in the case of
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ψS the MFV hypothesis is satisfied by taking z
i
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ib
CKMcψS(Λ/v)2. The corrections to R(∗)

τ/� and Rπ
τ/� now
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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)
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A = �AzcA. The effect of Qi
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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
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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-
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fect Rπ
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In addition, new light invisible fermions ψ could mimic
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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
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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
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Flavor Violation (MFV) structure [16]. The effect of QL
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τ/�, R

π
τ/� by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/Λ)2. The best
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Rτ/� and R∗
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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

�

�300 �200 �100 0 100
�200

�100

0

100

200

Re�cLR�

Im
�c LR�

QLR

�

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.5

1.0

1.5

2.0

2.5

mΨ

�c ΨS�

QΨS

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.
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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(∗)
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the contributions of Qi
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Predict effects 
in top physics

Predict effects 
in Higgs physics

pp → hτEmiss
T

pp → tEmiss
T

Some of these implications remain largely unexplored
Interesting future research directions

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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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 B 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
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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!

There are sectors of the theory that are just starting to be tested
• Measurements of Bs,d → μ+μ- probe the Higgs Yukawa sector at loop level

• Several recent anomalies in rare B decays need to be clarified.
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Worth to improve searches of exotic flavor-violating effects!
• Example: b → s Emiss  modes as portals to dark BSM sectors



Thank you!


