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THE TOP QUARK
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Top quark is heavy
- The HEAVIEST known point-like particle; ~36 times heavier than the 

bottom quark. Any particular reason?
- Mass from Yukawa coupling in SM, strongly coupled with the Higgs 

boson. Play a significant role in the Higgs physics. 

Top quark is short lived
- Lifetime is calculated to be very short, τ~5×10–25 sec.
- It decays before hadronization –– the only “free” quark –– no bound 

states exist (ie. no mesons nor baryons with top).  

Decay to the final products without any dilution:  
allow experimentalists to access to the quark properties directly!



TOP QUARKS AT LHC
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LHC is an ideal place to look top quark properties: large top 
production cross section at the high center of mass energy ––  
A TOP QUARK FACTORY.
The LHC has delivered a sizable amount of proton collisions to the 
experiments already.
Up to the end of 2017 we already have:
- 5 fb–1 @ 7 TeV, 20 fb–1 @ 8 TeV
- In particular 90 fb–1 @ 13 TeV
- Still one more year before the  

end of Run-2!
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10× to the statistics in Run-1 –   
>60 M top quark pairs have been 

produced in Run-2



TOP PROPERTIES
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How heavy is the top?
How about the width?

Always with a b-quark?
Always with a W-boson?
How about its helicity?

How about spin 
correlations & 

asymmetries at prod?

And difference between t and t ̄?

isospin partner of b-quark?

Measurements of top 
quark properties with 

high precision are good 
tests of the SM. Any 

deviations would be a 
hint of New Physics!
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Many top property measurements have been performed with Run-1 
data already. More data at Run-2 would significantly improve the 
statistics power!
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MEASURING  
TOP QUARK MASS
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The top quark mass is an essential 
parameter of the SM. It plays an important 
role on the stability of the electroweak 
vacuum of the universe.
Excellent measurements with LHC Run-1 
data, systematics dominant analysis. 
Understanding of the theoretical 
interpretation of the measurements is also a 
key issue. 
This work: direct measurement of top mass 
with 13 TeV data based on the classical 
Ideogram method with kinematic fit of the 
decay products, and go differential!
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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arXiv:1407.2682 (2014)
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September 2017
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Ref: arXiv:1707.0812



TOP RECONSTRUCTION 
& MASS FITS
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The top mass is determined simultaneously 
with the jet energy scale factor (JSF) in a joint 
likelihood fit. 
Observables:        in the kinematic fit and the 
reconstructed W boson mass           , as an  
in-situ estimator for JSF.
Updated treatment of model uncertainties.

Mt = 172.25 ± 0.08 (stat+JSF)  
                         ± 0.62 (syst) GeV 

JSF = 0.996 ± 0.001 ± 0.008
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…AND GO 
DIFFERENTIAL
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Comparison of different models 
is the main source of 
systematics! 
Differential measurements as 
functions of the kinematic 
properties of the tt ̄system are a 
good validation of models and 
probing potential effects from 
color reconnection, ISR/FSR, 
and the kinematics of the jets 
coming from the top decays.
No indications of a kinematical 
bias in the measurements.
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BOUNDING  
TOP QUARK WIDTH
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Another fundamental property of the top quark! But less accurately 
determined comparing to the mass value itself. 
SM NLO prediction is 1.35 GeV.
Ways to determine the top quark width: 
- Indirect method – by combining branching fraction measurement and 

single top t-channel cross section: 
 

- Direct method – by reconstructing top mass line shape and comparing to 
MC simulated predictions: 

This work: a direct measurement of the top quark width from 
observables which partially reconstruct the top quark kinematics, 
from high purity dilepton + 2 jets (at least 1 b-tagged) events.

D0 : �t = 2.00+0.47
�0.43 GeV CMS : �t = 1.36± 0.02+0.14

�0.11 GeV
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THE CHOICE OF 
OBSERVABLE

10

Several different observables 
based on the top pair 
kinematics have been tested; 
the optimal choice found is 
the inclusive combinations 
of b-lepton invariant masses:
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RESULTING 
BOUNDARIES

11

Boundaries on top quark width are 
extracted using a binary hypothesis 
test:
- Test statistic defined by likelihood 

ratios between the alternative and 
the SM hypotheses.

- Hypothesis separation is measured 
via the CLs criterion.

Observed bounds at the 95% 
confidence level are
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TOP FCNC

12

Flavour-changing neutral current (FCNC) transitions are forbidden at 
tree level by the GIM mechanism. They are still possible in the SM in 
the higher orders via loop induced processes, but are highly  
suppressed in the top decays.
Some extensions of the SM could ENLARGE the FCNC decay rates by 
including new physics particles (e.g. SUSY, Technic color, etc.).
Top FCNC decays may contain distinctive event signatures, e.g.  
a Z or an isolated photon. The detection of these events is not difficult 
for the experiments. 
The FCNH decay (=FCNC with Higgs) newly joined the game, and 
bring in a more richer signatures and physics. 
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q
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q
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q



The search focusses on the evidence of a FCNC tZq vertex, where the 
quark q can be either up or charm. 
The tZq vertex leads to a single top quark production though q → tZ, 
or a top quark pair production with one of the top quarks decaying 
with t → qZ subprocess. When the W and Z boson decay leptonically, 
it generates a clean 3 lepton final state.
Also take at least 1, up to 3 jets. Signal region contains 
1 b-tagged jet.

TOP FCNC  
WITH 3 LEPTONS

13

Lepton flavours

Z(e±e∓) e±

Z(e±e∓) µ±

Z(µ±µ∓) e±

Z(µ±µ∓) µ±

MT(W)
M(Zreco)

Single���������	
��������������������  top

top���������	
��������������������  pair
b-tagging Ref. CMS-TOP-17-017



estimated���������	
��������������������  by���������	
��������������������   
Z-mass���������	
��������������������  sideband

Main background sources: 
With 3 prompt leptons: WZ, ttZ, SM tZq
With 2 prompt leptons + 1 non-prompt lepton: DY+jets, tt,̄ WW.

The rate to find a non-prompt lepton is estimated by data containing 
lepton candidates with inverted isolation requirement.
Event categorizing with 2 signal regions + 3 control regions:

ANALYSIS STRATEGY

14

single t SR tt ̄SR single t CR tt ̄CR WZ CR

N(jets) 1 ≥2, ≤3 1 ≥2, ≤3 ≥1, ≤3

N(b-jets) 1 ≥1 1 ≥1 0

Z mass window Yes Yes No No Yes

estimated���������	
��������������������  by���������	
��������������������   
flipping���������	
��������������������  b-tagging

A simultaneous global 
fit is performed to 

resolve the background 
contamination in the 

signal regions.

Ref. CMS-TOP-17-017



Extended background 
suppression with BDT, 
including several 
kinematical variables and 
b-tagging information, 
against backgrounds 
excluding non-prompt 
leptons.
Separate BDTs trained for 
different lepton flavours, 
single top or top pair 
categories, and for up/
charm coupling.

ANALYSIS STRATEGY (II)
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The FCNC process is characterized using EFT approach:  
 
 
where κtZq/Λ represents the couplings at scale Λ. 

RESULTS 
INTERPRETATION

16

2 2 Data and simulation samples

Monte Carlo simulation augmented in the dominant backgrounds by control regions that are
expected to be depleted in signal events and dominated by background. The control regions
can be particularly useful for backgrounds such as DY+jets, where the particle reconstructed
as a third lepton is actually a hadron or a hadronic event, a case where simulation may be less
accurate. The sample of prompt leptons is contaminated by real leptons either from decays
of tau leptons or from hadronized mesons or baryons (collectively referred as “non-prompt
leptons”) as well as by hadrons or jets misidentified as leptons. We refer to these two classes of
contamination as “not prompt-lepton” (NPL). They are typically evaluated with similar data-
driven methods and constitute the main background of this search.

The FCNC process is characterized using the effective field theory (EFT) approach. The lead-
ing effects are parametrized by a set of dimension six operators that are added to the SM
Lagrangian in the fully gauge symmetric theory [11, 12]. In this search, the trilinear boson-
quark-top couplings are considered, while four fermion couplings are neglected. Furthermore,
the assumption is made that the new physics effects are solely coming from the dimension six
operators. Focusing on the FCNC involving a tZq vertex, the FCNC Lagrangian in the elec-
troweak broken phase becomes

LtZq
FCNC = Â

q=u,c

"p
2

4
g

cos qW

ktZq

L
t̄sµn

⇣
f L
ZqPL + f R

ZqPR

⌘
qZµn

#
+ h.c. (1)

where ktZq/L represents the value of the couplings at scale L. These are assumed to be real and
positive, with the units of GeV�1. The left- and right-handed chirality projector operators are
denoted by PL and PR. The electroweak interaction is parametrized by the coupling constant
g and the electroweak mixing angle qW. The complex chiral parameters are denoted by f R/L

Zq ,
and are assumed to be real and fulfil the relation | f L

Zq|2 + | f R
Zq|2 = 1.

2 Data and simulation samples
PYTHIA v8.22 [13] was used for all events to simulate parton shower, hadronization, and under-
lying event. The SM tZq sample is generated using the MG5 aMC@NLO generator (v2.2.2) [14] at
leading order accuracy. The tt̄Z and triboson samples were generated using the MG5 aMC@NLO
generator (v2.2.2), interfaced through the dedicated MC@NLO matching scheme [15] to PYTHIA.
The WZ+jets and tt̄W samples are produced with up to one additional parton at next-to-
leading order accuracy using MG5 aMC@NLO (v2.2.2) and interfaced to PYTHIA using the FxFx
approach [16] for matching and merging. The samples of tt̄H, WW, ZZ, and single top quark
production channels are generated with the POWHEG box (v1,v2) [17–20]. The JHU genera-
tor [21–24] is used for the tqH sample, while the tWZ sample is generated using MG5 aMC@NLO
(v2.3.3) at LO.

The FCNC processes are generated by interfacing the Lagrangian of Eq. 1, by means of the
FEYNRULES package (v4.0) [25] and its Universal Feynrules Output format [26], with
MG5 aMC@NLO (v2.2.2) and showered with PYTHIA. The complex chiral parameters are arbi-
trarily chosen to be f L

Xq = 0 and f R
Xq = 1. The new physics signal has two components: events

describing the production of tt̄ followed by an FCNC decay of one of the top quarks, and the
FCNC single top quark production in which the top quark decays according to the SM. The
leading order generation of the single top quark FCNC process tZ+0,1 jet including a merging
technique cannot be done since tZ+1 jet also contains contributions from top quark pair FCNC
where one quark is decaying in tZ. Therefore, single top quark and top quark pair processes
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branching fractions

B(t → uZ)

B(
t →
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)

Channel Observed  
limit

B(t→cZ) <0.045%
B(t→uZ) <0.024%

8���������	
��������������������  TeV���������	
��������������������  exp.���������	
��������������������  limit8���������	
��������������������  TeV���������	
��������������������  obs.���������	
��������������������  limit

If���������	
��������������������  only���������	
��������������������  one���������	
��������������������  coupling���������	
��������������������   
is���������	
��������������������  considered:

8 TeV ⇒ 13 TeV: Significant improvement on 
the expected limit; compatible observed limit.
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TOP FCNH  
WITH H→bb
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The FCNC processes that correspond to t-H interactions “FCNH” are 
described by the following effective Lagrangian:  
 
 
where κHqt is the effective coupling.
The t-H FCNH interaction is studied in two channels: single top 
quark + H and FCNH decays of top pair events, while H → bb̄ 
decays are considered.

u/c

g

u/c
t

H
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b
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b̄

b

g

g

g
t

H

W+

b

⌫`

`+

ū/c̄

b

b̄t̄

1

1 Introduction

A recently discovered fundamental particle has properties that are consistent with the standard
model (SM) predictions for the Higgs boson, H [1–4]. In the SM, flavor-changing neutral cur-
rents (FCNC) are forbidden at tree level and are strongly suppressed in loop corrections by the
Glashow–Iliopoulos–Maiani (GIM) mechanism [5] with the SM branching fraction of t ! qH
predicted to be O(10�15) [6–8]. Several extensions of the SM incorporate significantly enhanced
FCNC behavior that can be directly probed at the CERN LHC [8, 9]. The FCNC processes that
correspond to tH interactions are described by the following effective Lagrangian:

L = Â
q=u,c

gp
2

t kHqt
�

f L
HqPL + f R

HqPR
�

q H + h.c., (1)

where g is the strong coupling constant, PL and PR are chirality projectors in spin space, kHqt is
the effective coupling, f L

Hq and f R
Hq are left- and right-handed complex chiral parameters with a

unitarity constraint of | f L
Hq|2 + | f R

Hq|2 = 1. The tH FCNC interaction is studied in this analysis
in two channels: the associated production of a single top quark with the Higgs boson (ST), as
well as in FCNC decays of top quarks in tt semileptonic events (TT). In this analysis, H ! bb
decays are considered. This is the first time that the analysis of the ST mode is presented.
Representative Feynman diagrams of the studied processes are shown in Fig. 1.
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Figure 1: Representative Feynman diagrams for FCNC tH processes: associated production of
the top quark with the Higgs boson (left), and FCNC decay of the top antiquark in tt events
(right). The FCNC vertex is indicated by the bullet.

Earlier analyses by the ATLAS [10, 11] and CMS [12] Collaborations have probed kHqt in top
quark decays in tt events. The ATLAS search at center-of-mass energy of 13 TeV investigated
the t ! qH decay with the Higgs boson decaying to two photons to set observed (expected)
upper limits at 95% confidence level (CL) on the branching fractions B(t ! uH) and B(t ! cH)
of 0.24% (0.17%) and 0.22% (0.16%), respectively [11]. The CMS analysis at

p
s = 8 TeV utilized

the Higgs boson decays into either boson or fermion pairs to set observed (expected) upper
limits of 0.55% (0.40%) and 0.40% (0.43%) on B(t ! uH) and B(t ! cH), respectively [12].

For the signal processes, we consider the cross section times branching fraction with a spe-
cific signature for single top quark t(! `+nb)H(! bb) and pair production t(! `+nb)t(!
u/cH(! bb)), with ` = e, µ, or t. The analysis also considers the charge-conjugate process.
The predicted cross section at 13 TeV for single top quark and antiquark FCNC production in
association with the Higgs boson under the assumption of coupling strengths kHut = 1, kHct = 0
(kHct = 1, kHut = 0) is 13.8 (1.90) pb, where the cross section calculation is based on the lead-
ing order (LO) set of NNPDF 2.3 parton distribution functions (PDFs) [13]. In the case of the
production of tt semileptonic events with top quark FCNC decay, the predicted cross section is
37.0 pb and is independent of the type of the coupling. By exploiting a simultaneous analysis

Single���������	
��������������������  top top���������	
��������������������  pair

M(bb̄)

M(W)
Signal single top:  

1L+3b
Signal top pair:  
1L+3b+u/c-jet
Background tt:̄

1L+2b+2j
Ref. CMS-TOP-17-003  
      arXiv:1712.02399



The event is reconstructed with full kinematical information under 
several event hypotheses: semileptonic tt,̄ signal single top + Higgs, 
signal tt ̄with Higgs.
For each jet permutation, likelihood minimization is performed over 
momentum/energy resolution functions for reconstructed leptons 
and jets.
b-jet assignment is further improved by requiring an additional MVA 
trained on correct/wrong permutations.

EVENT 
RECONSTRUCTION

18
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EVENT CATEGORIZING
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3 or 4 jets are required, ≥2 jets are b-tagged. Events are categorized by 
“how many jets in total” and “how many jets are b-tagged”.
Signal/background discrimination by BDT trained separately for  
t→uH and t→cH, and for each category.
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First search for FCNH in both single top + Higgs 
and top pair decaying into Higgs together. 
Based on the standard CLs method, the limits are 
obtained. Best CMS t→uH limit!

RESULTING  
UPPER LIMITS
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Channel Observed  
limit

B(t→cH) <0.47%
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Significant 
improvement from 
the 8 TeV analysis!



SUMMARY
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Top quark mass measurements 
now go differential!
A direct bound on the top quark 
decay width is obtained with 
Run-2 data. Consistent with SM.
Several possible top FCNC vertices 
have been probed! No signal has 
been seen by the experiments.
Most of the limits on FCNC 
branching fractions are at  
O(10–3)~O(10–4), already getting 
close to the predictions of some 
most favorable NP scenarios!

Stay tuned! Many analyses to be updated 
with a much larger data set at 13 TeV!
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