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Indications of non-universal behavior of different lepton 
generations  

e vs. μ             e,μ vs. τ 

In both charged and neutral current mediated b-decays 

b → s              b → c 

Probably the largest “coherent” set of non-standard results 
in present data 

several modes, measurements, different experiments

Why are the LFU B anomalies interesting

see next talks by Koppenburg
Pierini

and also by Jaeger
Ligeti



SM gauge sector respects accidental flavor symmetry 

Broken only by Higgs Yukawas 

⇒ Unique source of LFU breaking:  

Any LFU violation beyond lepton mass effects sign of NP! 

Why are the LFU B anomalies interesting

GSM
F = U(3)Q ⇥ U(3)U ⇥ U(3)D ⇥ U(3)L ⇥ U(3)E

LFU

GSM
acc. = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧

me 6= mµ 6= m⌧

*neutrino masses

*Higgs boson processes



Theory guidance (prejudice?) based on SM shortcomings 

Why the LFU anomalies surprise us

quantum gravity

origin of flavor

(hyper)charge quantization
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Theory guidance (prejudice?) based on SM shortcomings 

Conventional (practical) approach:  

1. focus on EW hierarchy problem 

2. postpone flavor problem

Why the LFU anomalies surprise us

neutrino masses

origin of flavor

eV keV 1012TeV 1015TeVTeV

EW hierarchy
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Theory guidance (prejudice?) based on SM shortcomings 

LFU B anomalies challenge several (implicit) assumptions 

✘ Charged currents NP free - “standard candles” 

✘ LFU respected by (SM) gauge symmetry - uninteresting

Why the LFU anomalies surprise us

LH
C

neutrino masses

origin of flavor

eV keV 1012TeV 1015TeVTeV

EW hierarchy

FCNCs & CPVLHC



SM flavor (Yukawa) sector highly non-generic, exhibits clear 
patterns - hierarchy & alignment 

Severe constraints on generic new (BSM) flavor breaking 
sources - (mis)interpreted as indication of high flavor scale 

(Re)interpreting NP flavor problem
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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 a↵ected 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 ✏

0
/✏ 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to �aCP measured by the LHCb experiment [2].

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

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

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ 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
e⇥ective description involving QCD bound states Le�

weak � Le�(�, 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 e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�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 coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects 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



SM flavor (Yukawa) sector highly non-generic, exhibits clear 
patterns - hierarchy & alignment 

Severe constraints on generic new (BSM) flavor breaking 
sources ⇔ new d.o.f’s within LHC reach if flavor aligned 

(Re)interpreting NP flavor problem
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initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, 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 e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea
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where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects 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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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 a↵ected 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 ✏

0
/✏ 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to �aCP measured by the LHCb experiment [2].

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

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

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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To avoid NP flavor problem & address LFU anomalies need 
BSM with non-generic (suppressed or vanishing) 

? new flavor breaking  

? new CPV 

? new chiral structures 

in relation to SM flavor sector. 

Can keep ignoring SM “origin of flavor" puzzle?

New Flavor BSM Paradigm?

} severely constrained, 

not required by LFUV hints

see e.g. talk by Ziegler

see e.g. talks by  Silvestrini
Gonzalez-Alonso 



B-anomalies in presence of (heavy) NP: 

Deviations in flavor ⇒ indications of NP scale 

Unitarity/Perturbativity 
⇒ upper bound on coupling  

⇒ upper bound on NP d.o.f. mass

Implications for high pT: general considerations
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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
e⇥ective description involving QCD bound states Le�

weak � Le�(�, 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 e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�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 coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects 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

[scale] =

[mass]

[coupling]

Di Luzio & Nardecchia, 1706.01868



LFUV in            : 
⇒ tree-unitarity 

up to the edge of LHC kinematical reach 

LFUV in          (& other obs.) :  

⇒ NP d.o.f.s accessible at LHC only if their couplings to 
bs and/or μμ suppressed! 

Implications for high pT: general considerations

MNP . 6.5TeV

RK(⇤) ⇤ ⇠ 40TeV

Q = (c̄�µPLb)(⌧̄ �µPL⌫)e.g.

Q = (s̄�µPLb)(µ̄�
µPLµ)e.g.

R(D(⇤)) ⇤ ' 2.5TeV

and e.g.
Altmannshofer et al., 1704.06659

Iguro et al., 1810.05843



NP needs to respect SM gauge symmetry 

At EW scale: in terms of four-fermion operators 

Simplest UV: 

Implications of LFUV for NP model building

✏Lij✏
Q
kl(L̄iLj)(Q̄kQl)

✏Eij✏
Q
kl(ĒiEj)(Q̄kQl) ✏LE

ij ✏QU
kl (L̄iHEj)(Q̄kH̃Ul)

✏EL
ij ✏QD

kl (ĒiH
†Lj)(Q̄kHDl)

RK(⇤) R(D(⇤))

✏L,EL
⌧i , ✏Q,QD

cb 6= 0

✏LE
i⌧ , ✏QU

bc 6= 0

✏L,E
µµ , ✏Qsb 6= 0

*Bc lifetime, decays
Alonso et al., 1611.06676

Akeroyd & Chen, 1708.04072 

Buttazzo et al., 1706.07808 *right-handed currents
see e.g. talk by Shih

Qi[Q,D,U, L,E]

Z 0/W 0 LQ0s H±

new gauge interactions?
matter unification?

extended scalar sector?

nonpert. composite dynamics?

see e.g. talks by Sumensari
D’Ambrosio

Watanabe
Marzocca

Gripaios
Košnik

Jung
Cox



Absence of BSM LFUV, FCNCs in Kaon, Charm, τ decays 
requires approximate alignment with the 3rd generation 

Implies lower NP scale: 

    Well within LHC reach!             Still only marginally! 

Immediate implications for LHC

(Q̄3Q3)(L̄2L2) ! VtbVts(s̄b)(µ̄µ)

⇤
p

|Vts| ⇠ 8TeV

RK(⇤)⇒            anomaly

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

⇒                 anomalyR(D(⇤))

⇤
p
|Vcb| ⇠ 500GeV

see e.g. Abdullah et al., 1805.01869
Robinson et al., 1807.04753

Implications for top physics: JFK, Katz & Stolarski, 1808.00964

✏Qsb / VtbVts ✏Qcb / Vcb U(2)F, MFV
see also e.g.

Fajfer et al., 1206.1872 
Bordone et al., 1702.07238

see e.g. talks by Buttazzo
Greljo

Soni



  

-14-

 Weak effective theory

                   contrubutes indirectly at One-loop level:

- The leading log from RG evolution 
  dominates over finite pieces  

from one-loop anomalous dimension matrix

- Finite part
 Aebischer et al. [1512.02830]

-11-

Starting with flavor conserving non-universal operators in 
both quark and lepton sectors: 

EW matching & RGE induce LFUV in rare FCNC B decays 

Effective NP scale now loop-suppressed:  

B-anomalies without new quark flavor violation

(L̄2L2)(Ū3U3) (Ē2E2)(Ū3U3)

⇤

p
|Vts|
4⇡

⇠ 600GeV

⇒ automatically respects 3rd gen. alignment 
⇒ d.o.f.’s mediating RK well within LHC kinematical reach

see talk by Faroughy 

Flavor considerations/constraints lead to lower NP mass scale



NP related to 3rd generation - relation to EW hierarchy? 

Potentially challenging signatures in direct LHC searches 
(multi τ, top, b) 

NP in lepton flavor - neutrino connection? 

Neutrino masses - first clear BSM indication 20yrs ago 

Relations to other SM puzzles: DM  

νR solutions to RD introduce SM gauge singlet… 

Many examples of fruitful interplay between NP searches at  
high energy, intensity and cosmology frontiers

Further directions

see e.g. talk by Cline

see e.g. talks by Kogler
Hryn'ova

see e.g. Altmannshofer et al., 1403.1269
Boucenna et al., 1503.07099



Additional material



Enhanced LFUV in top processes: 

Immediate implications for LHC:

Currently tested to O(10%) 

R(D(⇤))

2

In order to relate departures from LFU of weak charged
current interactions in the bottom and top quark sectors
one also needs to specify the quark flavor structure of NP.
In light of severe constraints on new sources of quark
and lepton flavor violation coming from FCNC observ-
ables and CKM unitarity tests (c.f. []), it is prudent to
assume CKM-like hierarchies between the strengths of
the various b $ q flavor conversions, where q = u, c, t .
In particular we employ Cc

i /C
t
i = Vcb/Vtb, where Vqb are

the relevant CKM elements. Relaxing this assumption
leads to a straightforward rescaling of our results relating
top and B physics observables which we briefly discuss in
the final section. Translating the B physics benchmarks
to top decays we obtain the expected deviations in the
t ! b⌧⌫ decay branching fraction (�B⌧ ⌘ B⌧/BSM

⌧ � 1)
as

(a) �B⌧ = 1.1⇥ 10�5C̄t
V L

⇥
1 + 1.7C̄t

V L

⇤
, (3a)

(b) �B⌧ =?? , (3b)

(c) �B⌧ =?? . (3c)

While a strict EFT power counting would require to trun-
cate the expansion of the above expressions at leading or-
der in C̄t

i , keeping also (C̄
t
i )

2 terms simplifies matching to
dynamical NP models defined below. Inserting the val-
ues of the Wilson coe�cients preferred by B decay data
we observe that the expected e↵ects are tiny and will be
extremely challenging to probe. We also note that terms
quadratic in C̄t

i still dominate over linear (interference)
e↵ects for the currently preferred parameter values. The
smallness of the linear terms can be simply understood
by considering the partially integrated decay width as a
function of the leptonic invariant mass squared d�/dm2

⌧⌫ ,
where m2

⌧⌫ = (p⌧ + p⌫)2. In the SM the overwhelming
contribution to the width comes from the W pole near
m2

⌧⌫ = m2
W . The NP EFT contributions on the other

hand are analytic in m2
⌧⌫ . The interference terms then

pick up a phase rotation of ⇡ when integrating close the
W pole. Since numerically the W mass is roughly half
the top mass, the interference contributions to d�/dm2

⌧⌫
of opposite signs when integrated above and below the
W mass squared are comparable in size and cancel to a
large extent.

III. SIMPLIFIED MODELS OF LFU
VIOLATION IN TOP DECAYS

The above EFT description fails at the mass scale of
NP (⇤) where it should be matched onto a dynamical
model involving new degrees of freedom. At the tree
level, such matching implies the presence of new EM
charged particles. Existing LEP bounds [] then imply
at least ⇤ & 100 GeV. While this confirms the EFT
treatment of B decays as adequate, the same is not nec-
essarily true for top decays. We thus introduce three
simplified models (containing few BSM fields, not nec-
cessarily renormalizable) which can be matched onto the

EFT benchmarks relevant for B physics. In particular
Model (a) consists of a massive charged spin-1 fields(⇢�)
with the relevant Lagrangian given by

L(a) = LSM +
1

4
R+

µ⌫R
�µ⌫ �m2

⇢⇢
+
µ ⇢

�µ

+ [gb
X

q

Vqbq̄/⇢
+PLb+ g⌧ ⌧̄/⇢

�PL⌫⌧ + h.c.] , (4)

where ⇢+ ⌘ (⇢�)† and R±
µ⌫ ⌘ @µ⇢±⌫ � @⌫⇢±µ . The EFT

tree level matching conditions are then simply Cq
V L/⇤

2 =
g⌧gbVqb/m2

⇢ with all other Cq
i = 0 . A similar model has

been considered recently in Ref. []. Model (b) instead
consists of a charged scalar (��)

L(b) = LSM + @µ�
+@µ�� �m2

��
+��

+ [
X

q

Vqb�
+(yL� q̄PLb+ yR� q̄PRb) + y⌧��

�⌧̄PL⌫⌧ + h.c.] ,

(5)

where now �+ ⌘ (��)† and the tree-level matching
conditions read Cq

SL/⇤
2 = yL� y

⌧
�Vqb/m2

�, Cq
RL/⇤

2 =

yR� y
⌧
�Vqb/m2

� with all other Cq
i = 0 . Such dynamics typ-

ically appears in two Higgs doublet models and has been
studied extensively []. Finally, benchmark point (c) can
be matched onto models of leptoquarks, recently consid-
ered in Ref. []. These being colored particles they can
be e�ciently pair produced at hadron colliders if within
kinematical reach leading in turn to existing bounds on
their masses much above the top quark mass []. Conse-
quently we do not consider a dynamical model for (c) but
work within the EFT as defined in the previous section
even when discussing top decays.

IV. BOUNDS ON TOP LFU VIOLATION FROM
CURRENT MEASUREMENTS

While no dedicated experimental tests of LFU have
yet been performed using the Tevatron or especially the
large existing LHC top quark datasets, the branching
fractions of top decays to final states involving di↵erent
lepton flavors have already been measured individually [].
The currently most precise determination yields []

Be = 13.3(4)(4)% , Bµ = 13.4(3)(5)% , B⌧h = 7.0(3)(5)% ,
(6)

where B` ⌘ B(t ! b`Emiss) and Emiss denotes missing
energy carried away by neutrinos. The values in the first
(second) brackets refer to statistical (systematic) uncer-
tainties. The modes with light leptons include contribu-
tions also from intermediate leptonic tau decays, while
the ⌧h mode only accounts for taus identified from their
hadronic decays. All three modes are in agreement with
SM LFU expectations at the one sigma level. Solving
the coupled system we can conclude that currently LFU
in top decays is tested at the 5 � 10% uncertainty level

ATLAS, 1506.05074

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

3
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Figure 1:

between the e and µ flavors, and 15 � 25% between the
tau and the light lepton flavors, depending on the cor-
relations of systematic uncertainties between the three
modes.2 Unfortunately, since these measurements as-
sume SM kinematics in top decays, in particular the chain
t ! bW,W ! `⌫, their results cannot be directly ap-
plied to NP models. To estimate the sensitivity of such
measurements to NP contributions we recast the mea-
surement including contributions of simplified Model (a).
The chiral structure of interactions in this model is iden-
tical to SM and the experimental signatures coincide ex-
actly in the limit m⇢ = mW . We simulate NP signal
and SM events using MadGraph [] and a Feynrules []
implementation of the model. After Pythia [] showering
and hadronization we employ Delphes [] for fast detec-
tor simulation and impose selection and isolation cuts
matching those of Ref [] for the various signal categories.
In the SM case we obtain reasonable agreement with the
reported acceptance times e�ciency ((✏A)SM) values of
Ref. []. We then use the ratio(✏A)NP/(✏A)SM to esti-
mate the relative e�ciency and acceptance corrections
due to the di↵erent NP kinematics. We find that these
corrections range between 10% at m⇢ = 100 GeV, to
50% at m⇢ = 160 GeV reducing the sensitivity to larger
⇢ masses. Since B(⇢ ! ⌧⌫) ' 1 in this model mostly
B⌧h in Eq. 6 is a↵ected and we use this measurement
to constrain the relevant parameter space. After fixing
the e↵ective C̄b

V L to the value allowed/preferred by B
physics and accounting for the e�ciency corrections dis-
cussed above, we obtain the constraints on the Model (a)
parameters in Fig. 1. We observe that since for a fixed
m⇢ B physics constrains the product of couplings gbg⌧ ,
the e↵ect in B⌧h (or equivalently in this model the mod-
ification of the total top width ��t) increases towards
smaller values of g⌧ . This leads to a conflict with pertur-
bativity for m⇢ . 150 GeV. Interpreted di↵erently, for
these masses, top decays already represent better con-
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gt=H4pL1ê2
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straints on Model (a) parameters than B physics.

On the other hand dedicated searches for top decays
to charged scalars in turn decaying to tau leptons (t !
b�,� ! ⌧⌫) have been performed [] and can easily be
applied to our dynamical models of LFU violation, in
particular to Model (b) when m� . mt � mB . Again
fixing the products of the � couplings to SM fermions to
B physics data we obtain the constraints on the Model
(b) parameters in Fig. 2. Also in this case the bounds
coming from top decays are already complementary to
B decays in restricting the allowed parameters space at
m� . 160 GeV to large y⌧ couplings.

Finally, from both Figures and also Eqs. (3a)-(3c) it
is clear that once the NP degrees of freedom cannot be
produced on-shell, current measurements of top decays
become ine↵ective in constraining violations of LFU or
respectively the related NP parameters at any apprecia-
ble level.

V. TESTING LFU IN TOP DECAYS BELOW
THE PERCENT LEVEL

The systematic uncertainty of our method is expected
to be dominated by the knowledge of the tau tagging
e�ciency as a function of the b-jet energy. Algorithms
used by ATLAS and CMS to reconstruct and identify
hadronically decaying tau leptons (c.f. arXiv:1510.07488)
achieve an average identification e�ciency of 50 � 60%
with sub percent level misidentification rates. These e�-
ciencies are known to roughly 10% relative overall uncer-
tainty. This uncertainty however cancels when focusing
only on energy dependence of the rates. We are thus
primarily interested in the e�ciency variation as a func-
tion of tau-jet pT and ⌘. Current estimates are consistent
with a pT flat e�ciency in the range pT (⌧) 2 [30, 80]GeV
within the 10% relative uncertainties. On the other hand,
a significant (& 10% relative) reduction in e�ciency is
seen in the forward regions |⌘(⌧)| > 1.5 . It is important
to note however that any such variation of the tau tagging
e�ciency is further diluted, since the average energy of
the b-jets in tt̄ events is not significantly correlated with
the tau-jet kinematics (see Fig. 3) .

LHC measurements starting to constrain mW’<mt region.

(JFK, Katz & Stolarski, 1808.00964)

Example simplified model: charged spin-1 boson (W’)

mW 0

λ
Ψ

H

f

LHC phenomenology: bb → τ τ

Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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Figure 2: 8 TeV ATLAS ⌧⌧ search exclusion limits on bb̄ !
Z0 ! ⌧⌧ resonance.

allowed by current Higgs precision measurement. We
observe that both A,H0 cannot be simultaneously ar-
bitrarily decoupled in mass from the H+. In particu-
lar, we find that (1) at least one neutral scalar has to
lie within ⇠ 100GeV of the charged state; and (2) for
mH+ & 100 GeV as required by direct searches at LEP,
at least one neutral scalar has to lie above & 20 GeV.

c. Vector Leptoquark: Consider a vector lepto-
quark weak singlet (Uµ) with the SM quantum numbers
(3, 1, 2/3), coupled to the SM left-handed quark and lep-
ton doublets [6–8]

LU � �1

2
U†
µ⌫U

µ⌫ +m2

UU
†
µU

µ + (Jµ
UUµ + h.c.),(11)

Jµ
U ⌘ gU �ij Q̄i�

µLj . (12)

where �
33

= 1. Integrating out (Uµ) at tree level,

Le↵

U � � 1

m2

U

Jµ†
U Jµ

U + h.c. . (13)

The fit to R(D⇤) anomaly requires g2U/m
2

U ' (4.4 ±
1.0)TeV�2.

The main two-body LHC signatures in all models are in
the form of ⌧+⌧�, ⌧⌫, bb̄, cc̄, bc̄ excesses, mediated by the
bc̄ ! ⌧⌫, bc̄ and bb̄, cc̄ ! ⌧⌧, bb̄, cc̄ currents . In addition,
the W 0 model also predicts e↵ects tt̄, bt̄ spectra mediated
by bb̄, cc̄ ! tt̄ and bc̄ ! bt̄ currents, respectively. Finally,
there are potentially interesting three-body signatures of
⌫⌫̄b, ⌫⌫̄c.

d. Scalar Leptoquark: TBD...

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

A. Recast of the ⌧⌧ resonance searches

8 TeV ATLAS: ATLAS collaboration has per-
formed a search for a narrow resonance decaying to ⌧�⌧+

final state at 8 TeV pp collisions with 19.5� 20.3 fb�1 of
data [3]. We perform recast of this analysis in order to
obtain the relevant present bounds.
We focus exclusively in the search for a ditau resonance

in the hadronic decay channel Z 0 ! ⌧
had

⌧
had

. FeynRules
was used to implement the models discussed above and
generate the Universal Output File (UFO) for the col-
lider simulator. Pythia8210 was used to decay the tau
leptons, simulate showering and hadronization of events
and include photon radiation. Any e↵ects due to spin cor-
relations for the tau-lepton decays were neglected. For
the detector response we used Delphes3 and for jet clus-
tering FastJet. The ATLAS Delphes card was modified
to satisfy the object reconstruction and identification re-
quirements used in [3]. In particular, the tau-tagging ID
e�ciencies were set to the loose working point of 65%
and 45% for 1-prong and 3-prong hadronic tau candi-
dates with a mis-tag rate below 1%.
For the analysis, the same event selection used by

ATLAS in [3] for the resonance search in the ⌧
had

⌧
had

channel was applied. Events were selected if they con-
tained at least two identified hadronic taus, one with
pT > 150 GeV and the other with pT > 50, no elec-
trons with pT > 15 GeV, and no muons with pT > 10
GeV. Additionally, the visible part of the candidate tau
pair must be of opposite-sign (OS) and produced back-
to-back with �� > 2.7 rad. Finally, selected events were
binned into signal regions defined by di↵erent threshold
values of the total transverse massmtot

T of the visible part
of the hadronic ditaus, in accordance with [3].
In order to validate our simulations and analysis, we

generated the Drell-Yan process pp ! ⌧+⌧� in the
⌧
had

⌧
had

channel mediated by Z/�⇤ in the SM and by Z 0

for di↵erent heavy masses in the Sequential SM (SSM).
Although our detector response simulations are far from
complete, we still manage to reproduce satisfactorily the
expected number of events in the signal region and the
mtot

T spectrum obtained in [3].
Here we rely on the o�cial statistical analysis per-

formed by the ATLAS collaboration. In particular, the
observed 95% CL upper limits on the allowed signal yields
in the final selection bins are obtained by rescaling the ob-
served 95% CL upper limits on the production cross sec-
tion for the Sequential SM (SSM) as reported in Fig. [8]
of [3]. The rescaling factors are the signal event yields
reported in table 4 of [3] divided by the predicted cross
section in SSM from Fig. [8] of [3]. In particular, for the
final selection bins defined with mtot

T > 400, 500, 600,
750 and 850 GeV, the excluded number of signal events
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. We per-
form montecarlo simulation in order to find the expected
number of signal events in a given model in these bins.
The point in the parameter space of a model is excluded
if the above limits are exceeded.
13 TeV ATLAS and CMS: ATLAS performed a

search for ⌧⌧ resonance at 13 TeV using 3.2 fb�1 of
data [9]. On the other hand, CMS collaboration used
2.2 fb�1 of data in the same Run [10]...

Darius Faroughy, AG, Jernej Fesel Kamenik

see also: Fajfer, Kosnik

Vector Leptoquark (3,1,2/3)

c, t Vqbgb

W 0

g⌧
⌫ ⌧

b



Enhanced LFUV in top processes: 

Immediate implications for LHC:

Currently tested to O(10%) 

R(D(⇤))

2

In order to relate departures from LFU of weak charged
current interactions in the bottom and top quark sectors
one also needs to specify the quark flavor structure of NP.
In light of severe constraints on new sources of quark
and lepton flavor violation coming from FCNC observ-
ables and CKM unitarity tests (c.f. []), it is prudent to
assume CKM-like hierarchies between the strengths of
the various b $ q flavor conversions, where q = u, c, t .
In particular we employ Cc

i /C
t
i = Vcb/Vtb, where Vqb are

the relevant CKM elements. Relaxing this assumption
leads to a straightforward rescaling of our results relating
top and B physics observables which we briefly discuss in
the final section. Translating the B physics benchmarks
to top decays we obtain the expected deviations in the
t ! b⌧⌫ decay branching fraction (�B⌧ ⌘ B⌧/BSM

⌧ � 1)
as

(a) �B⌧ = 1.1⇥ 10�5C̄t
V L

⇥
1 + 1.7C̄t

V L

⇤
, (3a)

(b) �B⌧ =?? , (3b)

(c) �B⌧ =?? . (3c)

While a strict EFT power counting would require to trun-
cate the expansion of the above expressions at leading or-
der in C̄t

i , keeping also (C̄
t
i )

2 terms simplifies matching to
dynamical NP models defined below. Inserting the val-
ues of the Wilson coe�cients preferred by B decay data
we observe that the expected e↵ects are tiny and will be
extremely challenging to probe. We also note that terms
quadratic in C̄t

i still dominate over linear (interference)
e↵ects for the currently preferred parameter values. The
smallness of the linear terms can be simply understood
by considering the partially integrated decay width as a
function of the leptonic invariant mass squared d�/dm2

⌧⌫ ,
where m2

⌧⌫ = (p⌧ + p⌫)2. In the SM the overwhelming
contribution to the width comes from the W pole near
m2

⌧⌫ = m2
W . The NP EFT contributions on the other

hand are analytic in m2
⌧⌫ . The interference terms then

pick up a phase rotation of ⇡ when integrating close the
W pole. Since numerically the W mass is roughly half
the top mass, the interference contributions to d�/dm2

⌧⌫
of opposite signs when integrated above and below the
W mass squared are comparable in size and cancel to a
large extent.

III. SIMPLIFIED MODELS OF LFU
VIOLATION IN TOP DECAYS

The above EFT description fails at the mass scale of
NP (⇤) where it should be matched onto a dynamical
model involving new degrees of freedom. At the tree
level, such matching implies the presence of new EM
charged particles. Existing LEP bounds [] then imply
at least ⇤ & 100 GeV. While this confirms the EFT
treatment of B decays as adequate, the same is not nec-
essarily true for top decays. We thus introduce three
simplified models (containing few BSM fields, not nec-
cessarily renormalizable) which can be matched onto the

EFT benchmarks relevant for B physics. In particular
Model (a) consists of a massive charged spin-1 fields(⇢�)
with the relevant Lagrangian given by

L(a) = LSM +
1

4
R+

µ⌫R
�µ⌫ �m2

⇢⇢
+
µ ⇢

�µ

+ [gb
X

q

Vqbq̄/⇢
+PLb+ g⌧ ⌧̄/⇢

�PL⌫⌧ + h.c.] , (4)

where ⇢+ ⌘ (⇢�)† and R±
µ⌫ ⌘ @µ⇢±⌫ � @⌫⇢±µ . The EFT

tree level matching conditions are then simply Cq
V L/⇤

2 =
g⌧gbVqb/m2

⇢ with all other Cq
i = 0 . A similar model has

been considered recently in Ref. []. Model (b) instead
consists of a charged scalar (��)

L(b) = LSM + @µ�
+@µ�� �m2

��
+��

+ [
X

q

Vqb�
+(yL� q̄PLb+ yR� q̄PRb) + y⌧��

�⌧̄PL⌫⌧ + h.c.] ,

(5)

where now �+ ⌘ (��)† and the tree-level matching
conditions read Cq

SL/⇤
2 = yL� y

⌧
�Vqb/m2

�, Cq
RL/⇤

2 =

yR� y
⌧
�Vqb/m2

� with all other Cq
i = 0 . Such dynamics typ-

ically appears in two Higgs doublet models and has been
studied extensively []. Finally, benchmark point (c) can
be matched onto models of leptoquarks, recently consid-
ered in Ref. []. These being colored particles they can
be e�ciently pair produced at hadron colliders if within
kinematical reach leading in turn to existing bounds on
their masses much above the top quark mass []. Conse-
quently we do not consider a dynamical model for (c) but
work within the EFT as defined in the previous section
even when discussing top decays.

IV. BOUNDS ON TOP LFU VIOLATION FROM
CURRENT MEASUREMENTS

While no dedicated experimental tests of LFU have
yet been performed using the Tevatron or especially the
large existing LHC top quark datasets, the branching
fractions of top decays to final states involving di↵erent
lepton flavors have already been measured individually [].
The currently most precise determination yields []

Be = 13.3(4)(4)% , Bµ = 13.4(3)(5)% , B⌧h = 7.0(3)(5)% ,
(6)

where B` ⌘ B(t ! b`Emiss) and Emiss denotes missing
energy carried away by neutrinos. The values in the first
(second) brackets refer to statistical (systematic) uncer-
tainties. The modes with light leptons include contribu-
tions also from intermediate leptonic tau decays, while
the ⌧h mode only accounts for taus identified from their
hadronic decays. All three modes are in agreement with
SM LFU expectations at the one sigma level. Solving
the coupled system we can conclude that currently LFU
in top decays is tested at the 5 � 10% uncertainty level

ATLAS, 1506.05074

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

HL-LHC prospects for testing (sub-)percent level LFU

(JFK, Katz & Stolarski, 1808.00964)
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V. BASIC IDEA: LFU PROBE VIA b-JET ENERGIES

As we saw in the previous section, constraining LFU violating NP in top decays through

leptonic branching ratio measurements quickly becomes infeasible. Models with NP degrees

of freedom heavier than the top populate the full three-body decay phase-space while the

SM predictions are dominated by two-body kinematics. This results in highly suppressed

NP e↵ects easily swamped by systematic uncertainties in the current LHC measurements,

as well as, probably, at future colliders.

Here we propose another strategy, exploiting precisely the kinematic properties of the

SM top decays. The dominant two-body top decays into b and W yield a very characteristic

distribution of b-quark energies in the detector frame. Neglecting for the moment the b-quark

mass, its energy in the top rest frame is given by

E⇤
b =

m2
t � m2

W

2mt
. (7)

Then, for a given boost � to the lab frame, if the mother particle, namely the top, is

unpolarized, the distribution of the lab frame energies is expected to be flat between the

energy values E⇤
b (� ± p

�2 � 1). This leads to a rectangular distribution for each given

boost �. All the rectangles contain the original value E⇤
b which is actually the only energy

value included in the energy distribution for any boost. Ref. [42] has shown explicitly that

while the distribution itself depends on the distribution of the boosts g(�) among the events,

the peak of the distribution, assuming that the tops are unpolarized, is exactly at E⇤
b , and

that this feature is insensitive to the details of the function g(�). Since the peak of the

distribution in Eq. (7) is sensitive to the mass of the top quark, this allows a robust and

independent determination of the top-quark mass [43]. Such a measurement was recently

implemented by the CMS collaboration in Ref. [44].

The above observation is a simple consequence of the two-body kinematics and ceases

to hold for three-body decays (see [45] for a detailed discussions of various aspects of such

kinematics). In fact, in the case of the three-body decays, even in the rest frame of the

decaying top the energy of the b-quark is given by

E⇤
b =

m2
t � m2

l⌫

2mt
, (8)

where ml⌫ is the invariant mass of the lepton and the neutrino, which will vary across events.
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