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Top quark overview

Main properties
@ Heaviest particle of SM: spln e color charge
o Participates to all |nteract|ons
e “Natural” mass:
Miop fytf ~174GeV = y; ~ 1

- Privileged relationship with Higgs boson
- Possible role in the EWSB mechanism

@ Decay happens before hadronization can occur:

_ _h h —25
Ttop = 7= X —————— ~ 2 x 107s
top rtop GFmtOP‘th‘g,r\[ b

@ Angular properties directly accessible through its
decay products

@ Weak interaction decay, dominantly in a W
boson and a b quark
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Top mass

Why is it important?
o Key input for EW precision tests
@ Crucial interplay with the Higgs and as
— EW vacuum stability

Cosmological consequences

Challenging for experiments and theory

. 1
— theory ambiguities on m}M¢ vs. mP°'°

pole
n

m]

How it can be determined?

Top Pair Decay Channels .
p Fal Y @ Direct measurements:

— observable dependent on my

@ Indirect measurements:

— property f(mP°'®)

electron+jets
muon+jets
tautjets

» tautjets @ Many decay channels, many experimental
= muon+jets b b|

‘v electron+jets observabnles

] P VS S I S — combination
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Direct top mass in /+jets final state

o 1 high-pt isolated e/p, Nigts > 4, Np_tags = 2

@ Reconstruction using myy constraint + kinematic fit — goodness of fit
o ldeogram method: estimation of the jet energy scale factor (JSF) to reduce

JES impact
x10° CMS 35.9 o (13 TeV) x1ggCMS 35.9 fo" (13 TeV)
> T i tToomiet T mmSndiet > T oot T mmSndiet ]
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1o 120F [Jttunmatched = QCD multijet 0 f [Ottunmatched  — QCD multijet
g [« Data 1 Diboson ] - 60F o Data 1 Diboson 1
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my = 172.25 £ 0.08(stat) + 0.62(syst) €m, = 3.6 %o

JSF = 0.996 + 0.001(stat) + 0.008(syst) | Eur. Phys. J. C 78 (2018) 891 |
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6332-9

Direct top mass in all-had final state

° ,Vjets =0, Nbftags =2

@ Same strategy of /+jets analysis
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my = 172.34 4+ 0.20(stat) + 0.70(syst)
JSF = 0.997 + 0.002(stat) + 0.007(syst) JSF = 0.996 + 0.001(stat) -= 0.007(syst)
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| Eur. Phys. J. C 79 (2019) 313|

CMS 35.9 fb~! (13 TeV)
2AIn¥ =23
all-jets
combination
N\ S

172.0 172.1 1722 172.3 172.4 172.5 172.6 172.7

m[GeV]

my = 172.26 4+ 0.07(stat) + 0.61(syst)
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https://cds.cern.ch/record/2652747

Indirect top pole mass in dilepton final state

@ Details on the analysis — see Otto's talk

o Triple-differential o(Njets, M(tt), y(tt)) | arXiv:1904.05237
CMS 35.9 fb @3T1ev) CMS 35.9 fb™ (13 TeV)

N N M(n) Y] ‘ ‘ [ N M(n) Y] ‘

+ ag(m,) with total unc. + mP*"® with total unc.

—— data unc. —— data unc.

— PDF unc. — PDF unc.

—— punc. —— punc.

— mP®® +1GeV unc. — ag +0.001 unc.

ABMP16 %—1 ABMP16 w
HERAPDF20 P@ HERAPDF20 %
CT14 E—' CT14 >:}%_‘:A
World average [PDG2018] - World average [PDG2018] —e—
T T T T I N M | | T T "
0.09 0.1 0.11 0.12 0.13 165 170 175
ag(m.) mP°"® [GeV]

as(my) = 0.1135 4 0.0016(fit) "9 9% (model) F990%8 (param) T2 90U (scale)

mP°l® = 170.5 + 0.7(fit) + O.l(model)fgg(param) + 0.3(scale) GeV
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https://indico.cern.ch/event/577856/contributions/3420326/
https://arxiv.org/abs/1904.05237

Direct top MC mass in dilepton final state

@ Analysis strategy details — see Juan's talk ‘ Eur. Phys. J. C 79 (2019) 368 ‘

@ Simultaneous fit for cross section and mass extraction

o = 815 £ 2 (stat) =+ 29 (syst) £ 20 (lumi) pb
© = 172.33 + 0.14 (stat) 7955 (syst) GeV

o Residual dependence of the cross section on mM®
— indirect measurement of mP°*®
PDF set mP°'® [GeV]
ABMP16  169.9 + 1.8(fit + PDF + ag) '3 (scale)
NNPDF3.1  173.2 + 1.9(fit + PDF + ag) ™9 (scale)
CT14 173.7 4 2.0(fit + PDF + ag)*97 (scale)
MMHT14  173.6 + 1.9(fit + PDF + ag) 33 (scale)
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https://indico.cern.ch/event/577856/contributions/3420336/

Indirect MS top mass in dilepton final state

o = 815 + 2 (stat) £ 29 (syst) = 20 (lumi) pb
m'© = 172.33 + 0.14 (stat) 7555 (syst) GeV

@ Residual dependence of the cross section on mM¢

— indirect m¢(m;) and as determination: ’Eur. Phys. J. C 79 (2019) 368‘

CMS 35.9fb? (13 TeV) CMS 35.9fb? (13 TeV)
Q13 E"‘o.lzs -
O a|R <% NNPDF3.1
(=] L
N\ B CT14
MMHT14nnlo ° § N
my(m,) = 163.47 GeV N 012 MMHT14

| @] ABMP16
CTl4nnlo .4&
m,(m,) = 163.30 GeV N 0.115
NNPDF3.1nnlo
m,(m,) = 162.56 GeV 011+
ABMP16nnlo . L
my(m,) = 160.86 GeV 0.105
& Lo b v b b b L ay
0.105 0.11 0.115 0.12 159 160 161 162 163 164 165 166
ag(my) m,(m,) [GeV]
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Top quark polarization

@ By factorizing decay density matrices p and p:

[M(ad/gg — tt = ((Twb)(¢~7b))* ~ Tr{pRp]

@ Study spin density matrix R using double-differential cross section:

1 do 1( . . . . . )
- = (1+ B!cos# + B} cos#, — Cjcos¥b: cos@’)
0 dcosfidcost, 4 ' P 2 ' ?
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Top quark polarization

@ By factorizing decay density matrices p and p:

[M(ad/gg — t& — (¢*vb)(¢~7b))|* ~ TrlpRp]
@ Study spin density matrix R using double-differential cross section:

1 d 1 : ;
. (1 + B cos 0} + Bjcos#, — Cj cos 0} cos 0’2)

Udcose’dcosﬂf 4

@ Derive single-differential cross sections with respect to cos 9{, cos@’é, and
cos 0] cos 0
Polarization

1 _do _ 1 i i 1_do  _ 1 J
odcoseg_2(1+81C°591) o dcosd] 2( + B, cos@)

Spin correlation

1__do 1 (1 — Cjcosb) cos&é) In (%)

d cos 9} cos ¢ cos 6 cos &)
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Measurement of the top quark polarization

o tt — (£Tvb)(¢~b) perfect for spin measurements:
spin analyzing power of the lepton ~ 1 ‘CMS—PAS—TOP—18—OO6

o Kinematic fit for full event reconstruction

@ 2 minimization technique to unfold distributions

o 15 single-differential cross sections measured

CMS Preliminary 35.9 fb (13 TeV) CMS Preliminary 35.9 bl (13 TeV)

—— Data —— POWHEGV2 + PYTHIAS —— Data —— POWHEGV2 + PYTHIAS

—=— NLO calculation ~ —— MG5_aMC@NLO + PYTHIAB [FxFx]  result & (stat) + (syst) —=— NLO calculation ~ —— MG5_aMC@NLO + PYTHIAB [FxFx]  result + (stat) = (syst)
B .

1 — 0,005+ 0,010+ 0.021 C e 0299+ 0,022+ 0.031
B; — 0.008 +0.010+ 0.021 Cy =+ 0.080+0.023+ 0.023
B} ——— -0.023+ 0.0112 0.013 Cn bt 0320£0012+0017
B, I —— -0.010 £ 0.011+ 0.017 -D el 0.237 £ 0.007 0,009
B] 1 0,006 + 0,009 + 0.010 A, e 0167+ 0,003+ 0.011
B; P 0017+ 0.009  0.009 Ang L 0103+ 0,003+ 0.008

d
e L Lo b L e Ly PRI SR R P P .
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0 0.1 0.2 0.3 0.4 05
Polarization Spin correlation
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https://cds.cern.ch/record/2649926

Yukawa coupling

o Weak force mediated corrections ~ O(ayeax)

e t and t with small relative velocity, o sensitive to Yukawa coupling
o 1 high-pt isolated e/p1, Njets > 3, Np_tags > 2

@ New kinematic reconstruction technique with one missing jet events
@ Missing jet events favour low-m; region — max sensitivity

o Extraction from Mz and Ay = y; — y; for different jet multiplicities.

. . -1
Weak virtual corrections o er 35817 (13TeV)
£ [ CMS e/utjetg) all jets combined
CEECEEEEE0) > < r Preliminary { --Expected
2 o R
r Oy r D — Observed
6@”@660‘6‘6 W
66(‘ F 95% CL
111919 (8 r
V. Sj
Exclusion limit L
Channel  Expected 95% CL  Observed 95% CL ):
3 jets Ve < 217 Y, < 2.59 g \/ 68% CL
4 jets Y: < 1.88 Yy < 1.77 O’HH\HH \\\
5 jets Y, < 2.03 Y, <2.23 0 28 Y3
Combined Y, < 1.62 Y, < 1.67 !
‘ ‘ ) | CMS-PAS-TOP-17-004
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https://cds.cern.ch/record/2665937

Top quark spin asymmetry

@ Spin asymmetry from differential t-channel single-top cross section
L_do _ 1(14 PPaxcosby) = (L + Ax cos )

- *
o dcosfy

o 1 ¢ with pr > 35(26) for e(1), Njets = 2=3, Np_tags = 0-2
o Differential measurement with x? minimization technique

O CMS Preliminary (e, p)+2j1b, 36fb™ (13TeV) CMS Preliminary e/p+jets, 36 fb™ (13TeV)
T : : P : . :
2 e Data  my(W)>50GeV, BDTycn>0.7 2 o5f
$ 30000 @Bt channel i 5
it Cttw & 20f
B Wizly*+jets IS
20000{- [[JMultijet ] o 15¢
[ JFit unc. o
- 10 o Data
POWHEGA4FS
10000 Sk === aMC@NLO4FS -
aMC@NLO5FS
© 0 } } }
= 0 ® 15} ]
L 1.1F ] Q 1= e - "
ol ] —— 5 hi i * * M
S 09fF ] & 05r 1
o 0.8 L L L o 0 L L L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosBo1. Parton-level cos8q,
Ay, = 0.430 + 0.032(stat) + 0.053(syst) | CMS-PAS-TOP-17-023
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https://cds.cern.ch/record/2667180

Conclusions

CMS May 2019
. Dilepton -
] Many propertles of the tOp quark JHEP 07 (2011) 049, 36 po 175.50 £ 4.60  4.60 GeV
measured Wlth hlgh precision Eoglfg;gr(lemzuzne,ﬁom —@— 1725020432143 GeV
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Production processes

Top quark can be produced by:

Strong interaction Weak interaction

tt pairs @ s-channel @ t-channel

q3 — tt (15%) gg — tt (85%) e tW associate @ tZ associate

production production
19.4434.4
oy = 81615575 3474 Pb

T
CMS Preliminary Vay 2019 |

Single top-quark production " April 2019
B

Temionoptost 1o tev 1L§ san |
e 02 Tev Inclusive cross sections

=
5

Mg aliar BTl € 2355y
relminary.

Inclusive tt cross section [pb]
T
S #oxxomoroeOmea]

=
o,

tchannel
CDF & DO, PRL 115, 152003 (2015) Bl W-associated
CMS, JHEP 12, 035 (2012) CMS, PRL 110, 022003 (2013)

== NNLOWNNLL (pp) + CMS, JHEP 06, 090 (2014) = CMS,PRL 112, 231802 (2014)
NNLO+NNLL (p) © CMS, anxivi1812.10514 [hep-ex] +  CMS, JHEP 10, 117 (2018)
13 Vs[Te r § . )
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 [Tevi _| B schannel Z-associated

NNPDF3.0,m, = 1725 GeV, a,(M,) = una‘num[adm )=0113)3
|

| | | *  CDF & DO, PRL 112, 231803 (2014) = CMS, JHEP 07, 003 (2017)
= CMS, JHEP 09 (2016) 027 *  CMS, PRL 122, 132003 (2019) |
2 4 6 8 10 iz 14 | [ oprEmeesny | G PR Eieens
s [Te 2 3 4 5 6 7 8 9 10 11 12 13 14
(s [Tev] EiTev]
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On top mass definition

In the on-shell (0.s.) and MS schemes S®(p) can then be expressed in terms of
pole and MS masses, respectively, as follows:

sk 2;' Sk ~
0s.(P) PR—— Vs (P 1)

p— mis() — (A— B)mygs(1)

The relation between top-quark pole (mP'®) and MS (m;(m;)) masses was
calculated up to four loops in and reads:

Mipole = my(my) [1+0.4244 ag + 0.8345 % + 2.375 o + (8.615 £ 0.017) a§ + O(a2)]
= [163.508 + 7.520 + 1.606 + 0.496 + (0.195 + 0.0004)] CeV.

For further details see | arXiv:1903.06574v2 |

A. De lorio (CMS Collaboration) Recent top quark properties in CMS 11.07.2019 17 /14


https://arxiv.org/abs/1903.06574v2

|deogram method

@ PDFs from samples with 7 different mt and 5 different JSF values

@ Method bias estimated with pseudo-experiments and corrected

L (sample|m, JSF) = P(JSF) [] (Zpgof

events \ /=1
Wevt

x| D £ Py(mfi5|me, JSF) Py(mi§s3|me, JSF) ;
j

where:
— i=i-th permutation in one event

— j=correct permutation, uncorrect permutation, unmatched

Eur. Phys. J. C 78 (2018) 891 |
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6332-9

Direct top mass in {+jets final state details

2D approach 1D approach Hybrid
sm> 5JSF0 sm!P om®  SSEP
[GeV] 1%] [GeV] [GeV] %]
Experimental uncertainties
Method calibration 0.05 <0.1 0.05 0.05 <0.1
JEC (quad. sum) 0.13 02 0.83 0.18 0.3
~ InterCalibration (—002)  (<0.1)  (+0.16) (+0.04)  (<0)
—~ MPFInSitu (—001)  (<0.1)  (+0.23) (+0.07) (<0
~ Uncorrelated (-013)  (+02)  (+078) (+016)  (+0.3)
Jet energy resolution —0.08 +0.1 +0.04 —0.04 +0.1
b tagging +0.03 <0.1 +001 +0.03 <0.1
Pileup —0.08 +0.1 +0.02 —0.05 +0.1
Non-t background +0.04 —0.1 ~0.02 +0.02 —0.1
i i . Modeling uncertainties
. JEC Flavor (linear sum) 0.42 01 031 0.39 <0.1
e Main systematic uncertainty: ~ light quarks (uds) (+0.10)  (=01)  (~001) (+006)  (~0.1)
H — charm (+002)  (<01)  (~001) (+001)  (<0.1)
JEC 0.18 GeV (experlmental) — bottom (032 (<01)  (~031) (-032)  (<0.1)
— gluon (-022)  (+03)  (+0.02) (-015)  (+0.2)
JEC 0.32 GeV (mOdel) b jet modeling (quad. sum) 013 01 0.09 0.12 <0.1
—b frag. Bowler-Lund (<007 (+01)  (~001) (=005 (<0.1)
—b frag. Peterson (+0.04)  (<0.1)  (+0.05) (+0.04)  (<0.)
Eur. Phys J. C78 (201 8) 891 ‘ —semi?eptonic B decays (+0.11)  (<0.1)  (+0.08) (++0.10) (<0.1)
PDF 0.02 <01 0.02 0.02 <01
Ren. and fact. scales 0.02 0.1 0.02 0.01 <01
ME/PS matching —0.08 +0.1 +0.03 —0.05 +0.1
ME generator +019+£014 401 40294008 +022+011  +0.1
ISR PS scale 0074009 401  +0.10+005 +0.06+007 <01
FSR PS scale +024+£006 04 —022+004 +0.13+005 —03
Top quark pr +0.02 —0.1 —0.06 ~0.01 —0.1
Underlying event 0104008 +01 +001£005 0074007 +0.1
Early resonance decays 0224009 +08 +042+005 -003+£007 +05
Color reconnection +034+009 01 4023+006 +031+008 —0.1
Total systematic 0.72 1.0 1.09 0.62 0.8
Statistical (expected) 0.09 01 0.06 0.08 01
Total (expected) 0.72 1.0 1.09 0.62 0.8
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6332-9

Direct top

mass in all-had final state details

2D 1D hybrid b
2D 2D D hyb hyb e [GeV]
Iéc”:w "][5“51 ["G"QV] [J(gle'\)/] "][SO‘Z | _ - alljets (+jets combination

Experimental uncertaintics Experimental uncertainties
Method calibration 0.03 00 003 0.03 00 Method calibration 006 005 003
JEC (quad. sum) 0.12 02 082 0.17 03 JEC (quad. sum) 015 018 0.17
~ Intercalibration —0.01 00 +016 +0.04 +0.1 - Intercalibration —0.04  +0.04 +0.04
— MPFInSitu —0.01 00 4023 +0.07 +0.1 ~MPFInSitu +0.08  +0.07 +0.07
~ Uncorrelated —012 —02  +077 +0.15 +03 - Uncorrelated 4012 4016 4015
Jet energy resolution —0.18 03 +0.09 ~010 +02 Jet energy resolution —004 —012  —0.10
b tagging 0.03 00 001 0.02 0.0 b tagging 002 003 0.02
Pileup ~007 0.1 4002 ~005 +01 Pileup 004 —005 005
Alljets background 0.01 00 000 0.01 0.0 Alljets background 007 - 0.01
Allets trigger +0.01 00 000 +0.01 0.0 Jes e B
£+jets Background -0.02 00 +0.01 -001 00 2}1 e’g;‘:fgf;un d +£),02 002 tg'g}
{+jets Trigger 0.00 00 000 0.00 0.0 Jets background. : :
Lepton isolation 0.00 00 000 0.00 00 Modeling uncertainties
Lepton identification 0.00 00 0.00 0.00 00 JEC flavor (linear sum) —034 039 —037
Modeling uncertainties ~ light quarks (uds) +007 4006 4007
JEC flavor (linear sum) 039 r0.1 037 ro.1 - charm 4002 4001  40.02
~light quarks (uds) +011 —01 +0.07 ~01 — bottom —029 -032 031
— charm +0.03 0.0 +0.02 0.0 — gluon ~013 -015  —0.15
~ bottom ~031 00 ~031 00 b jet modeling (quad. sum) 009 012 0.06
—gluon —022 +03 =015 +02 —b frag. Bowler-Lund —0.07 —0.05 —0.05
bjet modeling (quad. sum) 0.08 0.1 0.06 01 _b frag, Peterson 005 1004 002
- gzg powler Lund oo Y o 00 - semileptonic b hadron decays —0.03 +0.10  —0.04

! ! PDF 001 0.02 001
— semileptonic b hadron decays —0.04 0.0 0.04 00
TDF oot 00 o oot 00 Ren. and fact. scales 004 001 001
Ren. and fact. scales 001 00 002 001 00 ME/PS matching +0.24 007 +0.07
ME/PS matching 0104008 +0.1 +0.02£0.05 +0.07£007 +0.1 ME generator - +0.20 +0.21
ME generator +0.16+021 +02 +0.32+0.13 +0.21+0.18 +0.1 ISR PS scale +0.14  +0.07 +0.07
ISR PS scale 007008 401 +0.10+005 +0.074£007 0.1 FSR PS scale 4018 4013 4012
FSR PS scale 40234007 ~04 0194004 0124006 —03 Top quark pr 4003 —0.01 —0.01
Top quark pr £0.01 01 —0.06 0.01 01 Underlying event 1017 —0.06
Underlying event ~006+007 +01  +0.00%0.05 ~0.04+006 +0.1 Early resonance decays 1024 007
Early resonance decays ~0204008 +07 +042+0.05 ~0014£0.07 +05 CR modeling (max. shift) 036 1033
Gty omiiy o wmawasir o SISSTRLW R ln %
— “gluon move on 374009 0 224006 +0.33£007 —0. “OCD inspired” (E N N
~“QCDinspired” (ERDon) ~ —01140.09 —01 —021+0.06 —0.14:£007 —0.1 T SCD ‘(“’P‘:?d (ERD on) 3'32 g'g
Total systematic 0.71 10 107 0.61 07 otal systematic - -
Statistical (expected) 0.08 01 005 0.07 0.1 Statistical (expected) 020 0.08 0.07
Total (expected) 072 10 108 0.61 07 Total (expected) 072 0.63 0.61
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Top quark chromomagnetic dipole moment

o CMDM is for a colour-charged particle the analogous to the magnetic dipole
for electrically charged particle

@ Top quark CMDM small due to intrinsic top spin and colour charge
@ BSM predict anomalous CMDM, parametrizable in dim-6 EFT
o Cg: sensitivity improved by 50% w.r.t. previous 13 TeV results

A x?

T
[ CMS Preliminary A=1TeV 35.9 bt (13 TeV)]

—— Nominal (all)
B+ 1o (all)

+ 20 (all)
rrrrrr Nominal (linear)
—— + theory (all)
rrrrrr + theory (linear)
—— - theory (all)
""" - theory (linear)

I
~
LI O B B B B

Uncertainty band width
o
w

0.2

0.

B
LI S e e

[ CMS Preliminary A =1TeV 35.9 fb™ (13 TeV)]

f

SM expectation ]
— Io band
20 band

D
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Top charge asymmetry

@ Signals of BSM physics could also appear in tt production as anomalous top
quark or leptonic charge asymmetries

CcMs 35.9 b (13 TeV)

| Daa

A Ta(Aly(t, ) > 0) — 0w (Aly|(t, ) < 0) | -
¢ UtE(A|y|(t,t) > O) + Jt{(A|y|(t7t) < O) A particle level . . xf;v::‘TJC@NLO*PVTH\AB[Fxe]

AT o (An(e, Z) > 0) — o (An(e, Z) <0) AL partice level -
o=

ot (An(e, £) > 0) + o (An(¢,£) < 0) A partonve

I L |
003  -002  -0.01

| CMS-TOP-17-014 |
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