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Why in Tops? The First Look
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Tops production cross sections in proton colliders:

By the end of the HL LHC run we expect to produce 2.5×109 top pairs. 
If FCC-pp will indeed materialize we will have as many as 1012 top 

pairs!

What are the new precision measurements that we can perform with 
this huge amount of data? 



What Do We Already Know about 
Exotic Top Decays?
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✤ BR(t→ch) < 0.16% (Atlas, 2018)

✤ BR(t→uh) < 0.19% (Atlas, 2018)

✤ BR(t→uZ) < 0.022% (CMS, 2017)

✤ BR(t→cZ) < 0.049% (CMS, 2017)

✤ BR(t→uɣ) < 0.013% (CMS, 2015; indirectly from production)

✤ BR(t→cɣ) < 0.17% (CMS, 2015; indirectly from production)

✤ CMS: bounds on tbW anomalous vertex, and consequently indirect limits on t→g ~ O(0.001%)

Currently measured constraints on the exotic top decays are extremely 
weak, weaker than almost all BSM predictions (and of course the SM):

All these modes probe exotic neutral currents. What about exotic 
charged current decays?



Are Top Decays Lepton Flavor 
Universal?
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Until now the question was addressed only via direct BR 
measurement of the tops:

By solving the system of coupled equations we see that the LFU 
between the light leptons has been probed to the level of slightly 
more than 5%, and between the taus and the light leptons ~10%. 

Can we do better than that?



Hints from Another Sector
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Have we ever seen LFUV in different sectors? Not really, however:

✤ RD / RD* anomaly: enhanced tau channel compared to the light 
flavors (charged current).

✤ RK / RK* anomaly: statistically non-vanishing discrepancy between 
the light flavors (neutral current).

None of these observations is sufficiently robust to claim discovery or to 
exclude the possibility of systematics. However, if the charged current 

``anomaly’’ is real, it is expected to also affect the tops (SU(2) symmetry). 
The exact size is model dependent. Can we make progress in this 

direction?



Off-Shell Top Decays
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The off shell decays can never be 
dominant and will be ~few % at best 

(and the interference with the SM 
should always be taken into account). 
Probably hopeless if we only measure 

BRs. Distributions? 

As flavor universal as W decays 
are, LEP still provides the best 

bound

We have no good prediction about the flavor 
structure of these decays. If W’ comes from a 

composite theory, it is likely to be LFUV 

Charged Higgs decays always 
violate (L)FU.



LFUV Simplified Models in Tops
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

Heavy W’ — might mediate LFUV:

Heavy Higgs — expected to violate LFUV:
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Leptoquarks: might violate LFU. Map onto EFT tensor + scalar 
contraction (if scalars) or simply to vectors (if spin-1)

EFT vector contraction

EFT scalar contraction



Existing Constraints 
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Fix the product of the couplings to 
the b and to the tau to match the 

central value of the charged 
current “anomaly” 

Bounds are coming from the BRs of 
the top + kinematics (at least in the 

CMS case)



Top Shapes in the SM

A priori we have no idea if a particle, that mediates LFUV in top decays 
(if it does) has a mass above or below 170 GeV. However, very little 

room is left below 170 GeV.

What is special about the kinematics of 2-body decays?

Agashe, Franceschini, Kim; 2012
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A simple, yet subtle “invariance” of two-body decay kinematics

Kaustubh Agashe,1 Roberto Franceschini,1 and Doojin Kim1
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Maryland Center for Fundamental Physics, Department of Physics,
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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
mB , 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 mA) are irrele-
vant. In the rest frame of particle B, the energy of the
particle a is simply given by

E⇤ =
m2

B �m2
A

2mB
. (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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Two body decay B→Aa with massless a:

In the B rest frame
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Expected distribution in the lab frame:

Boost of B in the lab frame
!10

Emission angle of a in the B frame 
w/ respect of the boost
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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 K1(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 K1(p) such that

K1(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 mtop 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 with
p
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 mtop 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 mtop 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.

8 5 Results

log(E)

/d
lo

g(
E)

bj
et

s
1/

E 
dN

0

5

10

15

20

25
CMS
Preliminary

 (8 TeV)-119.7 fb
Data
MadGraph+Pythia6
JES Up
JES Down

T
Top p
Powheg+Pythia6

log(E)
3.5 4 4.5 5 5.5 6 6.5 7

M
C

D
at

a

0.8
0.9

1
1.1
1.2

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).

Basic observation: in the lab frame 
the b-energy is a distribution, it’s 

center is completely boost 
independent. The shape of course 

depends on the boost distribution of 
the tops events

Top Shapes in the SM — II
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This method has been used in CMS-
PAS-TOP-15-002 to measure the top 
mass to the precision better than 1%



What Happens in 3-body Decays?

�N (m1, ...,mN ) =

Z
dµ d�2 (mN , µ(m1, ...,mN�1) · d�N�1(m1, ...,mN�1)) . (1.2)

Considering each value of the masses that the compound system (ab) can take separately,

we can regard the N body final state as a weighted sum of a collection of two-body systems,

each of which is characterized by the mass of the compound system denoted by µ and its

probability d�N�1. This probability, together with the actual squared matrix element of

the decay, would give the rate of decay in that particular kinematic configuration. In the

following, we do not assume any knowledge of the matrix element of the decay and we shall

make no use of these rates; all we will need for our strategy to work is the ability to represent

the multi-body final state as the sum of the collection of all possible two-body final states.

The fact that we do not need to know the rate for each possible kinematic configuration

of the multi-particle final states is a remarkable point of strength of our method; it is

especially powerful when applied to newly discovered particles, as their matrix elements

are a priori essentially unknown.

For the case of a three-body decay, the above outlined procedure gives

B ! Aab =
X

mab

(B ! A (ab)mab) ,

where the equality should be taken in the sense of an equivalence. We also remark that for

practical reasons the integral for the phase-space factorization formula has been discretized.

In this way, we can form a finite number of compound systems (ab)mab of mass mab±� with

� ⌧ mab. This procedure ensures that each of the compound systems has an approximately

fixed invariant mass, and we can think of it as a “pseudo-particle” having a width of order

�. This means that we partition, or “slice”, the data according to the total invariant mass

of a compound particle formed from the a and b particles and apply the result for two-body

decays to each mass partition as the overall system has been reduced to an e↵ective two-

body decay. In the rest frame of the parent particle, each partition of the pseudo-particle

(ab) has energy:

E⇤
(ab) =

m2
B �m2

A +m2
ab

2mB
, (1.3)

based simply on two-body kinematics for decay of B into A and (ab). Using the appro-

priate extension of the result in Ref. [19] to the case mab 6= 0 (see more on this point in

Section 2), we are able to extract E⇤
(ab) from the laboratory-frame energy distribution of

that particular (ab) compound particle. We then repeat this procedure for each of the mass

partitions in the overall range of mab. When plotted versus m2
ab, the fitted data for E⇤

(ab)

extracted from the energy distributions should lie along a straight line as per eq. (1.3). It

is straightforward to see that mB can be determined from the slope of this line and that

mA can be determined from the intercept on the vertical axis once mB has been deter-

– 4 –
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There is still a compact expression for 
the energy of the pseudo-particle (ab):

However, the distribution of the b-jet energies should in principle be 
different from one predicted by the 2-body dynamics 

✤ The portion of the events is small (at or below 1%)

✤ We cannot rely on the distribution of tau energies since we do not 
measure it — can use only b-jets 

✤ In most of the cases, the interference effects will be important



Shapes of the New Physics (+SM)
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At the parton level: (SM+NP) / SM

The plots are normalized to the same amount of passing events
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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.

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

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
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Takeaways from the Parton Level 
Distributions 

✤ The shape of the b-jet energies is affected, but the peak is (almost) 
unaffected — hard measurement, we will have to control the boosts 
distribution

✤ The shapes of the distribution where the |NP|2  dominates and the one 
which is interference dominated are completely different, and depends on 
the interference sign

✤ The effect is quite pronounced at the low energies, but can be easily 
affected by the efficiency near the lower threshold

✤ The effect can be as big as 20% in certain bins, but mostly it is in the ~1% 
range, we are unlikely to get any reliable theoretical prediction — use data 

!14



Shapes of the New Physics: More 
Realistic Approach:
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As expected, the lower bins can be 
easily affected by the showering 
and hadronization, however the 

basic effect is intact.

✤ Where do we take the SM from?

✤ How do we control the shape of the distribution (boost of the events) in 
non-inclusive samples — how do cuts affect the distribution?

example, in recent experimental analyses of tauonic top decays [17, 56, 57], the semileptonic

tt̄ was identified as the dominant background. We reduce the amount of non-⌧` events in the

signal sample due to this background by vetoing extra jets in the final state. For this purpose

we match all our leptonic tt̄ SM samples to parton shower with up to two additional jets. We

do not know whether the jet veto will be necessary in a realistic search, where the hadronic

tau mistag rate is much smaller than what we get, nonetheless in this search we perform

it in order to demonstrate the viability of our procedure even with extremely unfavorable

assumptions.

B. Analysis

We begin by imposing the following selection criteria for the signal events:

• Exactly one isolated light lepton (` = µ or e) with pT > 20 GeV and |⌘| < 2.5 .

• Exactly one ⌧ -tagged jet with pT > 30 GeV and |⌘| < 2.5 .

• Exactly two b-jets with pT > 20 GeV and |⌘| < 2.5 .

The e�ciency times acceptance of this selection is around 7% for our signal sample (`⌧

signature decays of tt̄). For future reference we define

n[signature](Eb) ⌘
N [signature](Eb)P
(Eb)

N [signature](Eb)
, (10)

as the relative number of b-jets with b-jet energies within the bin (Eb) in events with a given

experimental [signature]. Note that each event passing our selection cuts contributes two

b-jets to the sample. In the case of the signal, the relevant quantity is thus n[`⌧h2jb].

We now need to compare our signal to a control sample where the contribution from new

physics is suppressed. We use dileptonic tt̄ decays with opposite flavor leptons. Namely,

we require one isolated electron, one isolated muon, and zero ⌧ with the same kinematic

requirements as above. Such a selection introduces an immediate bias that can swamp

potential NP e↵ects we are looking for. The problem is that the energy and momentum

of a hadronically decaying ⌧ are shared among the resulting ⌧ -jet and the (undetected)

⌧ -neutrino. Thus, compared to a light lepton, a selected ⌧ -jet corresponds of a given pT

typically corresponds to a ⌧ -lepton of much higher pT . Because of a non-vanishing correlation

16

Variable to consider:



How Do We Get the “Right” SM 
Shape?

Basic idea: use the shapes from the data with the controlled sample being top 
decays into electron + muon (to avoid cutting out the Z-window that 

potentially introduces a bias)

✤ We assume that the first two generations are not affected by the NP

✤ Take for the control sample only the “good” top pair events: with 2 b-tags, each lepton 
should have a pt above 20 GeV and well isolated 

✤ To compare properly the distributions we pick up a random lepton and substitute it 
with the tau and further decay the tau in Tauola. Since the top decays are measured to 
the level better than 1 % this does not introduce any unmanageable systematic 
uncertainty

✤ After the substitution include only those events that pass exactly the same cuts as we 
impose on the  tau+lepton “signal” sample



How Well Does this Routine Work?

The SM normalized to the control sample 

Lumi ~ 250 /fb
If we do not follow the 
replacement procedure, 

we get a shape that 
exceeds by far any 

possible NP effects. The 
replacement essentially 

solves the problem.

What about the backgrounds? 

!17
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More Backgrounds and More Cuts

The control sample is largely background free, but the signal sample 
has a huge background: semileptonic ttbar. In fact, with the tau fake 
rate being several percent, it is comparable to the true signal sample. 

How bad is that?

The shape is very clear both in tops 
and Z + jets and these shapes 

mimick the shape of certain NP in 
scenarios, where the dominant 

derivation is due to the negative 
interference. Z +jets has much more 
prominent shape, but the the overall 

is rate is small. Semileptonic tops 
are O(1). 
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Semileptonic tops 
Step 1: veto all the events with non b-tagged jets with pT > 20 GeV. Allow 

only 1-prong taus (this might not be needed in reality but makes our 
samples much cleaner). This removes big portion of the background, but 

does not solve the problem with the shape
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Semileptonic tt̄ Step 2: for the remaining 
semileptonic tops background, 

subtract it from data. Add to the 
control sample events with 1l, 2 
b-jets and one non-non-tagged 

jet with pT > 30 GeV. 

This does not give a perfect 
shape, but it is acceptable for 

our purposes. 



Z + b’s with Jets

Much smaller background (but still pretty nasty). 
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Trick here: add to the 
controlled sample events 

Z→µµ with 2 b-jets. Replace 
one of the muons with tau 

and apply appropriate cuts. 

In fact this procedure works 
pretty well. 



Cross Sections and Subtraction 
Coefficients 
The control sample is bit tricky here. We must include together with 

the (replaced) leptonic sample, the semileptonic sample with 1 non b-
jet and even some Z→µµ events. We make some assumptions about 
this coefficients based on our (highly imperfect) tau-tagging routine. 

One should still be cautious with the uncertainties. 
Signal [`⌧h2jb]

Process NMC � (pb) ✏inc(%) ✏ex(%)

tt̄ ! bb̄⌧`2⌫ 6.3M 84.2 6.7 1.9

tt̄ ! bb̄`⌫2j 40M 416 1.6 0.046

Z(! ⌧⌧)bb̄ 5.4M 4.79 1.2 0.32

Process NMC ✏inc(%) ✏ex(%) w

CR [`h`02jb]

tt̄ ! bb̄``02⌫ 6.6M 7.4 2.1 0.908

tt̄ ! bb̄`⌧2⌫ 7.6M 0.33 0.087 0.092

CR [`j2jb]

tt̄ ! bb̄`⌫2j 40M 28 4.2 0.42

CR [Z(! `h`h)2jb]

Z(! ``)bb̄ 5M 1.2 0.32 0.033

Table I: The production cross section, number of generated MC events, and the acceptance rates

(in the inclusive and the exclusive samples respectively) of our signal process and the background

processes. On the left hand side we show the signal and the two dominant backgrounds, namely
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Figure 7: The b-jet energy binned distributions of the lepton universality ratio n[`⌧h2jb]/n[`0
h`2jb]

defined in Eq. (10), without any background included, in the SM (in blue) as well as in the simplified

NP Model (a) with mV = 333 GeV and g⌧gb = 4.5 (in red), and with mV = 200 GeV and g⌧gb = 5

(in green). See text for details.

In Fig. 7 we plot n[`⌧h2jb]/n[`0
h`2jb] using the full event selection for the three samples with

no backgrounds included. We see that within the errors, the SM is consistent with one across

the distribution, and the scatter around the flat distribution should be viewed as a measure

of our systematic uncertainties due to limited MC statistics and not having a su�ciently

accurate control sample for our semileptonic background. Unfortunately, it appears that

the first benchmark NP scenario with mV = 333 GeV is also consistent with one. Our other

benchmark with mV = 200 GeV, however, shows the characteristic steep rise at low energy

and broad deficit at higher energies consistent with the parton level simulation shown on

the right panel of Fig. 3.

We now construct our final observable taking into account all sources of background. The

b-jet energy binned lepton universality ratio:

R⌧h/`(EB) ⌘
n[`⌧h2jb]

n[`0
h`2jb](Eb) + wj!⌧hn[`j2jb](Eb) + wZ!`⌧hn[(Z ! ``h)2jb](Eb)

. (11)

We plot this variable both for the SM and the benchmark NP scenarios on Fig 8. Because

the NP samples have slightly di↵erent e�ciencies than the SM sample, the values of w for
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Conclusions 

✤ The standard techniques already constrain the LFUV in top decays roughly at the level 
of the LFUV in B decays (but of course do not have comparable reach to the same NP)

✤ The current measurements are systematics limited and any further progress in 
unlikely

✤ One might have a competitive handle on the LFUV in top decays via the b-jet 
distributions 

✤ These techniques can be used only in comparing the distributions to the data, as 
getting a theoretical prediction at the desired level is challenging

✤ The backgrounds are an important issue, and are mostly of the top origin, can be also 
managed by subtracting from data

✤ The reach of the new techniques is expected to be vastly superior to the current ones
!24


