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MOTIVATION

Top production cross sections in hadron colliders: 

 UDD

⇤

2
ùñ

UDDU :D:D:

m
 

⇤

4
(64)

G´1
F

9 pm
h

q

2
0 `

3y2
t

4⇡2
⇤

2
` . . . “ 174 GeV (65)

L “ |H|

2O (66)

�pt¯tq “ 0.82 nb at

?

s “ 13 TeV (67)

�pt¯tq “ 0.97 nb at

?

s “ 14 TeV (68)

�pt¯tq « 32 nb at

?

s “ 100 TeV (69)

5

We expect to have 2.5 × 109 top pairs by the end of the HL LHC run. By the 
end of the FCC-pp run we can produce as many as 1012 top quark pairs.  

What can be the interesting physics questions we might address with 
this amount of top quarks? What are the new precision measurement 

which can be performed? 



WHAT DO WE KNOW ABOUT TOP QUARK DECAYS NOW? 

By the end of 8 TeV LHC run the constraints on the rare processes in the top 
sector are still very mild, much weaker than most of the theoretical predictions.

➤ BR(t→ch) < 0.46% 

➤ BR(t→uh) < 0.45% 

➤ BR(t→qZ) < 0.08%

What about exotic top decays via charged currents? 

The only obvious candidate which was considered is t→bh± decay mode. 
See the discussion later… 



ARE TOP DECAYS LEPTON-FLAVOR UNIVERSAL? 

Until now this question was addressed via direct measurements of the top 
production cross sections in different modes. LHC measurements of total cross 
sections: 
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Leptonic taus are included 

into the leptonic modes count 

All these measurements are in agreement with the SM-predicted LFU. 
By solving the system of coupled equations we conclude that LFU 

between the light flavors has been measured with 5%-10% uncertainty 
and between the tau and the light flavors with 15%-20% uncertainty. 

Can we do better? Do these bounds always apply? 



LEPTON FLAVOR UNIVERSALITY AND TOP DECAYS

Have we ever seen breakdown of lepton flavor universality?  
Not really, but maybe: 

➤ Enhanced B→D*τν compared to the light flavors (RD* 

parameter) — charged current  

➤ Deficit of B→Kµµ compared to B→Kee events at the LHCB — 
RK parameter. This parameter is predicted to be 1 in the SM 
and the measurement is in 2.6σ tension with the SM

Both observations are not at the level of discovery, and might be explained by 
statistical fluctuations and / or systematic uncertainties which were not 
properly taken into account. However, it might be interesting to consider 
LFUV via BSM particles. If these are the effects of the BSM physics , it is 

plausible that these new particles couple to the top, and possibly mediate 
LFUV in top decays. What can we measure and how?



(HIGHLY) OFF SHELL TOP DECAYS

As flavor universal as W decays are, 
LEP still gives the best bounds. 

t

W

t

(W’)*

If there is a W’ in the spectrum, we do 
not have good prediction about its decay 
modes. They can be flavor non-universal

t

H*

Decays via charged higgses are 
always flavor non-universal

The decays via new off shell particles are small. 
Even if they are strongly tilted to the third 

generation, the effect is small (and the effects of 
interference cannot be neglected). 

Can we use kinematics to increase the 
sensitivity? 



SIMPLIFIED MODELS OF LFUV IN TOPS

A. Charged massive vector boson which couples to the 3rd generation — 
“ρ - mesons”. 

B. Charged scalars — “heavy higgses”.

Operators which can contribute to the top LFUV in the EFT language

On Lepton Flavor Universality in Top Quark Decays

Jernej F. Kamenik,1, 2, 3, ⇤ Andrey Katz,1, 4 and Daniel Stolarski1

1CERN TH-PH Division, Meyrin, Switzerland
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We propose a novel strategy to test lepton flavor universality (LFU) in top decays, applicable to
top pair production at both hadron and lepton colliders. Based on simplified models accommodating
recent hints of LFU violation in B meson decays, we show that existing LHC measurements already
provide non-trivial information on the flavor structure and the mass scale of such new physics (NP).
We also project that the measurements of LFU in top decays at the LHC run II could reach a
precision well below the percent level, establishing a sensitivity to LFU violating NP comparable to
the B-sector.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the Standard Model (SM)
and has been well tested directly in on-shell W and Z de-
cays at LEP []. Recently, hints of violation of LFU have
appeared in measurements of charged current mediated
semi-tauonic B meson decays [] as well as in rare flavor
changing neutral current mediated semi-muonic B meson
decays []. These hints might indicate BSM contributions
to weak interactions of third and second generation SM
fermions []. On the one hand it is imperative to verify the
intriguing results in B decays with additional observables
both involving b-hadrons, but as well in other flavor sec-
tors of the theory. More generally LFU observables can
be predicted with high accuracy within the SM and are
typically very clean also experimentally. Thus they form
key tests of the SM flavor sector and also important vec-
tors in the search for hints of possible NP indirectly.

Pion, kaon, charm and tau decays have been studied
extensively in the past, confirming LFU to a precision
ranging between a percent and a per-mille level []. In
comparison, LFU in top decays is currently much less es-
tablished experimentally, with precision on the top decay
branching fraction to final states involving a tau lepton
at the 30% level []. In the present Letter...

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

We work in the framework of simplified NP models,
which can account for possible on-shell production of new
degrees of freedom in the high energy environment rele-
vant to top quark pair production. We can match this
description onto an e↵ective field theory (EFT), more

⇤
Electronic address:jernej.kamenik@cern.ch

suitable for studies of low energy observables. In partic-
ular, at scales relevant to B-meson decays one can de-
scribe the most general departures from the SM predic-
tions in charged current (semi) tauonic b quark transi-
tions in terms of only a few e↵ective operator structures1

appearing at the lowest operator dimension (six) []. Be-
low the weak scale one can thus describe the relevant
EFT including the leading NP LFU violating contribu-
tions 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 correspond-

ing EFT operators. For simplicity we assume Cq
i to be

real. Only few particular combinations of Oc
i have been

shown to be able to accommodate current B decay data [].
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 , we consider the following pa-
rameter benchmark points, which reproduce the current
experimental results and can be matched to well defined
simplified models []: (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 B decays, they can be also reinterpreted as represen-
tative of the size of LFU violating NP within reach of
current precision B decay measurements.

1
In the following we do not consider the possibility that the miss-

ing energy signature of SM neutrinos in B decays is mimicked by

the presence of new light neutral particles. See however [].

C. Leptoquarks — matches onto the tensor and the scalar operators.
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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

maps onto EFT vector 
contraction
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maps onto EFT scalar 
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EXISTING CONSTRAINTS ON THE SIMPLIFIED MODELS 

Existing measurements established LFU between the light quarks to the level 
of 5%-10% and between the tau and the light quarks at the level of 15%-20%. 

Different kinematics   ⇒   Acceptances can vary

Corrections to the acceptances are 
around 10% for the mρ = 100 GeV 

and grow to ~50% around 160 GeV
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GOING BEYOND 10%
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Systematic errors are 
already comparable to the 
statistics. Any significant 

progress is unlikely already 
after 8 TeV! 

This regions are unlikely to be 
covered if we do not adopt 
different techniques  

Need techniques to go beyond 10%. In fact if we 
take off shell region seriously, we might need 

sensitivity beyond 1%



SHAPES IN THE SM TOP DECAYS
Agashe, Franceschini, Kim; 2012

A-priori we do not know whether a particle, which contributes to the 
LFUV is produced on-shell in the top decay or not. However, there is very 
little room left for new particles below the 170 GeV mass which couples 
sufficiently strongly to the top. 

Is there anything special in distributions of 2-body decay products?

In 2-body decay B→Aa (with a massless particle a):

UMD-PP-012-020

A simple, yet subtle “invariance” of two-body decay kinematics

Kaustubh Agashe,1 Roberto Franceschini,1 and Doojin Kim1

1Maryland Center for Fundamental Physics, Department of Physics,
University of Maryland, College Park, MD 20742, USA

(Dated: September 24, 2015)

We study the two-body decay of a mother particle into a massless daughter. We further assume
that the mother particle is unpolarized and has a generic boost distribution in the laboratory frame.
In this case, we show analytically that the laboratory frame energy distribution of the massless decay
product has a peak, whose location is identical to the (fixed) energy of that particle in the rest frame
of the corresponding mother particle. Given its simplicity and “invariance” under changes in the
boost distribution of the mother particle, our finding should be useful for the determination of
masses of mother particles. In particular, we anticipate that such a procedure will then not require
a full reconstruction of this two-body decay chain (or for that matter, information about the rest of
the event). With this eventual goal in mind, we make a proposal for extracting the peak position
by fitting the data to a well-motivated analytic function describing the shape of such an energy
distribution. This fitting function is then tested on the theoretical prediction for top quark pair
production and its decay, and it is found to be quite successful in this regard. As a proof of principle
of the usefulness of our observation, we apply it for measuring the mass of the top quark at the
LHC, using simulated data and including experimental e↵ects.

PACS numbers: 11.80.Cr

It is very well-known that in the rest frame of a mother
particle undergoing a two-body decay, the energy of each
of the daughter particles is fixed in terms of mother and
the daughter particle masses. Turning this fact around,
we can determine the mass of the mother particle if we
can measure these rest-frame energies of the daughter
particles.

However, often the mother particle is produced in the
laboratory with a boost, that too with a magnitude and
direction which is (a priori) not known. Moreover, the
boost of mother particles produced at hadron colliders
is di↵erent in each event. Such a boost distribution de-
pends on the production mechanism of the particle and
on the structure functions of the hadrons in the initial
state of the collision, and is thus a complicated function.
In turn, the fact that the mother has a di↵erent boost
in each event implies that when we consider the observed
energy of the two-body decay product in the laboratory
frame, we get a distribution in it. Thus it seems like the
information that was encoded in the rest frame energy is
lost, and we are prevented from extracting (at least at
an easily tractable level) the mass of the mother particle
along the lines described above.

We show that, remarkably, if one of the daughter parti-
cles from the two-body decay is massless and the mother
is unpolarized, then such is not the case. Specifically,
in this case, we demonstrate that the distribution of the
daughter particle’s energy in the laboratory frame has a
peak precisely at its corresponding rest-frame energy.

This result is interesting per se. Furthermore, we ex-
pect that it will lead to formulation of new methods for
mass measurements. Obviously, for this purpose, we need
to be able to determine the location of this peak accu-
rately from the observed energy distribution of the mass-
less daughter. To this end, we propose and motivate an

analytic function that can be used to fit the data on the
energy distribution and thus extract the peak position.
We show that this function is a suitable one using the
top quark decay, t ! W

�
b, as a test case, namely, it fits

very well the theory prediction for energy spectrum of
the resulting b-jets. Simulating a realistic experimental
situation, we then show that we can extract the value of
the top mass from the position of the peak in the b-jet
energy distribution along with the well-measured mass of
the W boson.

Let us consider the decay of a heavy particle B of mass
m

B

, i.e., B ! Aa where a is a massless visible particle.
For the subsequent arguments, the properties of the par-
ticle A (other than its mass denoted by m

A

) are irrele-
vant. In the rest frame of particle B, the energy of the
particle a is simply given by

E

⇤ =
m

2

B

�m

2

A

2m
B

. (1)

Here and henceforth the starred quantity denotes that
it is measured in the rest frame of particle B, i.e., the
mother particle. If the mother particle (originally at rest)
is boosted by a Lorentz factor � in going to the laboratory
frame, then the energy of particle a seen in the laboratory
frame is

E = E

⇤
� (1 + � cos ✓⇤) , (2)

where ✓⇤ defines the direction of emission of particle a in
the rest frame of B with respect to the boost direction
~

� of the mother B in the laboratory frame. Note that
both cos ✓⇤ and � can vary event-by-event. Therefore
we get a probability distribution for the observed energy,
which is the focus of our paper. Due to our assumption
of the mother being not polarized, the probability distri-
bution of cos ✓⇤ is flat. This implies that, for a fixed �,
the distribution of E is flat as well. More precisely, since
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We study the two-body decay of a mother particle into a massless daughter. We further assume
that the mother particle is unpolarized and has a generic boost distribution in the laboratory frame.
In this case, we show analytically that the laboratory frame energy distribution of the massless decay
product has a peak, whose location is identical to the (fixed) energy of that particle in the rest frame
of the corresponding mother particle. Given its simplicity and “invariance” under changes in the
boost distribution of the mother particle, our finding should be useful for the determination of
masses of mother particles. In particular, we anticipate that such a procedure will then not require
a full reconstruction of this two-body decay chain (or for that matter, information about the rest of
the event). With this eventual goal in mind, we make a proposal for extracting the peak position
by fitting the data to a well-motivated analytic function describing the shape of such an energy
distribution. This fitting function is then tested on the theoretical prediction for top quark pair
production and its decay, and it is found to be quite successful in this regard. As a proof of principle
of the usefulness of our observation, we apply it for measuring the mass of the top quark at the
LHC, using simulated data and including experimental e↵ects.

PACS numbers: 11.80.Cr

It is very well-known that in the rest frame of a mother
particle undergoing a two-body decay, the energy of each
of the daughter particles is fixed in terms of mother and
the daughter particle masses. Turning this fact around,
we can determine the mass of the mother particle if we
can measure these rest-frame energies of the daughter
particles.

However, often the mother particle is produced in the
laboratory with a boost, that too with a magnitude and
direction which is (a priori) not known. Moreover, the
boost of mother particles produced at hadron colliders
is di↵erent in each event. Such a boost distribution de-
pends on the production mechanism of the particle and
on the structure functions of the hadrons in the initial
state of the collision, and is thus a complicated function.
In turn, the fact that the mother has a di↵erent boost
in each event implies that when we consider the observed
energy of the two-body decay product in the laboratory
frame, we get a distribution in it. Thus it seems like the
information that was encoded in the rest frame energy is
lost, and we are prevented from extracting (at least at
an easily tractable level) the mass of the mother particle
along the lines described above.

We show that, remarkably, if one of the daughter parti-
cles from the two-body decay is massless and the mother
is unpolarized, then such is not the case. Specifically,
in this case, we demonstrate that the distribution of the
daughter particle’s energy in the laboratory frame has a
peak precisely at its corresponding rest-frame energy.

This result is interesting per se. Furthermore, we ex-
pect that it will lead to formulation of new methods for
mass measurements. Obviously, for this purpose, we need
to be able to determine the location of this peak accu-
rately from the observed energy distribution of the mass-
less daughter. To this end, we propose and motivate an

analytic function that can be used to fit the data on the
energy distribution and thus extract the peak position.
We show that this function is a suitable one using the
top quark decay, t ! W

�
b, as a test case, namely, it fits

very well the theory prediction for energy spectrum of
the resulting b-jets. Simulating a realistic experimental
situation, we then show that we can extract the value of
the top mass from the position of the peak in the b-jet
energy distribution along with the well-measured mass of
the W boson.

Let us consider the decay of a heavy particle B of mass
m

B

, i.e., B ! Aa where a is a massless visible particle.
For the subsequent arguments, the properties of the par-
ticle A (other than its mass denoted by m

A

) are irrele-
vant. In the rest frame of particle B, the energy of the
particle a is simply given by

E

⇤ =
m

2

B

�m

2

A

2m
B

. (1)

Here and henceforth the starred quantity denotes that
it is measured in the rest frame of particle B, i.e., the
mother particle. If the mother particle (originally at rest)
is boosted by a Lorentz factor � in going to the laboratory
frame, then the energy of particle a seen in the laboratory
frame is

E = E

⇤
� (1 + � cos ✓⇤) , (2)

where ✓⇤ defines the direction of emission of particle a in
the rest frame of B with respect to the boost direction
~

� of the mother B in the laboratory frame. Note that
both cos ✓⇤ and � can vary event-by-event. Therefore
we get a probability distribution for the observed energy,
which is the focus of our paper. Due to our assumption
of the mother being not polarized, the probability distri-
bution of cos ✓⇤ is flat. This implies that, for a fixed �,
the distribution of E is flat as well. More precisely, since
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SHAPES IN THE SM TOP DECAYS
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FIG. 1: The orange dots are the theory prediction for d�/dEb

in the process pp ! tt̄ ! bb̄µ�e+⌫e⌫̄µ computed with
MadGraph5 at LHC with

p
s=7 TeV. The purple line is the

best fit of our ansatz eq. (7).

distribution g(�) is inherently process-dependent. Nev-
ertheless, we know some properties of f(x) which are
listed below: i) the value of f(x) remains the same under
x $ 1

x

, ii) f is maximized at x = 1, iii) f vanishes as x

approaches 0 or 1, iv) f becomes a �-function in some
limit of its parameters. The first property follows from
the x-dependence of f arising only from the lower limit
of the integral in eq. (5), and the second from eq. (6)
and the argument thereafter. The third one is also man-
ifest from eq. (5) as mentioned above. Finally, the last
one reflects the fact that when the mother particle is not
boosted, we get a fixed value of energy given in eq. (1),
i.e., a delta-function.
Being aware of the constraints given above, we propose

the following “simple” function as an ansatz for f(x):

f(x) = K

�1

1

(p) exp


�p

2

✓
x+

1

x

◆�
, (7)

where p is a parameter which encodes the width of the
peak and the normalization factor K

1

(p) is a modified
Bessel function of the second kind of order 1. One can
easily prove that the proposed ansatz can be reduced to
a �-function for any su�ciently large p using the asymp-
totic behavior of K

1

(p) such that

K

1

(p)
p!1�! ⇠ e

�p

p
p

✓
1 +O

✓
1

p

◆◆
. (8)

Finally, we can show that the above ansatz does not have
a cusp (at E⇤) so that it is more suitable for the case of
g(1) = 0 such as pair-production of mothers.
In order to test the goodness of the ansatz given in

eq. (7) we use it to fit a theoretical prediction for the
distribution of b-jet energy in top decay. The bottom
quark is not massless; it is nonetheless highly boosted in
the rest frame of top quark, namely, �⇤ ⇡ 15. Based on
our earlier discussion of the massive case, our argument
for the peak in b-jet energy being at E

⇤ is invalidated
for boosts of the top quark which are so large (� & 500)
as to have a negligible probability. Hence, we expect the

peak to be very close to E

⇤. Similarly, we expect that the
first of the functional properties of the energy spectrum
eq. (5) will be only negligibly violated by the non-zero
mass of the bottom quark. This justifies the use of the
ansatz eq. (7) to fit the b-jet energy spectrum.

Specifically, we study a sample of fully leptonic top
decays from the process, pp ! tt̄ ! bb̄µ

�
e

+

⌫

e

⌫̄

µ

, at the
Large Hardron Collider (LHC) with 7 TeV center-of-mass
energy. To compute the theory prediction for the given
process we employ MadGraph5 1.4.2 [3] taking m

top

of
173 GeV and the patron distribution functions (PDFs)
CTEQ6L1 [4] with default choice of the renormalization
and factorization scales.

The result of the associated fit is exhibited in FIG. 1
which shows a very good agreement between the the-
ory prediction from MadGraph5 and the fitting function.
To quantify the goodness of the ansatz with an objec-
tive measure we compute both the Kolmogorov-Smirnov
(KS) [5] and the �

2 value. The latter is computed tak-
ing bin counts for a luminosity of 5fb�1 at LHC withp
s = 7 TeV assuming that the error on each bin count

is gaussian. The result is �

2 = 39.3 for 198 degrees of
freedom while the KS test statistic is 0.012, which, rather
than being taken in any statistical sense, should be taken
as an indication that our ansatz gives a very good fit to
the theory curve. We have investigated the sensitivity
of this result to the choice of the PDFs by repeating
the same fit for the theory prediction obtained using the
MRST2002NLO PDFs set of Ref. [6]. We observe negligible
di↵erences from the result obtained with CTEQ6L1.

So far, we have found that the ansatz in eq. (7) is very
good at reproducing the theory prediction. In fact, this
success suggests that the ansatz may be used to measure
the combination of masses in eq. (1) from experimental

data. In order to investigate this possibility, we go back
to the example of the top quark, namely, we would like
to use the fitting function in order to extract the peak of
the observed energy distribution of the b-jet and measure
the top quark mass by plugging this value and the well-
known mass of the W boson into eq. (1).

Before getting into details, we would like to mention
that we do not necessarily aim at getting a result for
the value of m

top

that is competitive with the current
measurements. Rather, we aim at finding what is the
sensitivity of our method for measuring top quark mass
in a realistic setup. In fact, for a fair comparison it should
be remarked that the current measurements of m

top

rely
on rather complicated tools and often advocate templates
for the distributions that require a detailed knowledge of
the underlying dynamics of the top quark decay. On the
contrary, our method is extremely simple: it is based
on pure kinematics and does not rely at all on detailed
knowledge of the above-mentioned dynamics (as long as
the top quark is produced unpolarized). As such we can
regard our study of the mass measurement of the top
as a proof of principle that our method can be used to
measure the mass of heavy particles, in particular, new
physics particles.

Basic observation: even if at the end of the 
day the b-energy is a distribution, the center 
of the distribution at the tree level does not 
move. This observation lead to a suggestion 
that one can measure this way the top mass.
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Figure 4: Comparison of nominal simulation and dominant systematics variation shapes with
data. The templates are normalized to the event yields in the data. The background contribu-
tions are included.

5 Results

The top-quark mass is extracted by a measurement of the peak position of the energy spectrum
of b-tagged jets as described in Section 3. The raw energy peak position in data is measured to
be Epeak = 66.28 ± 0.50 GeV. The calibration yields a value of Epeak = 67.45 ± 0.71 GeV, which
translates to a measured top-quark mass of mt = 172.29 ± 1.17 GeV (See Fig 5).
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Figure 5: (a) Fitted log(E) distribution in data. The calibrated mass measurement yields a value
of mt = 172.29 ± 1.17 (stat.)± 2.66 (syst.). (b) Calibrated statistical uncertainty on the energy
peak position in pseudo-experiments (the arrow indicates the value measured in data).

The measurement has been performed by 
CMS (CMS-PAS-TOP-15-002). The 
top mass precision is better than 1%

We will try to use the b-shape for a different 
purposes and use the entire shape 

information rather than the central point.



B-jets are coming now from 3-body decays. Both the 
distribution and its peak should be different from the 2-body 
decays  

Leptons (taus) are not coming from the 2-body decays of W’s

SHAPES IN 3-BODY DECAYS

About 1% of all the observed SM top decays are via 
significantly off shell W’s 

Effects of the interference between the SM and the NP are not 
negligible  

Tau energy is not even observable on event-by-event basis

However:



SHAPES OF NEW PHYSICS 

These are normalized distributions of signal and background separately. In 
practice  of course we never get “signal”, in the best case it is background + 1% 

of signal. 



SUBTRACTING NEW PHYSICS FROM THE OLD PHYSICS  

There are multiple uncertainties which have to do with understanding the b-tagging and 
theory corrections. However, we measure LFUV ⇒ only relative measurement between 
the different flavors matters. B-tagging uncertainty will cancel out, if we subtract the tau 

events (which may be affected by NP) from muon events!

Subtraction of signal from background for 105 events ⇒ corresponds to 300/
fb (the acceptance is around 1% and tau+mu channel is around 3.3%):



WHAT ABOUT SYSTEMATIC UNCERTAINTIES?  
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On these plots we assume that NP is just 1% of all the events in the tau channel. 
In the red band are systematic uncertainties estimated from tau tagging and 
(weak) correlation between the b-jet energy and the tau transverse momentum.  

The relevant parameters are not absolute error bars, but bin-to-bin 
correlations. 

If this estimation is true, the real roadblock is statistics, rather than 
systematics. Going below 0.5% might be possible, but we need more than 109 

top pairs



➤ There is no real di-leptonic sample, it is always polluted by 
the leptonic taus. The effect is not expected to be large, but 
should be taken into account 

➤ The dominant background to ttbar is ttbar. In the µτ LHC 
measurements the dominant background is coming from µµ 
with one of the muons misidentified as a hadronic tau. The 
ideal way to address these issues will probably be 
simultaneous fit (in progress) 

➤ The dominant non-ttbar background is coming from Z + jets. 
What is the shape of b’s there?  

➤ Effects of the interference between the SM and the NP? 

MORE CAVEATS TO ADDRESS 



➤ Standard techniques already constraint LFUV in top decays, and the 
constraints are often comparable to those that we have from B-physics 

➤ This measurements are already systematics limited, and any significant 
progress in LHC13 and / or FCC-pp is unlikely 

➤ One might have a competitive handle on LFUV in comparing the 
distributions of the b-jet energies in various channels, reducing possible 
systematics issues 

➤ In this case statistics might become an important issue, given that the µτ 
channel is ~3.39% with acceptance around 1%.  

➤ Backgrounds are expected to be subdominant and largely also of top-
origin 

➤ The results are very preliminary, and should be all verified in more 
realistic simulations — stay tuned. 

CONCLUSIONS AND OUTLOOK


