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THE TOP QUARK

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, t~5x10-2 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

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_:_L

5tbt@7TeV, 20 tb~! @ 8 TeV
In particular 90 fb~! @ 13 TeV

Still one more year before the
end of Run-2!

10x to the statistics in Run-1 —
>60 M top quark pairs have been
produced in Run-2
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TOP PROPERTIES

Always with'a"b-quark?

ICt l(b) ~ o

- How heavy'is'the top!?
How about the width!?

proton beam

How about spin
correlations &
asymmetries at prod!?

neutrino

electron

And difference between t and t?

4

““Always with a W-
How about its helicity?

neutrino

Isospin partner of b-quark?

proton beam

Measurements of top
quark properties with
high precision are good
tests of the SM. Any
deviations would be a
hint of New Physics!




LHC RUN-1 LEGACY

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 ¢

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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TOP RECONSTRUCTION
& MASS FITS

The top mass is determined simultaneously 2 8000 e et

(5 70000} [EEttwrong Z+jets
t [ tt unmatched 5 Q+ D multijet

with the jet energy scale factor (JSF) in a joint S oo, — Biboson

likelihood fit. € toono
Observables: mtﬁtin the kinematic fit and the §§2§§3

reco o :
reconstructed W boson mass my;, , as an 10010‘5’5

in-situ estimator for JSE. oLt

Updated treatment of model uncertainties.
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covyection measurements: et
Mt =172.25 + 0.08 (stat+]SF)

+ 0.62 (syst) GeV
JSE =0.996 + 0.001 + 0.008

Data/MC Permutations /5 GeV

Ref. CMS-TOP-17-007
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...AND GO

DIFFERENTIAL

e —

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.

Ref. CMS-TOP-17-007
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BOUNDING
TOP QUARK WIDTH

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-chanmnel cross section:

DO : Ty = 2.007047 GeV  CMS : I'y = 1.36 & 0.027914 GeV

Direct method — by reconstructing top mass line shape and comparing to

MC simulated predictions:
CDF : I'y < 6.38 GeV

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.




THE CHOICE OF
O B S E RVA B L E Ref. CMS-TOP-16-019

Several different observables Leoaied b rasikeal L =5

based on the top pair L A, St AN —
kinematics have been tested; I S S
the optimal choice found is
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RESULTING  osw
CL; vs top quark width

B O U N D A R I E S g CcMS ;Z;fm(,:;r;)

—@&— Observed

Post-fit model (u profile)

Pre-fit model (u=1)

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

0.6 <It<2.5 GeV
@ the 95% CL

moSt precise divect bound +o datel




1IF EL N

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.

O o O o O a O
- B - Bdie ' B

12




TOP FCNC
WITH 3 LEPTONS

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.

Lepton flavours

Z(ete7) et
Z(ete¥) u*
Z(p*u~) et

S'm()\e -l:o‘\D

Z(p*p=) p*

Ref. CMS-TOP-17-017




ANALYSIS STRATEGY

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:

| singletSR @SR jsingletCR| iCR /WZCR AL
N(ets) 1 >2 <3 1 >2,<3 21,<3 EANEIBIEREOIERd6) okl
N(b-jets) 1 >1 1 >1 fit is performed to

Yes Yes No resolve the background

contamination in the

estimated b\j estimated by signal regions.
Fipping b—+agging : i Z—mass sideband :




ANALYSIS STRATEGY (II)

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.
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RESULTS
INTERPRETATION

The FCNC process is characterized using EFT approach:

tZq \/5 s %‘ wv (gL R
£FCNC — qzzu,c 4 cosbw A to (quPL —I_quPR) qZ]/ll/ + h.c.

where kizq/ A represents the couplings at scale A.

Limit on Limit on
branchmg fractions ! couphngs 35.9 " (13 TeV)
4><10_3

........................................................... |l|.|{ll|}l|||l|.l}l_l_

: 3 CMS Prel/m/nar . — Observed
‘-s: OV\\‘j YR COUP\\V\Q B Expected = 10 SIS y ....... . [ Expected 10
z : : A

S consy AQY‘QA I Expected = 2 ¢ ------- Expected = 2 ¢

obs. JHEP07(2017)003 - ) obs. JHEP07(2017)003
Observed

0
exp. JHEP07(2017)003 | I R exp. JHEPO7(2017)003

Channel

IS A] <0.045%
CIOERVAL <0.024% - o
Ref. CMS-TOP-17-017 | LR e R

8 TeV = 13 TeV: Significant improvement on
the expected limit; compatible observed limit.




TOP FCNH
WITH H—bb

The FCNC processes that correspond to t-H interactions “FCNH” are
described by the following effective Lagrangian:

L = Z \/_tKHqt (quPL —I—quPR) qH + h.c.

q=u,c

where kg 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 — bb
decays are considered.

{ B Signal single top:
Single top [ 1L+3b

n (e Signal top pair:

1L+3b+u/c-jet

Background tt:
1L+2b+2j

Ref. CMS-TOP-17-003
arXiv:1712.02399




EVENT
RECONSTRUCTION

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.
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EVENT CATEGORIZING

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. Ref CMS-TOP-17-003
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RESULTING
UPPER LIMITS

First search for FCNH in both single top + Higgs Hosi

HMp3ja

Hb2j3

Hp2ja

and top pair decaying into Higgs together.

Based on the standard CLs method, the limits are
obtained. Best CMS t—uH limit!

Limit on
brachm fractions 359 flb': (13 Te

O
=
0p)

ASS“W“V“) OV‘\‘j one 1 95% CL upper limits
deca\j chavnel: Median expected

0.8 I 68% expected
Observed 95% expected
Channel 11m1t _ = (Observed

Bi{Egezd] <0.47%

Ref. CMS-TOP-17-003
arXiv:1712.02399 |

Significant
improvement from
the 8 TeV analysis!
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SUMMARY

Top quark mass measurements —

S A CMS Preliminary 95%CL upper limits €@
nOW O dlffe rentl al ' [1] JHEP 02 (2017) 079 [2] arXiv:1712.02399, sub. to JHEP
g : March 2018 [3] JHEP 04 (2016) 035 [4] JHEP 02 (2017) 028

[5] CMS-PAS-TOP-17-017 [6] JHEP 07 (2017) 003

A direct bound on the top quark T =i CooJoows
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-%)~0(10%), already getting 0 100 107 ér;'r?;;m; o
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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