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Heaviest elementary particle discovered so far
Extremely short lifetime — bare quark properties

Large Yukawa coupling to Higgs boson — important
for EW symmetry breaking

Spin information preserved in the angular distribution
of its decay products — ideal candidate for spin
measurements

Studies of its properties provide crucial info to:
e test internal consistency of SM
e search for new phenomena (BSM physics)

Top quark pairs production:
e dominated by gluon fusion (~90%) @LHC
e constraint of fundamental SM parameters
(e.g. PDF, ag, miole)

Single top production:

e constraint of EWK sector of SM (direct sensitivity to Viv)
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Top quark pair productlon

e Many measurements performed at 7, 8 and 13 TeV
e impressive agreement with predictions

Inclusive production cross sections can be calculated up

to NNLO+NNLL in QCD:
e test of perturbative QCD

Differential cross sections can be used to test fixed-order

predictions and MC generators:
e indirect search for new physics (e.g. EFT framework)

e 3 main investigation channels:
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_ Dominant syst. unc.:
1t modeling, objects efficiencies and
calibrations, bkg estimates, luminosity (~2%)
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tt: inclusive & differential

CMS-PAS-TOP-20-001 SIILIELEY

e First combined fit of resolved and boosted
topology in I+jets channel

e Boosted top identified with NN approach

e Profiled nuisance parameters
e significant reduction of uncertainties

e Observed softer top pT spectrum wrt predictions
e improved description with NNLO
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Most precise result
in l+jets channel

Small dataset
CMS-PAS-TOP-20-004 ‘ @5.02 TeV \

e Event count in eu channel (2017) combined with
measurement in |+jets channel (2015)

* both limited by statistical uncertainty
e good agreement with NNLO + NNLL prediction

|0 = 62.6 + 4.1 (stat) £ 3.0 (syst+lumi) pb|

Precision improved wrt
previous results (~12%)
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Single top quark productlon

~

e Many measurements performed at 7,8 and 13 TeV w

>

. . . . . . p"
e impressively in agreement with predictions b A
. . . . 15 J \
e 3 main investigation channels el W sssociated production chary
 Used to measure different parameters, e.g.: _ S Proliminary May 2021
* charge ratio: irr_lprovement of precision (3.0%) < 102; Single top quark production ]
wrt 2015 analysis (12.9%) § E
PLB 800 (2020) 135042 - -
| R, = 1.68 £ 0.02(stat.)  0.05(syst.) | 10 £ 4
* spin asymmetry: estimated from differential 1= E
distribution of polarisation angle - i
107 g =
yway vy wwam | £PJC 80 (2020) 370 : :
Central values 0.403 0.446 0.440 T © ehanmel e Weassosiated -
in agreement wi ot CF L Eimmasmaees U othiemams G
in agreement with SM predictions: 0.436 - = CMS, JHEP 06 (2014) 090 o CMS, JHEP 10 (2018) 117 ]
3 e CMS, PLB 800 (2019) 135042 O CMS-PAS, TOP-20-002 ( Preliminary )
. 107°F 2 === s channel g Z-associated =
* Vio 1 from [fivVip| = POneas/Oneo =1 ranyrmie o s LR o o é
- —_— y-associated (t —> buv) ' .
CMS Preliminary May 2021 107 = ’l CMSI' PRL12|(2018) 2?1802 | | | | | | | e
1 I I ] I I 1 | 1 1 I I 1 I 1 I I 1 T 1 I 1 I 1 2 3 4 5 6 7 8 9 10 1 1 12 13 14
t channel 0.042 b ', TOP-15-004 { Preliminary ) . CMS 35 9fb 1 (13 TeV) \E (TeV)
1.12 + 0.24(exp) = 0.02(theo) —~ [T T
‘ 5 08
t channel 22 " PLB 772 (2017) 752 g
1.05 + 0.07(exp) * 0.02(theo) e o [ i i ==
§ 0.6_— #
t channel 3s.¢ib ' PLB 800 (2019) 135042 -~ £/ et iet
0.98 % 0.07(exp) % 0.02(theo) I _g 04l “. Datf(sl oxp | o)
t channel 359 ' PLB 808 (2020) 135609 \6' L NNPDF 3.0 NLO
0.988 + 0.024(stat+syst) e = o2k — f/l-lr\-/lg)T'\:lt_toNLO ]
W 35615 JHEP 10 2018) 117 © ' _:::::::::{:::::::::{:::::::::__ Shapesovera”
0.94 £ 0.07(exp) + 0.04(theo) e § 1'1“’?;.“_1;_“71_7-::; et 1 | cOmpatible with
1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 -8 8‘2: IIIIIIIII Lo o E theory
0.2 0.4 0.6 0.8 1 1.2 1.4 o ’ 0 100 200 300
LA Parton-level top quark pr (GeV)



https://www.sciencedirect.com/science/article/pii/S0370269319307646?via=ihub
https://arxiv.org/abs/1907.08330
https://arxiv.org/abs/1907.08330

Single top: tW channel
| 2016 data | | 2016 data

Differential cross section in dilepton (eu) events * Inclusive cross section in lepton+jets channel

Cut & count analysis: e Binned likelihood fit on BDT discriminants

e signal extraction performed by subtracting . _ L :
bkg (estimated through MC simulations) Measured cross-section in agreement with SM

predictions within 20

Absolute and normalised results at particle level —
in fair agreement with POWHEG and o = 89 L 4(stat.) + 12 (syst.) pbl
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Top mass: direct measurements
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Top mass: indirect measurements

ATLAS+CMS Preliminary My, from cross-section measurements
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Top quark properties

PRD 102 (2020) 092013
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Other top quark properties
12016 data | iFuII Run2 data |

Measurement of b-fragmentation shape

parameter in lepton + jets and dilepton decay

channels

Simultaneous fit to J/WV, muon tagged and un-

tagged_DO samples , _ states with up and

Extraction of rp from template fit to fragmentation charm quarks

proxy distributions x» of parent b quark: CMS Preimnary
| 7, = 0.858 + 0.037 (stat) & 0.031 (syst) CLFV interactions o [T

parametrized with : ] Tenser |

EFT approach - :

e Search for charged
lepton flavor
violation in oppositely
charged ey final

Results compared with the ones obtained at the
Z pole in eTe™ data:

e agreement between results Used BDT to
e significant improvement in experimental maximize signal
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Top quark rare production

g " t
e Rare top production modes become fully accessible with Run2 data | : -
o ttW/ttZ/tty production: ; w* ;
e among the most massive signatures that can CMS Preliminary oy Summary, V5 = 13 TeV May 2021
. . . - i Oineo. (ttW) = 0.59 *§1% (scale) + 0.01(PDF) pb ineo.(fZ) = 0.86 *4%7 (scale) + 0.02(PDF) pb Tineo.(tty) = 0.77 *4 1% (total) pb
be studied with high precision oD AL P oo VoD AL P oo
e important backgrounds for searchesand | ™ o)
measurements such as ttH in multilepton final 080:+001 + 005 b T Gisnad TR 8010
States 0.77 +0.12 +0.13 ppy ttW, Lint = 36 fo~'
—0.11 —0.12 JHEP 08 (2018) 011
H L] ‘ )
* ttZ production: R —— 0.99 4% *91% pb T
e most sensitive process for directly _
. . 0.95+0.05 + 0.06 pb —— N Zgofgo_;ose
measuring the coupling of the top quark to el it DUDO

the Z boson

: PRL 122 (2019) 132003
+ 12 production: IASEAGIIRELE)

e sensitive to top-Z and triple gauge boson WWZ
couplings q a

Z
W N
e tyq production:

e sensitive to top quark charge and top quark
electric and magnetic dipole moments

PRL 121 (2018) 221802 b

First evidence of
this process !

a(ttV) [pb]

May 2021 CMS Preliminary
o] 5 B § 7 TeV CMS measurement (L<5.0 fb™")
.E.' 1i O E - & 8TeV CMS measurement (L<19.6 fb™) E
o) = & 13 TeV CMS measurement (L < 137 fb')

- L g =8 —— Theory prediction =]
c 102 L =n jet(s) 2 2 22 CMS 95%CL limits at 7, 8 and 13 TeV —
O g T-rﬁ i - 3
= F

C & A
® [ o 2
9 10F !-T? % E
- . CmE
S = ra
o i
O 11 5 5 i p .
C =
< + i i $ f
._.c__s B [ -] L
51071 — 3
-o E 7
(@] = 2
nh- =
1021 o .
1072 5 . E
T T T2 T3 T4 T2e T2 T, TtW T, Tty "tZg' tZ " ty "aw ot " tH T tH ]

All results at: http://cern.ch/io/pNj7
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
https://link.springer.com/article/10.1007/JHEP03(2020)056

EFT In rare processes

* EFT framework: model-independent and coherent interpretation
of potential deviations in interactions between SM fields

E E > Einc

e new physics characterized by BSM energy scale (>> ELHc)
' th hi L= Loyt Lo = L Ci
e SM Lagrangian expanded with higher-order operators = Logym + Legf = Loy + Z A_Z‘-F_I_ e
X

e Wilson coefficients describe interaction strengths of operators

e Constrain top-electroweak EFT operators with ttZ and tZq

production in multileptons (3l and 4l) final states

-1
13810 (13TeV) o

dlstrl_butlons us_e_d for signal extraction parametrized in terms CMS Proliminary  — 8201 )
of Wilson coefficients I =
¢ Best fit 16 §

|

e use novel ML techniques to improve sensitivity to WCs

C.y/ A [TeV?]
S

. L . = s I
e single and global WCs fit in signal and control regions o5k E M
* confidence intervals computed at 95% C.L. of s
: B
Other WCs fixed to SM 5D fit -05¢ E N
Expected Observed Expected Observed 1 = B
WC / A2[TeV 2] 95% CL confidence intervals - -

¢ | [20.97,096] [-0.76,0.71] [—124,117]  [-0.85,0.76]

cow | [-0.76,0.74] [~0.52,0.52] (-096,0.93]  [~0.69,0.70]

A | [-139,1.25] [-1.10,1.41] [-191,1.36]  [~1.26,143] : :

(PQ 7 ’ s 7

Cpo | [-2:86,233] [~3.00,2.29] [—6.06,14.09]  [~7.09,14.76] Best direct constraints to
| [- [—

cot | [~3.70,3.71
states on several WCs

21.65, —14.61] U[—2.06,2.69]
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https://cds.cern.ch/record/2771677

Rare processes: tZq, tty
| Full Run2 data | | Full Run2 data

* Inclusive and differential tZq cross section in Inclusive and differential tty cross section in
leptons+jets channel leptons+jets channel

. Simult fit to BDT outputs in multiple regions:
Simultaneous fit to BDT outputs in multiple regions Simultaneous likelihood fits in 12 SRs and 34 CRs

— 7.5 7.3 Most precise -
0174 = 87.9773 (stat) T (syst.) fb | S e . | 6(1fy) = 800 % 46 (syst.) + 7 (stat.) fb |

e result consistent with SM prediction ‘

Dominant syst. unc.:
138 16 (13 TeV)

tty modeling, background estimation, JES

0.009 i Measurement
0.008F %2 aMC@NLO, 4FS

0007F S aMC@NLO, 5Fs Results in good agreement with NLO predictions
£ 0.006 =
£ pirs =98.9% 3

0.005¢ s 75 ] Constrain 2 EFT operators impacting t-y/Z vertices

0.004
0.003F

e Good agreement in
differential
measurement of t/Z
observables and
angular distributions

[1/GeV]

2)

1/0 do/dp;

0.002F = CMS Preliminary (13 TeV)
0.001E E LN L B B B R L I
) ——

[~ Simulation ™ Observation 1 CMS Preliminary 137 fb ' (13 TeV)
= t1o(stat) ~ 1o (tot) =

__ tandard model — o
( Standard model 68% CL
L 5 Bestiit —— 95% CL

Spin asymmetry
measurement in
agreement with SM:

—_
—_ [$)]
T T

Prediction
Measurement
c,, [(A/TeV)?]

o
&

Fiducial cross section [fb]

100 150 200 250
Parton level p;(Z) [GeV]

- —
A, = 0.58*015 (stat.) = 0.06 (syst.)|

' First differential i .

: measurement! 40

Dominant syst. unc.: )5 - -
'El.l.l.ll.l..l....|....|....|.1..|: < 0 ”0.|2'H0.|4'H06

bkg normalization, signal renormalization _
. . . 2

and factorization, b-tagging % ) Oy [(A/TeV)]
 —

o

Sim. / Obs



https://cds.cern.ch/record/2758332
https://cds.cern.ch/record/2771809

Top quark rare production

CMS Preliminary June 2021
» Rare top production modes become fully accessible with Run2 data Measurement T rowec
B Gar ¥ aMCONLO+PYTHIAB(FXFX

Octat. @ Oeyst. #  POWHEG+HERWIG++

aMC@NLO+PYTHIA8

e ttjj, ttbb, ttcc:

e important background for ttH and BSM events —e— Ful hagroic
—_—— PLB(803)2020 135285
b —o—

e precise measurements needed to improve
tt+jets MC simulation

Dilepton
415!
arxiv:2012.09225
—a—
Dilepton
35.9fb!
JHEP07(2020)125
——
-—.—
L+jets
35.9fb~!
JHEP07(2020)125
—e—

 NLO calculations are affected by large
uncertainties associated to ur/lF scales

EPJC 80 (2020) 75 @ JHEP 11 (2019) 082 S
o ttit: | T w5 [Pb] i
e constrain t-H Yukawa coupling (but less 5 e IMS Preliminary
precisely than ttH) ol F - | ool |3
= " N 7 E‘eor,};predi:;ion 5%CL limits at 7, 8 and 13 TeV |
* not observed yet, but expected in SM s10% - x| g I e 3
8 -! i A
e very tiny cross section at NLO QCD + NLO D 10| . !.T*— il .
@ _
QED at 13 TeV: S e W
@) 1k i g b i 4 _
C
o(tttf) = 11.97 fb S ja L
51071 R
© 7
t o i
5 _ To2 . 4
t b .
t 10°; -
g F E
£ T T T2 T3 T4 T2e T T, TtW T, Tty "TtzZg tZ " ty "Tuw ottt " tH T otH ]

All results at: http://cern.ch/io/pNj7



https://link.springer.com/article/10.1140/epjc/s10052-019-7593-7
https://link.springer.com/article/10.1007/JHEP11(2019)082

ttjj+ttbb+ttcc production

. CMS 35.9 fb™ (13 TeV) CMS 35.9 fb™ (13 TeV)
* 2 separate analyses to measure ttbb cross sections: Tasl | # sem ] g T E e ;
o [ Diepon T ectemor  toh Lot~ oo
%&:“: i VPS ........ % CO: our ] %&? : VPS ........ % CO: our :
* dilepton/leptons+jets [HEEEUALIRYS | 2016 data | o DR I o
. [ 35~ ’ . -
* all-hadronic EENEIEZORE:LN | 2016 data | 25 . :
i 30 -
ol - _
i 25 -
o Simultaneous measurement of U(tl_' + CC), O'(l‘lT + bb), oot oots o0z vals 0.025 0074 0076 0018 002 0022 lvpéé)lzi
— — — — - N R.- . R.> .
o(tt+LL)and R, = o(tf + cc/bb) / o(tt +jj) in b 5/
e —

fiducial and full phase space in dilepton events:
i c-tagging exploiting new C-jet tagger CMS-PAS-TOP-20-003

, | 2017 data |
e ML techniques with template fit to 2D distribution submitted to PLB
415" (13 TeV) «10° 4157 (13 TeV)
Result POWHEG  MADGRAPH5_.aMC@NLO FcMs ¥+ Bost fit — 68% CL - cms + Best fit — 68% CL
Fl ducial phase space 200:_ Fiducial phase space :;f:éﬁ:_{ s_aM(;.é sfz/; cL 85— Fiducial phase space : ;2\3,2:?:4 5_aM(;é sfz/: CL
0. [Pp] 0.165+£0.023 +0.025  0.187 +0.038 0.189 £ 0.032 ~19% — I — 7F
ttcc LP o) i & r
(thbg p . . . . . . . l_'j.é’ 150:_ '_; 6:—
o1 [pb]  5.40+0.11 £0.45 5.95 +1.02 6.32 +0.94 o | o |
| R, [%] 242+0.32+0.29 253 +0.18 243 +0.17 I ~17% 1000 5—
R, %] T.75F0.14 £0.18 T.31 £0.12 T.30 £0.16 .
_ 700 150 200 250 “TTTi00 150 200 250
Full phase space First Oz [fb] G, [b]
Ciice [PP] 80+11+13 91+18 89+15 measurement x10° — 41-52’1(13‘,“") — 41-5”1'1(13;T6V)
atfb]; [pb] 409 :t 034 :t 055 334 :l: 072 339 Zt 066 O.I: ttCC ' 8:— IE:idMuc?al phase space :EOJVZ:EG gz; gt 3—_ ngugal phase space :EO\:J:EG ZZ"Z gt
O L [pb] 2314+ 5421 255 4+ 43 261 + 37 : 7_ 4 MADGRAPH5_aMC@NLO I 4 MADGRAPH5_aMC@NLO
R, [%] 2.694+0.36 £0.32 2.81+0.20 2.724+0.19 g < [
Ry, [%] 1.37+0.114+0.14 1.03 +0.08 1.03 £0.09 4 ef R S
Sl © < : D
T N -
Dominant syst. unc.: :
. . . .y 4 L -
JES, c-tagging calibration, renormalization and 700 150 1 2 3
factorization scales in ME, matching ME-PS (hdamp) | 15 O [P R [%]



https://cds.cern.ch/record/2748011
https://link.springer.com/article/10.1007/JHEP07(2020)125
https://www.sciencedirect.com/science/article/pii/S0370269320300897?via=ihub

ATLAS-CMS common MC
CHSNOTE.2021.005

e ATLAS and CMS use different nominal MC
samples: POWHEG-BOX (hvq) + Pythia8

. . Setting name Setting description CMS defaul ATLAS default | Common Proposal
with different parameters - s : s ?
H H R H mass op-quark mass [GeV] 172.5 172.5 172.5
* understand similarities and differences it o aark width [GeV] 131 135 1315
H H hdam first emission damping parameter [GeV] 237.8775 258.75 250
can be crucial to reduce modeling s T — 504 303959 0
systematics in analysis combination widh i O s aos o5
e a common ft MC sample would make Pyraia 8 .
. . . . PyTHIA 8 version v240 v230 v240 (CMS)
combinations and comparisons easier V244 (ATLAS)
Tune CP5 Al4 Monash
PDF:pSet LHAPDEF6 parton densities to be used for proton beams NNPDF31_nnlo NNPDF23_lo NNPDF23_lo
.o . . _as_0118 _as_0130_ged _as_0130_qged
L] Ide ntlfled a fl rst Set Of common Settl ngs . TimeShower:alphaSvalue ~ Value of @, at Z mass scale for Final State Radiation 0.118 0.127 0.1365
. SpaceShower:alphaSvalue ~ Value of a; at Z mass scale for Initial State Radiation 0.118 0.127 0.1365
® gve rage Of AT LAS and C M S Sett| ngs MPlLalphaSvalue Value of @ at Z mass scale for Multi-Parton Interaction 0.118 0.126 0.130
MPIL:pTOref Reference pr scale for regularizing soft QCD emissions 1.41 2.09 2.28
L4 MonaSh tune ColourReconnection:range  Parameter controlling colour reconnection probability 5.176 1.71 1.80
* First common sample with 10M inclusive i disribution for al jts | ey
eventS SucceSSfuuy prOduced by bOth T> o E_ ATLAS+CMS Simulation Preliminary l’OWHlF_(j+l’YTHIA8_§ 2%i é IATLAS+CIJIS Simulaticlm Preliminallry [’(_)\‘\,'HL{(H»PYTHIASI é
. & 10-2 - LHCtopWG Ve Ty o % OO F LHCtopWG Ji=13TeV
eXperlmentS ) F E ° 05 F Common (by ATLAS) —+— I
T 103 =4 2 Common (by CMS) =+~ 3
e great agreement between samples 57 1 7 b ’ E
produced in separate frameworks = ERES -
N Common (by ATLAS) —+— = oz - =
) ) ] 10 E' Common (by CMS) =+ = i E E
* Discussion ongoing for real common 07 Eft g - T L .
sample: 2 o5 LB e
. . > ; L rah z E "
* decide new settings to have sample < e —arpdters < af ————
% 0.95 —: :l ' ' % 0.95 [— -
tuned on data WELTT I T I I
102 103 Hy [GeV] o 2 + 6 8 ;](i)ets
 EEEEE—————————————————


https://cds.cern.ch/record/2772793

Vv Tevatron combined 1.96 Tey L< N
® ATLAS dilepton® 5.02 Tov (| < oes 3/
: g_l’\_/l&gomb;n_?d e, l+jets* S(I._OZ 'zrgz/‘zf =)27 4-304 pbA'1;rLAsICMS Pre"minary ey 2021
en7TeV (L = ! o

e CMSeu7Tev (L(= 5 ft‘%fb ) retopwe
u ATLAS ep8TeV (L = 202 i)
: EI_I\IACS eu iTeV (L=19.7 o™

combined e, 8 = 3
B ATLAS ey 13 Toy (Lzege(.li ftf")3_20'3 ) LHctopwe
V CMSeu 13 TeV (L = 35.9 b
¢ CMS t+e/u 13 TeV (L = 35.9 7"
O ATLAS I+jets 13 TeV (L = 139 fb';)
A CMS I+jets* 13 TeV (L = 137 b
O CMS alljets* 13 TeV (L = 2.53 fb)

* Preliminary

Summary

103

e |LHC Run1 and Run2 provided huge number of produced top
quark events

102

Inclusive tf cross section [pb]

B NNLO*NNLL (pp)
== NNLO+NNLL (pp)
r\c;;?:kg: Fiedler, Mitov, PRL 110 (2013) 250008 13—

, IT.O, Tnmpl= 172.5.GeV, o (MV=n -

e Several measurements with Run2 data
e confirm good agreements with SM expectations 10
e allow to explore parameters of EFT and other BSM models

Js=13TeV

o) 045 ATL?S-:-V%(IBAS Preliminary
LHCtop!

g A L=36 fo' v—s— [Tev]

= * arXiv:1 903.07570

e Increased precision up to NNLO+NLO EWK level
e allowed by large statistics and via ATLAS+CMS combinations

e better understanding of top quark properties and physics
,_f:!‘-’ﬁ NNLO (NNPDF3.1 ! u&;rg) " 32001

modeling
e constraints on new physics = et 12

i’ ,
MS, L =359 0 e
* io’hys. Rev.D 100 (2019) 0 : =

do
[ae(, D

- - ATLAS Powheg+Pythia®

CcMS Powheg+Py\h'|a8 ?_,_.*_

Gd

e Production of first common ATLAS-CMS MC sample
* new version tuned on data coming soon!

Focus only on a selection of recent

measurements.. for more results:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsTOP



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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tt differential in I+jets

High precision measurements of differential and double differential cross

sections of t't production in e/mu + jets (2 b-tagged jets) channel

e results at both parton and particle level
* both resolved and boosted regimes

Boosted top identified with NN approach:

* NN to discriminate leptonically decaying top from bkg candidates
NN with 21 input variables to identify hadronically decaying top

Most of the predictions are in good agreement with the measurement

Ratio ly("t)l/ly(t)l calculated from double differential cross section ly(t)l vs

ly("t)l taking into account bin-by-bin correlations:

* no significant observation of a charge asymmetry is observed

Precise inclusive t't production cross section obtained from integration of

differential distributions:
Oc/u+jets = 227.6 £ 6.8pb

With a branching fraction of 28.77 + 0.32% to
e/u+jets the total tt production cross section

becomes:

* in good agreement with the SM expectation

oy = 832750 pb

d’c

() dp_ ()

[pb GeV?
3 —
LN - o

-
Q
N

o107

d
— —
3 3
o »

Theory
Data
P

-
T

137 b (13 TeV)

CMS

Preliminary

ceiews, i MG P8 (CP5)

e/lutiets 0< pT(ti) <50 GeV
partonlevel o Data
Sys @ stat
Stat
i POWHEG P8 (CP5)
POWHEG H7 (CH3)

s i MATRIX

500 1500
p.(t,) [GeV]

400

CMS-PAS-TOP-20-001

| Full Run2 data |

137 fb™ (13 TeV)

“; 10 ecms elutjets 50 <p(tf) <120 GeV
8 Preliminary  parton level 4 Data
a Sys © stat
= Stat
—~10 i POWHEG P8 (CP5)
= POWHEG H7 (CH3)
o| S 107 ¢ Viny T MG P8 (CP5)
Bl = . TR i MATRIX
£ 10 e
Q_’_ LA
©
107
10°°
Ll et
ES 1.5 [ ]
28 | by
= ulHlyH% SEREANN
| ASERE A IR
X I+l f T T T l

10 -CMS elutjets e Data
Preliminary parton level Sys @ stat
- i POWHEG P8 (CP5)
~ e, POWHEG H7 (CH3)
:-','_1<T [T ¥ MG P8 (CP5)
g . i MATRIX
102 T
.fA
10—3 .“A. o,
10 i
SENp
10_5 | Ll | L * o* 4
8 15[
S b it |
%L{mtwfjw H f MH Fdl 1|
pH =5 IR L] T
C t I |
0 200 400 600 800 1100 1600
p.(t)[GeV]

137 fo' (13 TeV)

500 1500
p.(t) [GeV]

400
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http://cds.cern.ch/record/2759302?ln=en

tt inclusive @5.02 TeV =

Small dataset

@5.02 TeV
Measurement of ¢f production cross section at 5.02 TeV using ~300 pb-1 recorded in 2017
 sensitive to gluon PDFs and top quark mass 221 304 p" (502 Tev
CMS Preliminary } Data =ﬁ .

. Nonprompt . w

< stat @ syst

Cross section extracted by counting experiment in dilepton (emu) channel,
In a region with high tt purity

Events / 20 GeV

Already measured in 2015 with 27.4 pb-1:
e at first only ey channel (TOP-16-015): ~25% uncertainty SR
e then ey, uu, e/lu+jets combination (TOP-16-023): total uncertainty of ~12%  “°$s——4—s0—s—70—s0 50700 020

Leading lepton P, (GeV)

T —
Current measurement improves precision of previous CMS measurements at 5.02 TeV:

e total uncertainty of ~9.1%

oy
[ -]

Data/Pred.

¢ e1(2017)®l+jets(2015), 5.02 TeV (L = 304 © 27.4 pb™)
wew 7TeV(L=5f -
=g I+ljlets, 7 Te(v L= 2.% fo) CMS Preliminary
¢ ew,8TeV (L=19.7fb™)
} l+jets, 8 TeV (L =19.6 fb™)
4 ey, 13TeV (L=35.9")
A l+jets, 13 TeV (L=2.2fb™

-
o
w

o = 60.3 £ 5.0 (stat) £ 2.8 (syst) £0.9 (lumi) pb = 60.3 + 5.5 (tot) pb.

(prediction : oNNLO = 66.8715 (scale) + 1.7(PDF) *13(as) pb)
using NNPDF3.1

107 | EEINNLOWANLL 10 s e
A combination with the previous measurement in the - ol O cuomsolieseors)
l+jets channel is performed: B '
e total uncertainty decreased to 7.9% I
40 WcT1s ~[[]aBmP16*

Inclusive tt cross section (pb)

|0 = 62.6 + 4.1 (stat) £ 3.0 (syst+lumi) pb|

—
o
TTTT]

| 5.02 Vs (TeV)
1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14

/s (TeV)
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https://cds.cern.ch/record/2758333

- Single top: tW channel

t g
CMS-PAS-TOP-20-002
t
b

W b W | 2016 data |

 |nclusive cross section in lepton+jets channel
CMS Preliminary 35.9 fb' (13TeV)
» Data-driven background estimation Snonf sDma ~ uchannel, 3]
£ 60000 ;—En"_"ﬂm =

BDT used to discriminate tW from leading ¢f background

B 50000 - gy

- W Z+jets
40000 - []Single top

- £ Total unc.
30000 [

Binned likelihood fit performed on BDT discriminants:
e final result calculated using all regions (with different Njets)
for both e/mu channels
e fit checked in each region individually and in combination
with signal region
. expected signal strength and associated uncertainty "l st

0 2 4 6 8 10 12 14 16 18

extracted from each fit BDT Discriminant

Events (/BDT discriminant bin)

20000 [

10000 |

-

[=]

o ©
TTT

=y

Data/Pred.

o
©
a

 Measured (expected) signal strength: e CMSewmny  359f'(13TeV)
u=124+0.18(1 =0.17) e channel, 3] -
* Cross section: £ o ;
|0tW = 89 = 4 (stat.) = 12 (syst.) pbl 3 a5 00 — N 3
0;9‘;2[\/4 =71.7x1.8 (SCale) +34 (PDF) pb gwooo
— corresponds to an observed (expected) significance of
7.4 (6.8)0 & oss ,

| - 111 11 1 11 | 111 11 | 11 1 I L1 1 .4.":
0 2 4 6 8 10 12 14 16 18
BDT Discriminant

-
21


https://cds.cern.ch/record/2759300

Top mass from ST t-channe| [zee=]

CMS-PAS-TOP-19-009

Traditionally mt measurements performed with ¢ events :
Single top provides statistically independent sample: Before and after BDT selection

10° 3591 (13 TeV 10° 35917 (13 Tev)
* enhances the range of available measurements $ F 'C'M'S'P',e',,."',,'na'w”""";'”"""_- g [ ows ey
o partially uncorrelated systematics from 77 S p me A e
measurements &0 I ‘ S
e Data-driven estimation of QCD multijet bkg or o Mo
e BDT discriminators to increase signal purity : . r . _
o Extraction of mt: X ' —
e QCD contribution is subtracted from data
* SImUIta‘neous ML flt USIng y - In(mt) dIStrIbUtlonS 100 150 200 250 300 350 400 100 150 200 250 300 350 400
m, (GeV) m, (GeV)

in 1 and e final states

e — .
e signal and bkg. rates added as nuisance parameters Postfit

distribution

3597 (13 TeV)

x10° — |
to the fit = constrained using log-normal priors Dominant syst. unc.: & [ cws praiminary _
based on unc. on respective cross sections %E? signal FSF:_ Sca'be’ s bz,
. . . olor reconnection, b- 3 "
- ) w - Dtt,tW,sch. T
e 3 separate fits performed in |+, |-, |+ final states quark had. model o

e peak region well-modeled by fit

stat + profiled syst

First mt measurement to achieve
m, = 172.13 £ 0.32 (stat + prof) 0% (syst) GeV = 172.131076 GeVl

sub-GeV precision in single top

» Masses of top quark and antiquark determined enriched event sample e e
separately by requiring positively and negatively P
charged leptons in the final state: Inm,

m, = 172.62 £ 0.37 (stat + prof) 702 (syst) GeV = 172.621 9% GeV,
my = 171.79 & 0.58 (stat + prof) 135 (syst) GeV = 171.7971% GeV.
e Estimated values of Rmt and Amt agree with unity R, = my _ 0.995 4 0.004 (stat + prof) +0.002 (syst) = 0'9951_8:882

gy - . . . —0.004
and zero within uncertainties — consistent with no Lo 035 077

22


https://cds.cern.ch/record/2759301

Mass from
multidifferential

« Normalized 3D cross sections vs m1;, y,;, N(extra jets) in

EPJC 80 (2020) 658

2016 data
@13 TeV: 35.9 fb-1

: —_ CM'S T L | L L | L L | L I35.9f'b.1l(13'.reIV)
dl|ept0n Channel g 0.2r 300<M(tf) | 400<M(tf) 500<M(tf) 300<M(tf) 400<M(ff) 500<M(tfy | © Data, dof=23
. i <400G(iV <500Ge-V <1SOOG(iV <400GeV <500GeV <1500GeV NLO
 Extraction of ag and mipole: Boasl ML WOl Mol Neol MO L N0 | e imascay
. . L — CT14, 52=61(32)
* cross sections compared to NLO predictions - M, 51058
. . 0.1 == NNPDF31, 32=41(39)
with different PDFs - HERAPDF, 23635
e simultaneous fit of PDF+ag+mpoe at NLO + HERADIS data | oosf I
" eeee Cut5, 42=35(31)
— +0.0021 1.4}
ag(my) = 0.11357; 5017 é 124
= 0.1135 = 0.0016 (fit) 0007 (model)* 0008 (param) ) 000 4 (scale) el
mP? = 170.5 + 0.8 GeV
= 170.5 0.7 (fit) =0.1 (model)fgi(l)(param) + 0.3 (scale) GeV
cmMs 35.9fb"'(13Tev) CMS 35917 (13TeV)
Most precise result on ™ <059 [N, Mt y(e)] | | | ["f.’:""":o‘f}”@l
mtpOIe from single analysis! Amt —®— ag(m,) with total unc. : m,  with total unc.
—— data unc. data unc.
— PDF unc. — PDF unc.
—— p unc. —— punc.
. S ) — ag = 0.001 .
e Constrainton PDFs: o M. . =1 oeT e L
. ‘e . 5’1.2— xg(x) u?=30000 GeV? NLO ABMP16 '@:v
* significant impact = HERA HERAPDF20 "%"g HERAPDF20 = &
on gluon PDF - cT14 - cT14 e
at large values of x -
\)\ World average [PDG2018] o World average [PDG2018] —e—i
|||||11||||1|||||l||||||""Ill"llllllllll
Dominant syst. unc.: 08»_ | 0.09 0.1 0.11 0.12 as%‘:\:) 165 170 17:‘:,ole (GeV]
JES and signal modeling ' " "
10° 102 10” 1
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jetl’ g

q b 'jet2’

S Boosted mass
X ‘ i v

PRL 124, 202001

(2020)

‘ 2016 data ‘

@13 TeV: 35.9 fb-
e Measurement of top quark mass in
H . gl | A L L DL ke gl | LI S I I BN B ~
hadronic decays of boosted top quarks in : _ cMs - :  coms
i e Simulation - Simula ]
lepton+jets channel 2t protminay 2f R Mmm
e Novel jet reconstruction technique, XCone: 1 SEETE. 1 . 3
* excellent mjet resolution of S : ok - ]
e m: extracted from normalized 77 cross 1 ,:iz;f,-‘,_-’ft‘.’;,i,. : £ o ;“f:ma,
section as function of mje: unfolded at o= T S L
H 2F . "o .+ B oL - s . .. .
particle level: 2 oo MU ) B O M
Y PR TN e T shoo T ReneaR e2era]
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
=172.6 = 2.5GeV . " . n
M © 2 large radius jets, I | 3 subjets,
= 172.6 + 0.4 (stat) £ 1.6 (exp) £ 1.5 (model) + 1.0 (theo) GeV o1 > 400 GeV | or > 30 GeV
e 359107 (13 TeV) 0.04 et 359107 (13 TeV)
my ~0.7% 20 cMS —4- Data - : CMS -4 Data i
Am, ' X ~— POWHEG i - m,=:g:.: ge:// -
15:_ B - MG5_aMC@NLO_: — 0.03— EZ:;175:5 sz .
. - = * .... ] “‘8 - l—i'—l .
e‘?g 10 ] T‘g 0.02f —
Dominant syst. unc.: — . o|§ X : ]
JES, JER, XCone jet energy 3§ L ) —lo X )
correction, signal modeling FSR, SO | 7 o1 1 el 7
color reconnection, UE tune, top N e — D —F— -
mass value) : — N
3 — gls
é’ e T BRI P ST R I L _E .E 8 = L
120 140 160 180 200 220 120 140 160 180 20 220
m;y, [GeV] My [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.202001

PLB 803 (2020)

First experimental Running Of top maSS 135263

investigation!

‘ 2016 data

e Extracted by comparing NLO predictions to @13 TeV: 35.9 fb-

differential cross section measured vs m,; in

CMS 35.9 b (13 TeV)
ey channel T 3505
. = -
e Simultaneous measurement of do,;/dm,; and N G = }  Data unfolded to parton level
mMC by means of maximum- likelihood fit = _
. . . . . . = NLO predictions in MS scheme
to multi-differential distributions 5 2501 ¢ n=p=m
e Running of m; in agreement with prediction 8 200F ABMP16_5_nlo PDF set
of corresponding RGE within 1.1 ¢ T m(m) = 162 GeV
: : - — = 164 GeV
e No-running scenario excluded at > 95% C.L. I m(m) = 166 GoV
i . . 500
uminosty, lepton'd, JES/ Based on EPJC 79
y, lep » (2019) 368’s strategy 400 600 800 1000 1200 1400 1600 1800 2000
JER and signal modeling ‘ ' m, [GeV]
e —
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
2 1.051 ABMP16_5_nlo PDF set E ABMP16_5_nlo PDF set
S - =476 GeV S C u_ =476 GeV
= T TR TR Z 1.051- M, = mPe(mt) = 163 GeV
g f -
- 1=
0.95 B :
- 0.95F
0.9 ) NLO extraction from differential ¢ ¢ . $ NLO extraction from differential ¢ °
B it 0.9 o Reference scale = 1
B © Reference scale Mo - NLO extraction fromr?nclusive o
0.85 - One-loop RGE, n = 5, ocs(mz) =0.1191 0.85 :_ 1 One-loop RGE, n = 5 as(mz) = 0.1191
B 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 B 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1
400 500 600 700 800 900 1000 200 400 600 800 1000
u[GeV] u[GeV]
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https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8
https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8

Top Yukawa coupling .t |

q t
= . 9

o Weak corrections affect cross sections at agaw order = may lead to large y = & >WW<§

r q t

distortions of ¢z differential distributions near the production threshold region gM
» Virtual Higgs exchange depends on the top-Higgs Yukawa coupling g,

2016 data Full Run2 data
ERD 100 (2019) 072007 J e orR VY PRD 102 (2020) 092013 ‘@13 TeV: 137 fb-1\
» Full kinematic reconstruction in lepton+jets channel||e Partial kinematic reconstruction in dilepton channel
o 2D likelihood fit in (M,;, Ay,s) to constrain Y, e 2D likelihood fit in (M, ,,Ay}, ) to constrain Y,
First analysis to measure Yukawa Upper limit extraction on top quark Yukawa coupling
coupling with top pair production! :
358107 (13 TeV) . 137 fb' (13 TeV)
- CMS e/u+jets, >3 jets ---- Expected E] - CMS " — Data
5[ (Channels combined) ; — Observed o sk - - SM expected
- o E -- - Simulated
4 : =
-4 f i 95% CL - 95% CL
i 3 :— Best fit Y, 95% CL upper limit 3:— Yt — 1.16+0'24
o E Expected Observed Expected Observed LN . 68% Cl: [0.8 O_O]:3§O]
- " 0 . OU, 1.
20 100003  L07:9% <162 <167 °t \ 95% CI: [0.00, 1.62]
j: 7/ Fee
- \ / 68% CL - 68% CL
00”"0.'5'”..'1""1}5"”;”'}.'5””3 R 2 25" 3
Y, Y

* More sensitive than 4t production: Y, < 1.7 @ 95% C.L.
Results in agreement between 2 channels e Less sensitive than model-dependent Higgs
26 ~ combination: Y, = 0.98 £ 0.14



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072007
http://cds.cern.ch/record/2718943?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092013

PLB 808 (2020)

Top CKM elements 125600

2016 data
@13 TeV: 35.9 fb-1

e Processes directly sensitive to [Vuwl, [Vidl, and |Vis| are considered at both the
production and decay vertices of the top quark:

SToo signal STwq signal STqo signal

e BDT discriminant trained for each category to separate signal and Category Enriched in
background processes 2j1t ST
e Multivariate discriminators used in a simultaneous fit to the 3 event gj; oy lab
categories to discriminate between STob, ST, and ST =
e CKM matrix elements extracted by signal strengths
e in SM assuming CKM unitarity (@ 95% C.L.): Vip| > 0.970
* also BSM scenarios are probed Vig|? + |Vie|? < 0.05

All results are consistent with each other
Best determination of these parameters w.r.t. latest measurements

of single top quark in Run2 First direct model-independent

measurement in single top
t-channel events

Dominant syst. unc.:
modeling
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e Asymmetry in t7 production due to NLO interference terms between ¢¢ initial states .

Top Forward-Backward

Asymmetry

e Lepton+jets events with “boosted” and “resolved” topologies

e Search for anomalies in the angular distribution of produced ¢7 pairs:

Q) ~fsym(e) + [ /_ 11 fsym(w)dw] C*Ag%(mtf)|

2016 data @13 TeV:
35.9 fb-1

anomalous chromoelectric (di) +
chromomagnetic (u+) dipole moments

o(c* > O) —o(c* <0)

AFB —

e Multi-dimensional template fit for each category

e Parameters independently extracted from a linear combination of the 3D templates

fitted to data

o(c" > 0)+ o(c" <0)

First measurement

 Values consistent with SM expectations and in good agreement with previous @LHC !
measurements like CMS spin correlation measurements in dilepton channel

35.9 fb (3 TeV)

@ T

V<LL0.8 e Median MC values CMS ;

2 % 1o
E‘ 0.6:— [ J+20 —:
0-4:_ ........... Fitted data _:
0.2 g
o E
—0.2f E
0.4 E
s ST TR I 1]
04 02 0 02 04 06
Input A

«<370.08
3
= 0.06
i

0.04

0.02F
of
—0.02f
—0.043
—0.065

35 9 fb (13 TeV)

- e Medlian MC vlalues CMS :IE

L EE R z

s [ J+2¢ - R
---------- Fitted data

-0.08 |

Ag]% = 0.04870 085 (stat) To 0o syst)l | fi, = —0.0247F

0.013 70.016
0.009 (stat) "o 011 (Sysd

35. 9 fo! (13 TeV)

6_'"'I""l""l""l """""" ]

- CMS —— Likelihood scan ]
5:_ ......... 68% CL _:
[ —— 95% CL ]
4c B
31 .
2 =
e : .
0_ ||||||| | é TENE R AN AN B AR I N
0 0.005 00100150020025003a1
o

|ld;| < 0.03 at 95% C.L. |



https://link.springer.com/article/10.1007/JHEP06(2020)146

dilepton channel

e full reconstruction of t7 system required
1 do

P dcos@idcost, 4

Polarizations

Measurement of full spin density production matrix in

1 . . : . . .
—(1 +BjcosO, + Bicos0; — qosefcoseé)

Spin correlations
e Coefficients individually probed by 1D angular distribution

e | ab-frame observables (indirect measurement)
e All distributions and extracted parameters in close

agreement with SM predictions

e Unfolded results used to constrain anomalous

Angular distributions in ¢f rest frame (direct measurement):

basis: n +

? Spin correlations

2016 data
@13 TeV: 35.9 fb-1

{k,r,n} . anti-top
ldo 1
<> beam —— = — (14 |Coef.| ) f(z
wean | =27 = ~ (14 [Coet] 2) £(x)
k / top
%10¢ CMS 359" (13 TeV)
30—
¢ Data [t other []Other .
Wttsignal [@Singlet [l Z+jets Openlng angle

Uncertainty

201

Events /0.1

between leptons

most precise
measurement

¢ |
_q
CMS 35.9 fo" (13 TeV) CMsS 35.9fb” (13 TeV) I ‘ cms 35.9 b (13 TeV)
" 05 - T T T T T T T T T |
—*— Data —+— POWHEGV2 + PYTHIA8 —e— Data —— Standard model .8 2 e Unfolded data
~ ho] I —
—#— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx] M, o -0.005 + 0.005 + 0.001 —lo r ;Z\;VZ;(;V@Z JLZYTiZ\leAs BT
- . +
—*~ NNLO calculation d e -0.004 + 0.008 + 0.000 047 ...nLo, sMm e
., = -0004£0008:0000 | F 5 L orNMOSM e
c ———t 0.300+ 0.022 + 0.031 ~ -~ NLO, uncorrelated R
Kk HH—! C__ e -0.017+£0.012+ 0.001 [~ NNLO, SM
C. e 0.081+0.023+ 0.023 c X -0.002 + 0.003 + 0.000 0.3 R i
e - T
. Cw o 0016+0013+0004 | 4 b
C. He—  0320+0012£0016
" Cya et -0.009+ 0.018 + 0.003 o2 . | | ]
Hot 0.237 + 0.007 + 0.009 ~ 1,05 mStat 1 Stat © Syst '
-D el ’ DA Cav e -0.001+ 0.017 + 0.001 ’ :
£
A .l 0.167+0.003 0.010 c, H 0.13+0.11+0.04
] A
-t C; 't -0.07+0.14+0.02 :
Am HoH 0.103 + 0.003 + 0.007 R 0 6 wm3 w2 2rn/3 5n/6 T
! b C,—Cp+Cy  ——e— -0.01£0.080.01 1A |
result + (stat) = (syst)
result + (stat+syst) + (theo)
L . . . | L . . . I . . L . | L L . . I . L L . ) - l ) I l L1 1 1 L1 1 1 l I 1 1 l L1 1 1 l L1 1 1 l 11 1 angle between
0 01 02 o °-|3 , . '0.4t/ 05 02  -0.1 0 0.1 0.2 0.3 0.4 leptons in
pin correlation coefficient/asymmetry Anomalous coupling
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

EXPERIMENT

A distribution

e Tension between data and predictions in both ATLAS (3.20) and
CMS (10)

e First ATLAS+CMS comparison @13 TeV within LHCiopWG:

* normalized cross sections at parton level

* very good agreement between ATLAS and CMS data and

between ATLAS and CMS main MC predictions

* good agreement between data and MG5_aMC@NLO with FXFX

merging (2 additional jets from the matrix element)

* fair agreement with NNLO calculation

o —~ ATLAS+CMS Preliminar _ N
g - LHGlopwG y Vs = 13 TeV (May 2020) -
hah L ATLAS, L =36fb" -
I: 04— arXiv:1903.07570 —

6 - - CMS, L =3591b" W
ST B Phys. Rev. D 100 (2019) 072002 L 5
% 0.35[— - -- ATLAS Powheg+Pythia8 o —
—|o [ ---- CMS Powheg+Pythia8 - ! i
0.3 [ _
:_"__F_-; :

=== NNLO (NNPDF3.1,p_=p_=Hy/4)

0.25— Phys. Rev. Lett. 123 (2019) 082001 |

0.2
o| 1.05F —
=(o . * .
Sz i * ﬁ # T T il
N R
L N ATLASstat. @ syst. & CMSstat. & syst. m
0'95 1 1 1 1 1

0 /6 /3 /2 2n/3 5n/6 T

Parton level |A¢(I", I)|[rad]

Data or MC
Pwg+P8 (ATLA

045 | | | |
~ ATLAS+CMS Preliminar _ 1l
- LHCtopwa y Vs = 13 TeV (May 2020) :
- ATLAS, L =36 fb _
04— arXiv:1903.07570 =
- CMS, L=3591fb" WS
B Phys. Rev. D 100 (2019) 072002 EJ N
= ATt T
0.35[— - -- ATLAS Powheg+Pythia8 o 3
[ ---- CMS Powheg+Pythia8 [—-ﬁr-— bl
03 4
- ["“"’g"”“”l ATLAS MG5aMC+Pythia8
¢ peeMed T [aMC@NLO, NLOincl]
e st o el 7]
025 — ATLAS Powheg+Herwig7 __|
B __ CMS MG5aMC+Pythia8 |
L [FxFx, 2 add. jets] =
0.2l ' | h
1 .05 | +f I I |
B S L A %f,;_:::::::::::::::;""ZZIZIII"":
0.95 [ X ATLASstat. @ syst ¥ CMSstat. & syst. * ﬂ ]
0 /6 /3 /2 on/3  5n/6 T

Parton level |A¢(I", I)|[rad]

30

CMS 359" (13 TeV)
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.8 g .5- e Unfolded data
© | — POWHEGV2 + PYTHIA8 il
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

First measurement . CMS-PAS-TOP-18-012
in tt and at LHC! B'fragmentathn
‘ 2016 data @13 TeV:

In lepton + jets and dilepton decay channels 35.9 fb -1
Lund—Bowler fragmentation function with fixed mb  cus rummyssewiaren W8 Py 5015139 s Priminay 3591 (1370 NS Prtminay 3591513 760

3 samples of charm mesons (J/y, Untagged DO, I - £ e } o [Wor +
Muon tagged DO (DOmu)) produced inside b jets w\\\ B T B
and reconstructed from the DO = K+t ¥ and J/ o
— p+- decays N e o
Signal and background contributions for each . e
2 S e s A e sroupend S o 3
meson sample: S B e, e SO B A . R S
e extracted by negative log likelihood fit on e cus Primnary 35913 eV
invariant mass distribution . Pee NS
e used to produce fragmentation proxy " e Bw
distributions xb of parent b quark . Loy Wlw o
Extraction of rb from template fit to xb distribution: =L B Wvonosor "t
e best fit value of rb determined from the 2 srecsrngrrrsograrnts, W [ Toa e
minimum of a X2 scanh over 0.655 <rb < 1.055 T e tasomiy oo T I S e

(D: Pt b Pz pf‘

Final result determined from simultaneous fit to the
3 meson samples:
e systematic uncertainties assumed to be
uncorrelated between the channels
e uncertainties are statistically limited in all
channels
Results compared with the ones obtained at the Z

charm meson pr
XB — h
XDy

| 7, = 0.858 & 0.037 (stat) = 0.031 (syst)

p0|e |n e+e_ data %mo'%(_:MS Prelimiriary 35.S_Jfb" (13 TeV) ﬁ 1ﬁ::MS Preliminar)-/ 35.9fb_‘1 (13 TeV)
* agreement between results = no evidence for s e £ EPPZZWW',’:”"BS
an environmental dependence of the 1 [pymeo =
fragmentation function oo 3
e significant improvement in experimental ooaf- e
precision ok t ‘
e PYTHIA 8 function (rb = 0.855) is also in good : o
agreement with the result presented here o ork
00_ Il0.2‘II0.4IIlO.IGIIIO.lslll% 0'GOZIIIO.|2| I IO.I4'I I0.16II I0.|8I‘l1

31 x5=p.(BYp, (o) x5p(BYp ()
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Events/bin

Data/Pred.

Lepton flavour violation

| Full Run2 data |

Single top quark production signal is added to the top decay

signal

A model independent effective field theory approach is followed
for modeling the CLFV signal: dim6 EFT operators
Vector, tensor and scalar Lorentz structures are probed

separately

eudtc and eutu LFV interactions are probed separately
A BDT is used to maximize signal sensitivity
Data are consistent with the SM predictions within the

uncertainties

We set upper limits on the signal production cross section

using the modified frequentist CLs method
Limits are translated into upper limits on the related Wilson
coefficient and top quark LFV branching fractions
These results are the most stringent limits on the top CLFV

branching fraction to date

CMS Prellm/nary

137 o™ (13 TeV)

e ¢ Daa  mmOthers E|
- oeu- 1b tw - ]
108 L35 Stat. ® syst. —— LFV-Vector (eutc) x 10
:E LFV-Vector (eutu) EE
10° = E|
10 =
10° =
e | 7 E
= | l 3
. 1IN | I n . 1 1 .
1.2
\\\\ " \\\
1 A AR B AR BRI N AN RN N
NN AN
0.8 i 1
-0.6 —0.4 —0.2 0 0.2 0.4 0.6 0.8
BDT discriminant

| Scalar []

Cou/ A [TeV?]

C

eitu

3 035 04
/A*[TeV?

Int. Cross section [fb] eytq /A% [TeV—2] Bx10°
type Exp. Obs. Exp. Obs. Exp. Obs.
Vector 7.02 6.78 0.12 0.12 0.14 0.13
[5.33,10.21] [0.10,0.14] [0.11,0.20]
(3.39,12.33) (0.08,0.16) (0.07,0.24)
Scalar 5.63 6.25 0.23 0.24 0.06 0.07
[4.79,9.38] [0.21,0.33] [0.05,0.11]
(3.75,12.12) (0.19,0.34) (0.04,0.14)
Tensor 10.01 9.18 0.07 0.06 0.27 0.25
[7.51,15.90] [0.06,0.09] [0.20,0.43]
(4.59,19.24) (0.04,0.09) (0.12,0.52)
Vector 11.21 9.73 0.39 0.37 1.49 1.31
[7.21,16.63] [0.32,0.48] [0.96,2.21]
(4.33,21.61) (0.24,0.55) (0.58,2.89)
Scalar 9.11 8.88 0.87 0.86 091 0.89
[6.58,13.10] [0.74,1.04] [0.65,1.31]
(3.54,17.41) (0.54,1.21) (0.35,1.74)
Tensor 21.02 17.22 0.24 0.21 3.16 2.59
[16.52,29.21] [0.21,0.28] [2.48,4.41]
(10.51,42.02) (0.17,0.33) (1.58,6.32)
CMS Preliminary 137 fb ( 1 3 TeV)
= 6F 95% 1,.1_ EXCLUDED REGION ----- =
X u Obs. | Exp.**| CLFV
o 5F —] e | Vector [
= F —_— e | Scalar |
0 4 B —_] e | Tensor H
& .
3f- :
e \ ]
u\n Lo \-’r 1 R S 111 TR
A 0.2 0.3 04 0.5 0.6

B(t— epu) x10°
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&=  EFTusingML ~© i

| Full Run2 data |

Probing EFT operators in t(t)Z production in multilepton final states . t

Target 3 t-Z associated production modes: CMS Prtnay __mwsres,  OMSpelmiy st CMS Polnay e s
e complementary, probe similar dim-6 EFT operators

Analysis strategy entirely optimized to search for EFT effects

Cross sections & kinematics of signals are parameterized

with WCs with reweighting procedure |
® rewe | g ht any d |Str| b ut | on acco rd | N g 'to any E FT scen ar| (@) DE P/////// ////////////////l/////b//////)////////q////////‘///////m/////ﬂﬂ ‘gE 1E/tr/////ﬂ////////#////ﬂ/m////)ﬂ/mg///////tr///////////////é/////// §E 1H ////l)//////j” ik M///////, /7////%' M/ /WW

-------------------------------------------------

0.5 0.5 0.
12345678910 12345678910 12345678 910

200F sriiz Zunc. ¢pata fhza  twz iz

tox wz v fixy  NPL tox wz Bvvv) xy | NPL

Events / bin
Events / bin

80

D
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EN
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n
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Use novel ML techniques to improve sensitivity to WCs: NN-SM output (2 node) NN-SM output (1Zq node) NN-SM output (thers node)
e NN multi class classifier trained to separate physics processes
* NN binary classifiers trained to separate SM/EFT scenarios S P tomnior it ] 5o tom e o ]
Signal extraction with simultaneous fits in 6 regions 3 bz o B e 3 ez o b B
i L 10?

e signal yields parameterized with EFT in each bin
e constrain WCs directly in the fits

Extract 1D and 5D confidence intervals at 95 % CL for each WC
e best direct constraints to date from multilepton final states on

Several WCS EE 1.0_2'21_/;\2.[?!22 - -Total prediction ] EE .g:iﬁ_/;\zrgeZZq--Total prediction
1D likelihood scan as a function of each WC (other WCs fixed t0 0) * L™ |
NN-C,,-fZ output NN-C,,-tZq output

2D likelihood scans illustrate correlations of pairs of WCs (other
WCs fixed to 0)

oo SMSPeimiay _ melusen o gm0 20 o e SEBRTN o
NS Profiled log-likelihood (Observed) : > of CMS Preliminary 8% &t 18 3 > [ CMS Preliminary ~ —— 57 & 18 3
< I Profiled log-likelihood (Expected) ] - o ¢ SM £ - 20 ¢ SM £
16 BN 68% CL [-0.45, 0.38] - o~ 1 cE % Best fit 16 g & % Best it 16
3 u I 95% CL[-0.76, 0.71] b < 1.5¢ 14 “I' < 14 ‘\Il
12F . OE 1 12 o 12
103 10 10
8f 8
6F 6
4f 4
2F 2
0

0_—1.5 -1 -05 0 0.5 1 1.5_ - —15 —1 -05 0 05 1 15 -10 -5 0 5 10 15 20
Cy/ A?[TeV? C,/ A%[TeV? Coa/ A% [TeV' 2
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" tZqcross section e

138 fb' (13 TeV)
r T T T =
400 CMS Prel:mmary 4 Data -th 3

wz N t 3
1bjet23jets LI ELNEE CMS Pre/lmlnary 138 b’ (13 TeV)

b

tZq is a probe for new physics (sensitive to top quark : et ';q (.) |D
polarization and to proton PDFs via top quark-antiquark ratio) s ! Do
Inclusive measurement: 2 Za(t}) 'r
 BDT trained in 3 signal categories based on number of T o i
jets and b-jets gofEmey | U0
e total unc. improved from 15% to ~11% i (Zay i .
Differential measurement: FrentEDTdsenminant | B
e signal region inclusive in jets and b-jets S cotansyenpshe=tananscosassronastass IR OO 0 e
e multiclass NN discrimination between : ES:‘;;?;:?:] =ZI()ISWH?T T
different backgrounds : | N jjj°£";”’"’m’yt NS
e absolute and normalized diff xsec at particle = S 2 Zavoeno, % ;
and parton level % o meawoss E } :
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tZq signal: observed good agreement between 5 ° T T T eonscore i zaoupatnode [ e
measurement and prediction ;E 1 {
First measurement of top charge ratio measuring “IE osf SOV

Parton level cos(©p,)

separately top and anti-top associated with Z 1o 1

In tZq, top quark is highly polarized: consequence of V-A Lig()t((() = 0izq (2 + Ay Jcos(t P“,))

nature of electroweak coupling— deviation could point to pol

anomalous coupling structure Prediction (for 4FS and SFS):

Measured polarization using ‘spin asymmetry’ variable
e related to diff. xsec as function of polarization angle

o fit is reparametrized to extract A directly, with full Measurement result:

likelihood and uncertainties A, = 058701 (stat) £0.06 (syst)
34

4FS __ +0.004 5FS __ +0.004
Al = 0.437 0.003 Al = 0.454 0.005
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e (Constrain main bkgs in-situ with dedicated
sidebands (data-driven estimation)
* Inclusive xsec extracted from simultaneous
likelihood fits in 12 SRs and 34 CRs
o Differential cross section measured as a
function of pT(y), In(y)|, and AR(l, y), unfolded
to particle level
* Profiled maximum likelihood scan on Wilson
coefficients
CMIS Prelilmin:erryI _ . .137.fb'1 (113 T?V)
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Data set | Wilson coefficient 68% CL interval 95% CL interval
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ttjj+ttbb production

2016 data

* Dilepton: 2 e/u + =4 jets (=2 b-jets)
* Single lepton: 1 e/l + =6 jets (=2 b-jets)
e Extraction of cross sections / ratio from max likelihood
binned fit in VPS independently for the 2 channels
* extrapolated to FPS using acceptances from MC
* Oobs(ttjj) and Robs higher but consistent with
diterent MCs |, (7j]) = 0, (71j]
cms _ CMs
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Full phase space (FPS)
p‘:' > 30 GeV

2016 data
PLB 803 (2020) 135285

Full hadronic: =8 jets (=4 b-jets)
Data fitted with profiled ML technique
Predictions underestimate measurements by a 1.5 -

2.4 factor (1-2 0)

Consistent with previous results

Fiducial,

parton-independent (pb)

Fiducial,
parton-based (pb)

Total (pb)

Measurement

+0.5
1.6+£0.1%05

+0.5
1.6+0.170%5

1.6
5.5+03%]3

POWHEG (tt)

POWHEG (tt) + HERWIG++
MADGRAPH5_aMCc@NLo (4FS ttbb)
MADGRAPH5_aMC@NLO (5FS tt+jets, FXFX)

1.1+0.2
0.8+£0.2
0.8+£0.2
1.0+0.1

1.0+0.2
0.8+0.2
0.8+0.2
1.0+0.1

3.5+£0.6
3.0£0.5
23+£0.7
3.6£03

Dominant syst. unc.:
b-tagging, JES, ISR

POWHEG +

PYTHIA8

MG_aMC@NLO +
PYTHIA8 5FS [FxFx]

POWHEG +
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HERWIG++

Dominant syst. unc.:

b-tagging, quark/gluon likelihood,
renorm. and fact. scales, MC stat.

cms

35.9 fb™ (13 TeV)

ttbb all-jet

ti+jets:
POWHEG +
HERWIG++

tt+jets:
MG5_aMC@NLO +
PYTHIA8 5FS [FxFx]
ttbb:
MG5_aMC@NLO +
PYTHIA8 4FS

tt+jets:
POWHEG +
PYTHIA8

| Measurement
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https://link.springer.com/article/10.1007/JHEP07(2020)125
https://www.sciencedirect.com/science/article/pii/S0370269320300897?via=ihub

ttcc production 207 e

) 41.5f" (13 TeV) 415" (13 TeV)
§ 1075 cms + Data  MC stat. unc. £ 10F cms $ Data i MC stat. unc.
* ¢, b, and t quarks require jets and heavy flavor tagging g 1¢f Beforectagang  gif  gal 2 10° mis W
(new c-tagger) & 10 S siget WOV & et DY
e improved ML techniques for HF tagging (DeepCSV) 124 e :‘; e
e c-tagger shape calibration using NN discriminants 1 \?
e Selection and reconstruction of tt+HF topology with 10 10
jet-parton match: L L
e pick best permutations from NN -> clear go ettt O R W P———
improvement in matching efficiency 0'50_. 01 02 03 C(J)\.IlisL%isscr?r.r?ingfgrfior.sst ag.é; 'et1 07 075 0F 085 09 peor.r?]fa o
e ML classifier trained to differentiate tt+HF categories Cosl — ___P() N
(ttbb, ttbL, ttcc, ttcL, tiLF, tt+other) P(c) + P(udsg)’ omS Simuation - B £},
e clear separation between the ttbb, ttcc and ttLF ~ CvsB= 55+ PIZ](DC)) Ee) ﬁ S I
contributions SN o ~ |
e Simultaneous fit of event-based NN discriminators in B | - | I
ee, mumu and emu channels o — — — =
e 2D distributions will be unrolled to 1D histogram -> 4x4 oaf " 1 e =
binning results in 16 bins with varying flavor composition SN SRR YT SEEE
e systematic uncertainties as nuisance parameters in the fit o | 11
» scaling factors represent the signal strength and are SR e 0" e
related to the cross section 5 = BXNTE e .
Lintxe A ® A - [0,0.45,0.6,0.9,1.0] ®[0,0.3,0.45,0.5, 1.0]
e Some tension observed but overall agreement within 1-2 e CNS 41517 (13 TeV)
sigma with Powheg predictions: o P e e
e ttbb comes out higher, ttcc and ttLF come out a bit P(tiee) + P(tBD) & (b ¥ o0 M M
lower in the data AS = P(tfcg )(:t_cligthL) - WL [ tiother
* Rcis in very good agreement with theory prediction o
* |largest tension observed for Rb ) 11°;
Dominant syst. unc.:
Jet energy scale, c-tagging calibration, 1
renormalization and factorization scales glo 1[I oS e mRAISS SO
in ME, matching ME-PS (hdamp) Y r::r'nbel'e
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