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Why flavor matters in the LHC era?

• 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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Introduction

SM phenomenologically very successful theory

Strong theoretical arguments to consider it as effective 
theory

LνSM = Lgauge(Aa,ψi) +Dµφ
†Dµφ− Veff(φ, Aa,ψi)

Veff = −µ2φ†φ+ λ(φ†φ)2 + Y ijψi
Lψ

j
Rφ+

yij

Λ
ψiT
L ψj

Lφ
Tφ+ . . .

Unification
of interactions

EW scale 
stabilization

Origin of flavor

Need to understand/constrain size of additional terms in 
series 5
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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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Tests of first row CKM unitarity vs. flavor trivial NP

Λ > 5.5 TeV

Figure 5. Summary of recent lattice results with Nf = 2 and Nf = 2+1 dynamical flavours. Where appli-
cable the smaller errorbar corresponds to the statistical error only.

suggested by the f2-term as one moves away from the SU(3)-symmetric limit. We varied the value
of the decay constant entering f2 in order to quantify the induced systematic uncertainty. The
result was 0.9599(34)(+31

−43)(14). The central value is fully compatible with the same fit applied to
the enlarged data set, fit C .

The first applications of our result are predicting the CKM-matrix element |Vus| and testing the
unitarity of the CKM-matrix which is a crucial Standard Model test. In [2] the experimental data
for K → π semileptonic decays was analysed. Their result |Vus f Kπ

+ (0)|= 0.2163(5) combined with
our result for f Kπ

+ (0) gives
|Vus|= 0.2237(+13

− 8) . (6.2)

Together with the result |Vud | = 0.97425(22) [1] from super-allowed nuclear β -decay and |Vub| =
4.15(49) ·10−3 [33] we then confirm CKM-unitarity at the sub per mille level,

|Vud |2 + |Vus|2 + |Vub|2 −1 =−0.0008(+7
−6) . (6.3)

7 Discussion and Summary

This work constitutes a comprehensive study of the kaon semileptonic decay form factor in three-
flavour lattice QCD. Simulations in large lattice volumes with three values of the lattice spacing
and pion masses in the range from as low as 171MeV up towards the SU(3)-symmetric point allow
for the detailed study of systematic effects. We have analysed the data using various ansätze for the
remaining extrapolation to the physical point and we have identified a preferred functional form.
After the extrapolation to the physical point we obtain the form factor with a statistical precision
of 2 per mille and estimated +2

−5 per mille systematic errors. The prediction for the form factor,
f Kπ
+ (0) = 0.9670(20)(+18

−46) has an overall uncertainty of +0.3
−0.5%, where statistical and systematic

– 12 –

RBC/UKQCD Collaboration, 1305.7217

zij = δij G(sl)
F = G(µ)

F

�
1 +

v2

Λ2

�

Competitive EW precision constraints!
How much NP flavor at EW scale realistic? 

Q(6) ∼ zijQ̄i
Lτ

aγµQj
Lφ

†τa
←→
D µφ

:

Simple example of EW - Flavor connection

φQ
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Canonical example: NP in ΔF=2 processes

New Flavor Physics at EW scale?

Q(6)
AB ∼ zij [q̄iΓ

Aqj ]⊗ [q̄iΓ
Bqj ]

UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
ETMC, 1207.1287

Large NP mass gap / flavor symmetry-structure  
9

zij ∼ exp(iφNP )
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Reclaiming flavorful NP at EW scale



Global flavor symmetry of SM broken by Yukawas: 

GF = SU(3)Q × SU(3)U × SU(3)D

Reclaiming flavorful NP at EW scale
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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

Reclaiming flavorful NP at EW scale

13

�
d4xT{QNP HSM}

z

Ad

Au

Ad ×Au

CERN-PH-TH/2012-030

On the Universality of CP Violation in ∆F = 1 Processes

Oram Gedalia,1 Jernej F. Kamenik,2, 3 Zoltan Ligeti,4 and Gilad Perez1, 5

1Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 76100, Israel
2J. Stefan Institute, Jamova 39, P. O. Box 3000, 1001 Ljubljana, Slovenia

3Department of Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
4Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

5CERN, Theory Division, CH1211 Geneva 23, Switzerland

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
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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 + . . .

NP in loops 
⇓

probe EW scale masses

Reclaiming flavorful NP at EW scale

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

...
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Q(6) ∼ [Aij
u (Q̄iγµQj)]

2

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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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 

Reclaiming flavorful NP at EW scale

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)
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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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Reclaiming flavorful NP at EW scale

Kagan et al., 0903.1794

Barbieri et al., 1105.2296
1108.5125
1203.4218
1206.1327
1211.5085

Buras & Girrbach, 1206.3878

Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 
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Dominant SM flavor breaking characterized by SU(3)/SU(2)

NP respecting such pattern can avoid stringent FCNC 
constraints in K and D sectors - GMFV, horizontal U(2)’s

• new (CPV) effects still possible in B (D) processes

• model examples in MSSM, partial compositeness                      
⇒ allow for lighter 3rd generation partners
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Gedalia et al., 1202.5038

Nir & Seiberg, hep-ph/9304307

Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 
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Alternatively, align SM & NP flavor breaking

Can use abelian flavor charges

CPV in light quark FCNCs 
automatically suppressed

Allows split NP spectrum
z

Ad

Au

Ad ×Au

[z,Ad] ∼ 0
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 

Alternatively, align SM & NP flavor breaking

Can use abelian flavor charges

CPV in light quark FCNCs 
automatically suppressed

Allows split NP spectrum

Example: MSSM with 2nd (& 3rd) gen. squarks below TeV

Reclaiming flavorful NP at EW scale

Gedalia et al., 1202.5038

Nir & Seiberg, hep-ph/9304307

Mahbubani et al., 1212.3328
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation

squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;

the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The

shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while

the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type

and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the

LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

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

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

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

Conclusion: We have argued that a combination of
reduced efficiencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-

production cross sections with a decoupled gluino and mass-

less neutralino, from 7TeV 5 fb
−1

ATLAS and CMS jets plus

MET searches [15, 30–32]. We use the official experimental

limits, except for the ATLAS search where we use our esti-

mate of the limit, simulating the search with ATOM (solid)

and PGS (dotted).

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

7TeV



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

Reclaiming flavorful NP at EW scale

RH mixing angle 
c=cosθR

21

Blanke et al., 1302.7232

• Large flavor breaking can modify exp. searches

• Some reduction of fine-tuning

Example: large           mixing in MSSM

new signature

traditional           and jets+        searches not optimized

t̃R − c̃R

tjcE
miss
T

tt̄Emiss
T Emiss

T

see also ATLAS-CONF-2013-068

see talk by C. Delaunay
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squarks, respectively) from tt̄ + /ET and from jets + /ET in the aggressive approach, fixing c ≡

cos θctR = 0.7, 0.8, 0.9, 1.0 (from darker to lighter shades, as indicated). Contours of constant tuning
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m1 is shown in Fig. 6. When obtaining the 95% CL exclusions in the aggressive (dark

shaded region) and conservative (light shaded) approaches, the mixing angle was kept above

45◦ so that q̃1 is always stop-like. We see that reductions in ξ up to about 40% (20%) are

possible in the aggressive (conservative) analysis. Overall the minimal value of the fine-
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Higgs as probe of flavor



BSM modifications of Yukawa sector

In EW vacuum:

Stability of fermionic mass hierarchies: 

New neutral currents
• flavor diagonal (LHC)
• flavor violating (flavor factories, LHC)

Giudice, Lebedev, 0804.1753 
Agashe, Contino, 0906.1542 

Goudelis, Lebedev, Park, 1111.1715
Arhrib, Cheng, Kong, 1208.4669

McKeen, Pospelov, Ritz, 1208.4597 
Blankenburg, Ellis, Isidori, 1202.5704

Harnik, Kopp, Zupan, 1209.1397
Alonso et al., 1212.3307

Dery et al., 1302.3229, 1304.6727
...

Testing flavor through Higgs observables

Q(6)
Y ∼ Y �

ijψ
i
Lψ

j
Rφ(φ

†φ)

LY = −miψ
i
Lψ

i
R − Ȳij(ψ

i
Lψ

j
R)h+ h.c.+ . . .

|Ȳij Ȳji| �
mimj

v2
Cheng & Sher, 

Phys.Rev. D35, 3484 (1987) 

24

+ EDMs if CPV
Brod, Haisch & Zupan, 1310.1385

Gorban & Haisch, 1404.4873
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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Harnik, Kopp, Zupan, 1209.1397

For first two generations Yi≠j severely 
constrained by precision flavor 
observables (both lepton and quark) 

Currently LHC most constraining in τ-µ, 
τ-e  sectors (recast of h→ τ τ)

Some target benchmark flavor model 
predictions already accessible

Testing flavor through Higgs observables

Table 1: Predictions for R!+!! , Xµ+µ! , Xµ±!"

Model
!

"(pp!h)SM

"(pp!h)
!tot

!SM
tot

"

R!+!! Xµ+µ!/(m2
µ/m

2
! ) Xµ!

SM 1 1 0
NFC (V "

h#v/v#)
2 1 0

MSSM (sin!/ cos")2 1 0
MFV 1 + 2av2/!2 1! 4bm2

!/!
2 0

FN 1 +O(v2/!2) 1 +O(v2/!2) O(|U23|2v4/!4)
GL 9 25/9 O(Xµ+µ!)

3.1 Indirect constraints

In this subsection we describe the constraints on the leptonic Yukawa couplings from various loop processes:
charged lepton radiative decays and decays into three charged leptons, and the electric and magnetic
moments of the electron and the muon. Ref. [13] obtains upper bounds on the o"-diagonal Yij assuming
that the diagonal ones assume their SM values. We restore the dependence of these constraints on the
diagonal couplings, and present the upper bounds on the various couplings in Table 2. All experimental
bounds are taken from Ref. [18]. Note that our couplings convention di"ers from that of [13], (Yij)HKZ =
Yij/

"
2.

In the µ # e#, $ # e# and $ # µ# processes, we have included both the one- and the two-loop
contributions. We define the following ratios, related to the respective contributions:

r# $
#

m!

m#

$ 12
!

!0.082 Yt#
2
+ 0.11

"

!

!4 + 3 log
m2

h

m2
!

"

m2
h

(125GeV)2
, % = $, µ , (22)

and

rij $
Yi

Y "
j +

"
2rj

, !ij $
!4 + 3 log m2

h

m2
i

!4 + 3 log
m2

h

m2
j

, i, j = e, µ, $ . (23)

Using Yt = (Yt)SM =
"
2m̄t/v % 0.95 (with m̄t = 164 GeV the top mass in the MS renormalization

scheme), one obtains rµ % 0.27 and r! % 0.03. Numerically, !µ! % 1.76, !e! % 3.3, !eµ % 1.9, and in the
SM rSMµ! % 0.01, rSMe! % 5& 10$5, and rSMeµ % 1& 10$4. The following bounds hold:

$ # µ# : |Y! +
"
2r! |

%

(|Y!µ|2 + |Yµ! |2)(1 + |!µ! |2|rµ! |2) + 4!µ!Re[rµ!Y "
!µY

"
µ! ] < 1.2& 10$3

$ # e# : |Y! +
"
2r! |

&

(|Y!e|2 + |Ye! |2)(1 + |!e! |2|re! |2) + 4!e!Re[re!Y "
!eY

"
e! ] < 1.1& 10$3

µ # e# : |Yµ +
"
2rµ|

%

(|Yµe|2 + |Yeµ|2)(1 + |!eµ|2|reµ|2) + 4!eµRe[reµY "
µeY "

eµ] < 1.9& 10$6 .

(24)

In the SM, the |!ij |2|rij |2 term is at most O(10$4) and completely negligible. The !ijrij term is of order
' 0.1 for $ # µ# and less than a permil for $ # e# and µ # e#, and thus subdominant. In contrast, the
two-loop e"ect, manifested in the presence of rµ and r! , dominates over the one loop e"ect in $ # µ# and
µ # e#, and in $ # e# both one- and two-loop e"ects give comparable contributions. In Table 2 we keep
simplified expressions, obtained in the rij # 0 limit. The processes µ # 3e, $ # 3µ and $ # 3e or eµµ

4

Ȳµτ

1 Introduction

A Higgs-like boson h has been discovered by the ATLAS and CMS experiments at the LHC [1, 2]. The
fact that for the f = !! and f = ZZ! final states, the experiments measure

Rf !
"(pp " h)BR(h " f)

["(pp " h)BR(h " f)]SM
, (1)

of order one (see e.g. [3]),

RZZ! = 1.0± 0.4, (2)

R!! = 1.6± 0.3, (3)

is suggestive that the h-production via gluon-gluon fusion proceeds at a rate similar to the Standard Model
(SM) prediction. ATLAS finds the ratio of the gluon-gluon coupling to the higgs-like particle normalized
to the SM value to be 1.1+1.4

"0.2 [4]. This gives a strong indication that Yt, the htt̄ Yukawa coupling, is of
order one. This first determination of Yt signifies a new arena for the exploration of flavor physics.

In the future, measurements of Rbb̄ and R"+"" will allow us to extract additional flavor parameters:
Yb, the hbb̄ Yukawa coupling, and Y" , the h#+#" Yukawa coupling. For the latter, the current allowed
range, obtained from combining the ATLAS [5] and CMS [6] results, is already quite restrictive:

R"+"" = 0.7± 0.4. (4)

It may well be that the values of Yb and/or Y" will deviate from their SM values. The most likely
explanation of such deviations will be that there are more than one Higgs doublets, and that the doublet(s)
that couple to the down and charged lepton sectors are not the same as the one that couples to the up
sector.

A more significant test of our understanding of flavor physics, which might provide a window into new
flavor physics, will come further in the future, when Rµ+µ" is measured. The ratio

Xµ+µ" !
BR(h " µ+µ")

BR(h " #+#")
, (5)

is predicted within the SM with impressive theoretical cleanliness. To leading order, it is given byXµ+µ" =
m2

µ/m
2
" , and the corrections of order $W and of order m2

µ/m
2
" to this leading result are known (see Eq.

(14) below). The main question that we analyze in this work is what can be learned from a test of this
relation.

It is also possible to search for the SM-forbidden decay modes, h " µ±##, see e.g. [7, 8, 9, 10, 11, 12,
13, 14, 15, 16]. A measurement of, or an upper bound on

Xµ" !
BR(h " µ+#") + BR(h " µ"#+)

BR(h " #+#")
, (6)

would provide additional information relevant to flavor physics. Thus, a broader goal of this work is to
understand the implications for flavor physics of measurements of R"+"" , Xµ+µ" and Xµ" .

The plan of this paper is as follows. In Section 2 we review the SM prediction for Xµ+µ" . The
experimental constraints on the leptonic Yukawa couplings are presented in Section 3, first from indirect
(loop) measurements (subsection 3.1), and then from collider searches (subsection 3.2). To demonstrate
the power of measuring R"+"" , Xµ+µ" , and X"µ in probing flavor models, we obtain the predictions
of four di!erent models of new physics for these observables: multi-Higgs doublet models with natural
flavor conservation (Section 4), a single-Higgs model with non-renormalizable terms that are subject to
the principle of minimal flavor violation (Section 5) or to selection rules from a Froggatt-Nielsen symmetry
(Section 6), and a model where the hierarchy in the Yukawa couplings comes from their Higgs dependence
(Section 7). We conclude in Section 8.

1

Rτ+τ− ≡ BR(h → τ+τ−)

BR(h → τ+τ−)SM

Dery et al., 1302.3229
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In quark sector, Yqq (q≠b,t) still poorly 
constrained

First non-trivial LHC bounds on top-
Higgs flavor violating interactions

At the 14TeV LHC with 100 fb-1           
Ytc, Ytu ~ 0.05 reachable, distinguishable                

Testing flavor through Higgs observables
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ū, c̄

W

b

t t

t̄

g g

g

Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–

Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-

tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the

single top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how

these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by

studying lepton rapidity distributions and charge assignments. (3) we consider several novel search

signatures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to

more challenging signatures requiring efficient discrimination against the large SM backgrounds,

the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [9] for associate W + Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–

Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-

tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the

single top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how

these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by

studying lepton rapidity distributions and charge assignments. (3) we consider several novel search

signatures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to

more challenging signatures requiring efficient discrimination against the large SM backgrounds,

the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [9] for associate W + Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Flavor probes of EW and Higgs sectors



Particularly sensitive to FCNC scalar currents and FCNC Z 
penguins

Bs,d → μ+μ-

Example: general MSSM

Bs t̃W̃

x

x

Measurement with σ(BR) ~ 30% provides relevant 
constraint on such couplings below stability bounds         

mh ~125 GeV
∝ G2

Fm
2
W

y2t
16π2

A23A∗
33

m2
t̃R

(|A23A33| < 3m2
t̃L
) for mt̃L < 1TeV , mt̃R < 0.5TeV

c.f. Isidori & Retico, hep-ph/0208159

Isidori @ HCP2012, Kyoto
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Modified Z couplings

Guadagnoli & Isidori
1302.3909

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

Example: MFV
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Flavor NP 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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LFU in (semi)leptonic B decays

Apparent tension in global 
CKM unitarity fits

Discrepancy between |Vub| 
determinations

Most pronounced for taunic B 
decay

Somewhat reduced with recent 
Belle result Belle, 1208.4678

c.f. Ligeti @ CKM2012, Cincinnati
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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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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
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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
Fruitful ground for 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
• can significantly affect NP searches high pT

• have implications for EW fine-tuning

There are sectors of the theory that are just starting to be 
tested
• Higgs discovery offers new direct probes of flavor dynamics

• Measurements of Bs,d → μ+μ- probe the Higgs Yukawa sector at 
loop level 35(also other b → s μ+μ- modes)



Excellent prospects for fruitful EW (Higgs) & flavor interplay 
both at 14TeV LHC & super flavor factories

in uncovering physics behind SM EW & flavor puzzles

Conclusions

36


