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Probing LFU in top decays
with A. Katz & Daniel Stolarsky, 1808.00964



LFU has been well tested in K, D, τ sectors 
Recent intriguing results in semi-                                 
leptonic B decays: 

⇒ discrepancy at O(20%) level 
In SM predicted to be purely due to mass effects       
(phase-space, chirality flips)  
⇒ extremely small in main top decay  
+ constrained by LEP measurements: 

LFU in the top sector

R(D(⇤)) ⌘ B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

O(1%� 1h)
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What is the ultimate precision of LFU tests in top decays?



Consider semitauonic mode 
If NP heavy (mNP > mt - mW), can parametrise NP in EFT 

Relevant four-fermi ops: 

Probing LFU in top decays

II. EFFECTIVE FIELD THEORY OF LFU VIOLATION IN TOP AND B

PHYSICS

We start our discussion of possible LFU e↵ects in top physics in an e↵ective field theory

(EFT) language, suitable for phenomenological studies in presence of heavy NP. In particu-

lar, provided new degrees of freedom are much heavier than the energy scales relevant to top

decays, one can describe the most general departures from the SM predictions in charged

current (semi) tauonic top quark transitions in terms of only a few e↵ective operator struc-

tures1 appearing at the lowest operator dimension (six) [8]. Below the weak scale one can

thus describe the relevant EFT including the leading NP LFU violating contributions as

LEFT = LSM +
1

⇤2

X

i,q

Cq
i Oq

i + h.c. , (1)

where ⇤ is the EFT cut-o↵ (or matching) scale, Cq
i are the relevant Wilson coe�cients

and Oq
i the corresponding EFT operators involving a quark of flavor q. For simplicity we

assume Cq
i to be real. In the following we restrict our discussion to operators, which (1)

can be related (either via the SM SU(2)L gauge invariance or through rotations in quark

flavor space) to operators mediating semitauonic B-meson weak decays, and (2) can be most

easily matched in the UV to well defined simplified models – SM extensions with a single

new field in some SM gauge representation. Only few particular combinations of Oq
i satisfy

both criteria [8]. Defining the set of operators

Oq
V L = (q̄�µPLb)(⌧̄ �µPL⌫⌧ ) , Oq

SL = (q̄PLb)(⌧̄PL⌫⌧ ),

Oq
TL = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , Oq

SR = (q̄PRb)(⌧̄PL⌫⌧ ) , (2)

where PR,L ⌘ (1 ± �5)/2, the following parameter benchmark points have been found to

reproduce the current experimental results and can be matched to well defined simplified

models [8]: (a) C̄c
V L = 0.18(4), (b) C̄c

SL ' �1.02 and C̄c
SR ' 1.25, and finally (c) �2C̄c

SL =

8C̄TL = �0.46(9), where we have used a short-hand notation C̄q
i ⌘ Cq

i (1TeV/⇤)2. While

these values are chosen to reproduce recent observational hints for LFU violation in charged

1 In the following we do not consider the possibility that the missing energy signature of SM neutrinos in

weak decays is mimicked by the presence of new light neutral particles. See however the related discussion

in Refs. [7, 19].
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Consider semitauonic mode 
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Relevant four-fermi ops: 
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⇒ effects on total Br tiny: 

+ current exp. precision O(10%)
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current B decays, they can be also reinterpreted as representative of the size of LFU violating

NP within reach of current precision B decay measurements.

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

observables and CKM unitarity tests (see e.g. Ref. [20]), 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⌧ = 1.8 ⇥ 10�5C̄t
V L + 2.0 ⇥ 10�5(C̄t

V L)2 , (3a)

(b) �B⌧ = 5.1 ⇥ 10�6
⇥
(C̄t

SL)2 + (C̄t
SR)2

⇤
, (3b)

(c) �B⌧ = 5.1 ⇥ 10�6(C̄t
SL)2 + 2.4 ⇥ 10�4(C̄t

TL)2 . (3c)

We first note that, while a strict EFT power counting would require to truncate the expansion

of the above expressions at leading order in C̄t
i , keeping also (C̄t

i )
2 terms simplifies matching

to dynamical NP models defined below. Inserting the values of the Wilson coe�cients

preferred by B decay data and assuming CKM-like flavor structure of NP, we observe that

the expected e↵ects are tiny and will be extremely challenging to probe. Here we also

emphasize that although the deviations, motivated by the B physics hints, imply O(10�5)

deviations from the SM predicted values, the current bounds are four orders of magnitude

larger. Irrespective of their connections to B physics, any significant improvement from the

current O(20%) sensitivity detailed in Sec IV is clearly worth pursuing.

Furthermore, as we will see in Sec V the interference e↵ects of the NP with the SM

might play an important role in the techniques that we propose. However, in the cases (b)

and (c), the linear (interference) terms are suppressed by the ⌧ or b-quark masses and thus

completely negligible. Even in case (a) terms quadratic in C̄t
i still dominate over interference

e↵ects for the currently preferred parameter values. The smallness of the linear terms in

this case 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

5
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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

t ! b(W ! ⌧⌫)
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tures1 appearing at the lowest operator dimension (six) [8]. Below the weak scale one can

thus describe the relevant EFT including the leading NP LFU violating contributions as

LEFT = LSM +
1

⇤2

X

i,q

Cq
i Oq

i + h.c. , (1)

where ⇤ is the EFT cut-o↵ (or matching) scale, Cq
i are the relevant Wilson coe�cients

and Oq
i the corresponding EFT operators involving a quark of flavor q. For simplicity we

assume Cq
i to be real. In the following we restrict our discussion to operators, which (1)

can be related (either via the SM SU(2)L gauge invariance or through rotations in quark

flavor space) to operators mediating semitauonic B-meson weak decays, and (2) can be most

easily matched in the UV to well defined simplified models – SM extensions with a single

new field in some SM gauge representation. Only few particular combinations of Oq
i satisfy

both criteria [8]. Defining the set of operators
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V L = (q̄�µPLb)(⌧̄ �µPL⌫⌧ ) , Oq

SL = (q̄PLb)(⌧̄PL⌫⌧ ),

Oq
TL = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , Oq

SR = (q̄PRb)(⌧̄PL⌫⌧ ) , (2)

where PR,L ⌘ (1 ± �5)/2, the following parameter benchmark points have been found to

reproduce the current experimental results and can be matched to well defined simplified

models [8]: (a) C̄c
V L = 0.18(4), (b) C̄c

SL ' �1.02 and C̄c
SR ' 1.25, and finally (c) �2C̄c

SL =

8C̄TL = �0.46(9), where we have used a short-hand notation C̄q
i ⌘ Cq

i (1TeV/⇤)2. While

these values are chosen to reproduce recent observational hints for LFU violation in charged

1 In the following we do not consider the possibility that the missing energy signature of SM neutrinos in

weak decays is mimicked by the presence of new light neutral particles. See however the related discussion

in Refs. [7, 19].
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1) Light NP: if top decays to on-shell new d.o.f.s in 2-body 
mode, can more easily compete with SM contributions 

Examples:  
a) light charged vector  

b) light charged scalar

LFU probes beyond large top width?

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 width is much smaller than its mass which is furthermore 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 EFT description discussed above fails at the mass scale of NP (⇤) where it should be

matched onto a dynamical model involving new degrees of freedom. If the higher dimension

operators are generated at tree level, the matching implies the presence of new EM charged

particles. Existing LEP bounds [21–23] then require ⇤ & 100 GeV. While this confirms the

EFT treatment of the B decays as adequate, the same is not necessarily true for the top

decays. We thus introduce three simplified models (containing few fields beyond the SM,

not necessarily renormalizable) which can be matched onto the EFT benchmarks relevant

for B physics. In particular Model (a) consists of a massive charged spin-1 field (V�) with

the relevant Lagrangian given by

L(a) = LSM +
1

4
V+

µ⌫V�µ⌫ � m2
VV+

µ V�µ

+ [gb

X

q

Vqbq̄/V+PLb + g⌧ ⌧̄/V�PL⌫⌧ + h.c.] , (4)

where V+ ⌘ (V�)† and V±
µ⌫ ⌘ @µV±

⌫ � @⌫V±
µ . The EFT tree level matching conditions are

then simply Cq
V L/⇤2 = g⌧gbVqb/m

2
⇢ with all other Cq

i = 0 . Models of this type have been

considered in Refs. [24–26]. 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/m

2
�,

Cq
RL/⇤2 = yR

� y⌧
�Vqb/m

2
� with all other Cq

i = 0. Such dynamics typically appears in two

Higgs doublet models and has been studied extensively (see e.g. Refs. [27, 28]). Finally,

benchmark point (c) can be matched onto models of leptoquarks [29], as considered for
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Figure 1: The NP contribution to the total top width (��t)in the simplified Model (a). For each

pair of values of g⌧ and mV we choose the corresponding value of gb to accommodate the current

B physics results, with the dashed lines indicating the 1� band around the central values (solid

lines). The grey dashed line indicates the ATLAS constraint from the top quark branching ratios

measurements [17]. See text for details.

hadronization we employ Delphes 3 [36] for fast detector simulation and impose selection

and isolation cuts matching those of Ref. [17] 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. [17]. We then use the ratio(✏A)NP/(✏A)SM to estimate the relative e�ciency

and acceptance corrections due to the di↵erent NP kinematics. We find that these cor-

rections range between 10% at mV = 100 GeV, to 50% at mV = 160 GeV reducing the

sensitivity to larger V masses. Since in this model B(V ! ⌧⌫) ' 1, 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 discussed above, we obtain the constraints on the Model (a) parameters

in Fig. 1.

We observe that since for a fixed V mass, B physics constrains the product of couplings

gbg⌧ , the e↵ect in B⌧h (or equivalently in this model the modification of the total top width

��t) increases towards smaller values of g⌧ . This leads to relevant constraints on the model

parameter space for mV . 160 GeV bounding g⌧ from below.

On the other hand, dedicated searches for top decays to charged scalars in turn decaying
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Figure 2: The NP contribution to the total top width in the simplified Model (b). For each value

of y⌧
� we choose the maximal possible value of yL,R

� to satisfy the current B physics constraints.

The black dashed line indicates the constraints from the CMS search for the top decays to charged

scalars [18]. See text for details.

to ⌧ leptons (t ! b�, � ! ⌧⌫) have been performed [18] 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. One can also consider direct pair-production

of the mediators via EW processes, with subsequent decay to ⌧⌧ + MET. These searches

exist in the context of SUSY, but due to a challenging signature and small cross sections

the bounds are not yet competitive [37].

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 appreciable

level. In that regime, one can do direct searches for the NP state produced in association

with third generation quarks [38–42], but the limits will be model dependent. For example,

the most recent ATLAS searches for charged bosons produced in association with top and

b-quarks, and decaying to tb̄ [42] or ⌧⌫ [41] are in principle sensitive to our simplified models,

especially in the low mass range around 200 GeV. However, such bounds may be avoided in
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2) Heavy NP: exploit difference in 2-body (SM) and 3-body 
(NP) phase-space 

Powerful observable: lab-frame b-jet energy spectrum 
⇒ For (SM) 2-body decay, peak                                   
predicted with high accuracy: 

⇒ Probe ratio of differential energy spectra

LFU probes beyond large top width?

more complete models, if for example the on-shell mediators predominantly decay to pairs

of lighter (e.g. cs̄) quarks, leading to multi-jet final states.

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. [43] 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 [44]. Such a measurement was recently

implemented by the CMS collaboration in Ref. [45].

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

to hold for three-body decays (see [46] 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
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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.

Therefore, the energy distribution of the b-quarks in the three body decays is fundamentally

di↵erent from the two-body ones.

In the case of a heavy mediator that contributes to the LFU violating top decays, the

e↵ects of the induced three-body decays (either direct or via the interference with the SM

two-body decay) will manifest in small deviations from the SM in the distribution of the

b-quark energies. The peak of the energy distribution will be essentially unmoved by new

physics as shown in App. A. On the other hand, the distribution around the peak does

change more significantly due to the di↵erent kinematics of the events convoluted by the

boosts that pass the kinematic cuts. This feature is less robust than the peak location, and

therefore, unlike in the top mass measurement [44, 45], we will have to leverage some control

over the boost distribution of the events. As we will later show however, it can nonetheless

be highly sensitive to the presence of LFU violating charged currents in the top sector.

We demonstrate the above observations at the parton level in Fig. 3, where we

have simulated 13 TeV LHC top pair production and decays at LO in QCD using

MadGraph5_aMC@NLO [33]. First we notice that the peak of the b-quark energy distribu-

tion is around 68 GeV, as expected from Eq. (7). We also consider our NP models (a) and

(b), where the top is also allowed to decay via an o↵-shell vector or scalar boson, respectively.

We plot the corresponding b-quark energy distributions, normalized to the SM one on the

right plot for the model parameters mV = 200 GeV and g⌧gb = 5 (in green), mV = 333 GeV

and g⌧gb = 4.5 (in blue) and m� = 333 GeV and yL
�y⌧

� = �2.6, yR
� y⌧

� = 3.1 (in red). In

these examples, the NP e↵ects on the total t ! b⌧⌫ branching ratio are �B⌧ = 4%, 0.3%

and 0.1%, respectively. Except possibly for the first scenario, these e↵ects are too small to

be detected directly even at HL LHC.

As expected, in a fraction of events with NP contribution the lepton and the neutrino

do not reconstruct the W mass, and the b-quark energy distributions shift around the peak.

The most a↵ected bins are those at relatively low energies. This is generally compensated

by a broad, less pronounced deficit or excess, depending on the NP model, in the higher

energy bins (cf. right panel of Fig. 3). While the di↵erences between the distributions look
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Figure 3: Left: the normalized distribution of the lab frame b-quark energies in SM top quark

decays simulated at parton level coming from top pair production at the 13 TeV LHC. Right: the

ratio of normalized b-quark energy distribution in NP to the same distribution in the SM. We use

the following NP scenarios: Model (a) with mV = 333 GeV and g⌧gb = 4.5 (blue circles), Model

(a) with mV = 200 GeV and g⌧gb = 5 (green squares), and Model (b) with m� = 333 GeV and

yL
� y⌧

� = �2.6, yR
� y⌧

� = 3.1 (red diamonds). The inset plot shows the data of the blue and red series

magnified. All the error bars are statistical based on two million simulated Monte Carlo (MC)

events, where Poisson statistics is assumed and with vanishing correlation between the bins. The

last bin in all distributions includes overflow.

promising, as we will see in Sec. VI, discernible e↵ects in a more realistic analysis with

hadronic b-jets will be suppressed due to experimental acceptances and other sources of

systematics that we will discuss in detail. Finally, since we only have limited theoretical

control over the b-quark energy distributions in top pair production and decays, we will

exploit the strategy of the right panel of Fig. 3 by comparing the b-energy distributions

directly among datasets with di↵erent lepton flavors.

In our further analysis we assume that NP contributions to the decays of the tops into

light leptons can be safely neglected. The main idea of the analysis that we propose is

then as follows: tightly select all the ⌧h` top decays, where ⌧h denotes a ⌧ -tagged hadronic

jet and ` = e, µ, and compare the resulting distribution of the b-jet energies to the one

measured in the eµ top decay sample. The eµ channel is chosen as the cleanest one, least

contaminated by non-tt̄ backgrounds. Therefore, we do not have to cut on lepton invariant

mass in the Z-window, which could potentially bias the b-jet distributions. Essentially we
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promising, as we will see in Sec. VI, discernible e↵ects in a more realistic analysis with

hadronic b-jets will be suppressed due to experimental acceptances and other sources of

systematics that we will discuss in detail. Finally, since we only have limited theoretical

control over the b-quark energy distributions in top pair production and decays, we will

exploit the strategy of the right panel of Fig. 3 by comparing the b-energy distributions

directly among datasets with di↵erent lepton flavors.

In our further analysis we assume that NP contributions to the decays of the tops into

light leptons can be safely neglected. The main idea of the analysis that we propose is

then as follows: tightly select all the ⌧h` top decays, where ⌧h denotes a ⌧ -tagged hadronic

jet and ` = e, µ, and compare the resulting distribution of the b-jet energies to the one
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contaminated by non-tt̄ backgrounds. Therefore, we do not have to cut on lepton invariant

mass in the Z-window, which could potentially bias the b-jet distributions. Essentially we
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Test LFU by comparing Eb spectra in tauonic vs. muonic 
events 

A realistic analysis?
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Figure 4: Left: the distribution of the b-jet energies in the SM ⌧` sample, normalized to the control

(eµ) sample as explained in the text. The blue points use a naive eµ control sample, while the

red ones use the control sample with one of the leptons replaced by a ⌧ in simulation. The event

selection is consistent with the baseline cuts outlined at the beginning of Sec. VIB. Right: the

same, but with an additional jet veto and a restriction to one-prong ⌧ ’s only. See text for details.

are needed to mitigate this background.

We address the problem in several steps. First, we impose a jet-veto on our signal

and control samples, allowing in each event exactly 2 b-jets, and no non-tagged jets with

pT > 20 GeV.6 This cut is dangerous in our context, because it potentially biases the boost

of the accepted events. However, if the jet veto is applied to the signal and control samples,

the bias largely cancels out. Second, we restrict our analysis to only one-prong hadronic

⌧ -jets, because that captures the majority of signal events while eliminating about half the

background. After the jet veto and considering only one-prong ⌧ ’s, the semileptonic tt̄

background acceptance falls to 0.05% while the signal and control channel acceptances are

also somewhat reduced to 1.9% and 2.1%, respectively. In Fig. 5 we plot the Eb distribution

of the semileptonic background in the red diamonds with the normalization set by the cross

section times e�ciency of the full set of cuts relative to that of the signal. We see that even

with these cuts, the semileptonic background is about 1/3 as big as the signal and it has a

very di↵erent shape.

6 This cut is why all leptonic samples must be generated matched to extra jets, see Sec. VI A for more

details.
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• Need to compensate for different 
selection and reconstruction 
efficiencies of muons vs. taus                     
⇒ extract in data driven way with 
μ→τ replacement 

• Small contaminations from semilep.                 
a             and                                     
⇒ different kinematics, can be 
controlled for using jet veto         
and
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Figure 5: The distribution (on a log scale) of the b-jet energies in the background processes nor-

malized to the distribution of the signal process, tt̄ ! bb̄⌧h`2⌫. The red higher curve corresponds

to semi-leptonic top decays, while the lower blue curve is Zb̄b. Cross section times e�ciency with

the full set of cuts gives the normalization of the two background curves.

To account for this shape, we propose one more trick: to add a second control sample to

our original one. The second control sample is events with

• exactly one lepton, zero ⌧ tagged jets,

• two b-tagged jets,

• one non-b-tagged jet with pT > 30 GeV,

• zero additional jets with pT > 20 GeV.

As we are demanding that our ⌧ -jets be one-prong, three-prong ⌧ ’s are counted as ordinary

jets. As a cross-check of this procedure, we show the b-jet energy distribution of the ratio

n[`(j ! ⌧h)2jb]/n[`j2jb](Eb) on the left side of Fig. 6. While the additional control sample

clearly improves the situation, it unfortunately does not fully get rid of the shape. We are

left with a manageable systematic uncertainty in the most relevant low energy bins, and a

larger uncertainty in the high energy bins. We hope that experimentalists will find a more

refined solution to better account for this background
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Our final systematic error estimates are dominated by MC 
statistics  
[O(100M) events simulated in total, corresponding up to O(100fb-1) of LHC data] 

⇒ at O(1%) per [20GeV] energy bin 
Example:  

LHC prospects
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Probing CPV in the top-Higgs sector
with D. Faroughy, N. Košnik & A. Smolkovič, 1909.00007



• CPV has been observed in K (1964,Cronin & Fitch), B 
(2002, Belle & Babar) and D (2019, LHCb) meson sectors 
⇒ Good concordance with SM (CKM) 

• Predicted to be vanishingly small in top sector (absence of 
significant GIM breaking, short t-lifetime, no neutral long-
lived bound states)                                                          
⇒ “Null test” of SM 

Best strategies to probe top CPV BSM? 

CPV in quark sector

14



Parametrise heavy NP with EFT: leading dim-6 operators 

CPV in the top sector

dipoles yukawas

+ four-fermion ops.
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‘penguins’

see e.g. J. A. Aguilar-Saavedra, 0904.2387

15



Parametrise heavy NP with EFT: leading dim-6 operators 

CPV in the top sector

Q(3)
�q,33 ⌘ (�†i

$
Da

µ �)(Q̄L,3�
µ�aQL,3) ,

Q(1)
�q,33 ⌘ (�†i

$
Dµ �)(Q̄L,3�

µQL,3) ,

Q�u,33 ⌘ (�†i
$
Dµ �)(t̄R�

µtR) ,

Q�,33 ⌘ (�̃†i
$
Dµ �)(t̄R�

µbR) ,

QWd,33 ⌘ Q̄L,3(� ·W )bR � ,

QWu,33 ⌘ Q̄L,3(� ·W )tR �̃ ,

QBu,33 ⌘ Q̄L,3(� ·B)tR �̃ ,

QGu,33 ⌘ Q̄L,3(� ·G)tR �̃ ,

Q(3)
�q,33 ⌘ (�†i

$
Da

µ �)(Q̄L,3�
µ�aQL,3) ,

Q(1)
�q,33 ⌘ (�†i

$
Dµ �)(Q̄L,3�

µQL,3) ,

Q�u,33 ⌘ (�†i
$
Dµ �)(t̄R�

µtR) ,

Q�,33 ⌘ (�̃†i
$
Dµ �)(t̄R�

µbR) ,

QWd,33 ⌘ Q̄L,3(� ·W )bR � ,

QWu,33 ⌘ Q̄L,3(� ·W )tR �̃ ,

QBu,33 ⌘ Q̄L,3(� ·B)tR �̃ ,

QGu,33 ⌘ Q̄L,3(� ·G)tR �̃ ,

Q(3)
�q,33 ⌘ (�†i

$
Da

µ �)(Q̄L,3�
µ�aQL,3) ,

Q(1)
�q,33 ⌘ (�†i

$
Dµ �)(Q̄L,3�

µQL,3) ,

Q�u,33 ⌘ (�†i
$
Dµ �)(t̄R�

µtR) ,

Q�,33 ⌘ (�̃†i
$
Dµ �)(t̄R�

µbR) ,

QWd,33 ⌘ Q̄L,3(� ·W )bR � ,

QWu,33 ⌘ Q̄L,3(� ·W )tR �̃ ,

QBu,33 ⌘ Q̄L,3(� ·B)tR �̃ ,

QGu,33 ⌘ Q̄L,3(� ·G)tR �̃ ,

QHu,33 ⌘ Q̄L,3tR �̃|�|2 ,

• Probed directly through (single, 
pair, associate) top production 
and decays at LHC 

• Important complementarity with 
low energy indirect probes

see e.g. J. A. Aguilar-Saavedra, 0904.2387
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Parametrise heavy NP with EFT: leading dim-6 operators 
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Figure 6: Same as Fig. 4, showing the 90% C.L. allowed regions in the v2cWb � v2c̃Wb (left
panel) and v2cg � v2c̃g (center panel) and v2cY � v2c̃Y (right panel) planes, but now assuming
central values for the relevant nuclear and hadronic matrix elements. Both the allowed regions
in the single coupling case (solid lines) and marginalized case (dashed lines) are shown.

indirect observables, and to test the robustness of the strong EDM bounds discussed in Section
9.1.

The large theoretical uncertainties of the hadronic and nuclear matrix elements entering the
mercury EDM cause the bound from dHg to e↵ectively disappear in the R-fit approach, reducing
the number of CP-odd observables to four (electron and neutron EDMs, ACP in b ! s�, and
the phase �� in top decays). As we investigate five anomalous couplings, this gives rise to
free directions for the imaginary parts leading to unbound c̃↵ for all ↵ apart from c̃Wt which
remains constrained by the W helicity fractions discussed in Section 4.1.4. This situation is
certainly unrealistic and requires an unmotivated cancellation between various couplings and
matrix elements. Furthermore, the free directions can be removed by including less sensitive
observables which we have neglected so far, or by including dimension-eight e↵ects such as
contributions of c̃↵ to CPC total cross sections and decay rates, which become relevant for
v2c̃↵ ⇠ O(1) (of course, this does not protect us from further cancellations against possible
dimension-eight BSM operators). The latter possibility is, however, at the limit of validity of
our assumption that the leading e↵ects of BSM physics are captured by non-renormalizable
operators of lowest canonical dimension. Finally, future EDM measurements on systems such
as the proton, deuteron, or radium can also remove unconstrained directions [48].

In the rest of this Section we study one case in which the C↵ can be bound, that is if we neglect
theoretical uncertainties in the hadronic and nuclear matrix elements entering dn, dHg and ACP .
Although this might seem rather wishful at the moment, relatively modest improvements from
both lattice QCD and nuclear many-body theory regarding various matrix elements (see the
discussion in Ref. [48]) would be su�cient to make this a realistic scenario.

9.2.1 Global analysis: central values of the hadronic matrix elements

Figs. 5 - 6 show the marginalized constraints as well as those resulting from the single-coupling
analysis (at 90% C.L.), using the central procedure in both cases. We immediately notice
that the limits on c̃↵ weaken considerably because the imaginary parts of the couplings are
strongly correlated. The bounds on v2c̃� and v2c̃Wt deteriorate from the few permil level to
about 40%. This can be understood from the fact that the electron EDM, which provides the

36
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Parametrise heavy NP with EFT: leading dim-6 operators 

CPV in the top sector
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• After EWSB modifies top-Higgs coupling 

• Currently most sensitive direct probes are CP-even, 
sensitive to      , e.g. 
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Motivation
● The only O(1) Yukawa in the SM → LHC

● SM + dim. 6 operator                 can induce:

●       -even quantities are sensitive to

● Can we find observables with linear sensitivity to    ? 

Polarization observables in 

Lab. frame observables in

J. A. Aguilar-Saavedra., 
Nucl. Phys. B821
(2009) 215 [0904.2387]

SM: 

̃2
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● Can we find observables with linear sensitivity to    ? 

Polarization observables in 

Lab. frame observables in

J. A. Aguilar-Saavedra., 
Nucl. Phys. B821
(2009) 215 [0904.2387]

SM: 

Genuinely CPV probes? CP-odd observables, linear in ̃
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“parton level”                scattering - tractable analytically 

Polarised cross section ~  
❊ important spin quantisation axis 
⇒ optimal for                     

Toy example: top-polarisation in th production

  

3

Polarization observables in   

Polarized cross section Optimal top pol. vector

Top always forward:

“Parton” level analyisis:

“beam” (z)
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Polarization observables in   

Polarized cross section Optimal top pol. vector

Top always forward:

“Parton” level analyisis:
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Charged lepton in              decay close to optimal top-spin 
analyser - directions (almost) 100% correlated 

In hadronic production thus 

⇒ simplest CP-odd observable

Probing top polarization in semileptonic top decay

  

4
Semileptonic top decay:

Hadronic process 
           D. Atwood and A. Soni, 

Phys. Rev. D45 (1992) 2405

[1205.0264, hep-ph/0403035, ...]

weight can be extracted from MC
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Sensitivity can be optimised by reweighing (by   ) over 
phase-space (  ): 

⇒ optimal CP-odd observable 
❊ Optimal weight must be extracted from MC 

Optimal CPV sensitivity in
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Sensitivity can be optimised by reweighing (by   ) over 
phase-space (  ): 

Marginal improvement of sensitivity compared to Osimp.

Optimal CPV sensitivity in
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Including realistic top, Higgs 
reconstruction, one can project 
bounds from prospective 
measurements 
⇒ Not relevant at LHC due to tiny 
th x-section 
Example at HE-LHC: 

Realistic analysis?

  

9

… but signal is completely swamped by              background

see e.g. Farina et al., 1211.3736
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Including realistic top, Higgs 
reconstruction, one can project 
bounds from prospective 
measurements 
⇒ Not relevant at LHC due to tiny 
th x-section 
Example at HE-LHC: 

Realistic analysis?

  

9

… but signal is completely swamped by              background

In practice signal swamped by dominant tt+jets background_

see e.g. Farina et al., 1211.3736
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• top spin only one example 
(pseudo)vector allowing to 
construct CP-odd observables 

• optimal polarisation axis          
⇒ maximises “triple product” 

• charged leptons good proxies 
of top spin 

• top-Higgs production is puny    
⇒ CPV in tth? 

Lessons learned

_
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CP-odd observables in tth production

Clean dileptonic signature to suppress backgrounds            
⇒ tt rest-frames not reconstructable 

Lab-frame observables built from accessible final-state 
momenta  
⇒ assume Higgs fully reconstructed (γγ, bb,…) 

 [no b - b  (charge) differentiation] 

⇒ Suitable observables: triple-products, double-triple 
products, etc…

  

10
Lab. frame observables in 

        and     -odd observables, built from accessible final-state momenta

Higgs and semi-leptonic top decay final state momenta:

E.g.:

+ many more..

Similar approaches: F. Boudjema et al., Phys. Rev. D92 (2015)
W. Bernreuther et al., Phys. Rev. D49 (1994)

no        differentiation

_

_

_
_

see however Boudjema et al., 1501.03157

see also Bernreuther et al., Phys. Rev. D49 (1994) 26



CP-odd observables in tth production

Example: 

Differential x-section 

⇒ can define CP-odd observable 

• Linear in     close to origin 
• Tiny effect - can be optimised similar to th?  
•         depends on whole 3-body phase space 
• Case for ML…in progress

  

10
Lab. frame observables in 

        and     -odd observables, built from accessible final-state momenta

Higgs and semi-leptonic top decay final state momenta:

E.g.:

+ many more..

Similar approaches: F. Boudjema et al., Phys. Rev. D92 (2015)
W. Bernreuther et al., Phys. Rev. D49 (1994)

no        differentiation

  

10
Lab. frame observables in 

        and     -odd observables, built from accessible final-state momenta

Higgs and semi-leptonic top decay final state momenta:

E.g.:

+ many more..

Similar approaches: F. Boudjema et al., Phys. Rev. D92 (2015)
W. Bernreuther et al., Phys. Rev. D49 (1994)

no        differentiation
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Figure 5: Bounds in the (, ̃) plane using the optimized observable for the single-top associated production
with a Higgs boson. The blue shaded region corresponds to the 2� (�2

> 6.18) exclusion zone assuming the
measurement of the SM at the HE-LHC (15 ab�1). The dashed line shows the 2� exclusion zone for a 2� positive
fluctuation at the HE-LHC (see text for details).
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Table I: Momenta with well-defined C and P eigenvalues. The b, b̄, `

+ and `

� are the top decay products. The
last column is a rank-2 tensor – a direct product of an axial and a polar vector.

A. Laboratory frame CP -odd observables

We denote the 3-momenta of the leptons and b-jets originating from t and t̄ with p`+ , p`� , pb and
p
¯b, respectively, and the Higgs 3-momentum with ph. The C and P transformation properties of six

independent combinations of these momenta are given in Tab. I. We focus only on combinations that
are nontrivial under C, P (i.e., we omit scalars products) and are accessible in a realistic experimental
environment. For example we consider pb + p

¯b, but not pb � p
¯b as di↵erentiating between b and b̄ is

di�cult experimentally (see Refs. [34, 35] for recent attempts in extracting the charge of the b-jet). The
six combinations of momenta in Tab. I are taken as a basis for constructing P - and CP -odd variables !.
This is achieved by contracting (anti)symmetrically the momentum tensors such that the resulting ! is
C even and P odd. i.e. a pseudoscalar. The resulting spectrum is then linear in the pseudoscalar ! with
the coe�cient in front linear in ̃, analogous to expression (21). At leading order in ̃ we find:

d2�

dxd!
⇠ A(x) + ̃�(x)!. (22)

In Eq. (22) we have parameterized the phase space with the pseudoscalar variable !, while all other
variables are collectively denoted by x. Now we can again exctract ̃ with the statistically optimal weight
function, which in this case is given by f

opt. ⇠ �(x)/A(x), while the associated observable is

O! =
1

�

Z
dx d!

d2�

dxd!
f(x)! =

1

N

NX

i=1

f(x(i))!(i). (23)

f(x) = 1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

f
opt.
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̃
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Realistic analysis?

Including realistic reconstruction of signal  
                                                 and main background 

Non-trivial bounds or. signals possible at LHC upgrades

  

12Event reconstruction analysis

Madgraph5          Pythia8          Delphes 

Signal:               

         - event generation -               - showering, hadronization -        - detector simulation -

Background:                    

Event selection:         

Highest                   assumed 
to originate from tops

1

2

3

4
or more

At least 3    - tagged 

  

12Event reconstruction analysis

Madgraph5          Pythia8          Delphes 

Signal:               

         - event generation -               - showering, hadronization -        - detector simulation -

Background:                    

Event selection:         

Highest                   assumed 
to originate from tops

1

2

3

4
or more

At least 3    - tagged   

15positive fluctuation – asymmetric bounds

  

13

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

| |

|
|

3
ab -1

5
ab -1

10
ab -1

15
ab -1

p p t t h

14 TeV

SM

exclusion regions

̃ <latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Conclusions

Top physics offers many important complementary probes 
of BSM in flavor (& Higgs) sectors 

➤ Here covered examples in LFU & CPV 
• Practically null-tests of SM 
• Existing data can in some cases already yield non-trivial 

constraints on relevant BSM scenarios 
• Full exploration of NP sensitivity calls for ambitious new 

(Giga?) top-factories (HE-LHC, FCC) 
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Additional material



SM gauge sector respects accidental flavor symmetry 

Broken by Higgs Yukawas 

⇒ Unique source of LFU breaking:  

Any LFU violation beyond lepton mass effects sign of NP! 

Lepton Flavor Universality in SM

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



th reconstruction

  

8Event reconstruction analysis

Madgraph5          Pythia8          Delphes 
         - event generation -               - showering, hadronization -        - detector simulation -

Event selection:         

Signal:                 Background:               plus jets

Farina et al., 
JHEP 05 (2013) 022

1

2

3

courtesy A. Smolkovic
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tth reconstruction

  

12Event reconstruction analysis

Madgraph5          Pythia8          Delphes 

Signal:               

         - event generation -               - showering, hadronization -        - detector simulation -

Background:                    

Event selection:         

Highest                   assumed 
to originate from tops

1

2

3

4
or more

At least 3    - tagged 

_
courtesy A. Smolkovic
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