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The top quark in the standard model (SM)
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e [op quark is the most massive elementary particle

—
o
w

NNLO+NNLL, PDF4LHC21 (pp)

= High relevance for EWK symmetry breaking (—=BSM)

B NNLO+NNLL, PDF4LHC21 (pP)
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e High production rate at LHC

Inclusive tt cross section [pb]
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— High precision SM measurements, e.g. for ox
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s Cross section measurements are a powerful probe of
— Perturbative calculations 10
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— Modeling and Monte-Carlo (MC) generators

= And have a high importance as backgrounds for searches ;Z '1 — _&#
a 0.9 —
— Portal to beyond-the SM (BSM) physics e ——
(s [TeV]

‘ Direct
production  “SEAEHT = This is not yet-another “13 TeV" summary talk:

1 — LHC Run 3 is here!
gSMEFngSM_FEZCi@i | .3
i — Looking into 13.6 TeV and 5.02 TeV pp data
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Measurements at 13.06 TeV

e (Early) LHC Run 3 measurements are important:

Testing new data and experimental calibrations
Validate agreement of theoretical predictions with
measurements

s the modeling of Monte-Carlo simulation still good?
Does the cross section evolve as expected with Vs?
Important for SM physics but also searches!
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e Important backgrounds

e CMSrecorded ~85 fb1 of Run 3 data
34.7 fb1for 2022 e
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e \ery first Run 3 measurement:
Small subset of data (1.2 fb-1)

nclusive tt cross section
_epton+jets + dilepton channels
n-situ efficiency constraints
ot = 881 + 23 (stat. + syst) + 20 (lumi) pb
~3.5% rel precision
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https://link.springer.com/article/10.1007/JHEP08(2023)204

tW cross section at 13.6 TeV CMS-PAS-TOP-23-008

e First single top measurement at Run 3 t . t
s  Data collected in 2022, 34.7 fb1 ° %/
At >
e Based on previous measurements b
= |nclusive and differential with full Run 2 ) /.\\ W ) -

JHEP 07 (2023) 046]
g t q t
y g b q b

s |nclusive. [CMS-PAS-TOP-19-003] and
differential [JHEP 10 (2018) 117] partial Run 2

e Challenges:

» ttis the dominant background

. : CMS Prelimi 26.7fb~1 (13.6 TeV)
= NLO interference between tW signal £ [ odearcrciodn ]l T 1 [
: 1.4F B b jet SF (L WP) + (stat @ syst)
and baCkgrOund bj’etSF(MWP)i(sta:;gyst)
Diagram removal (DR) and subtraction (DS) S A ek e

1.2

e Measurement performed using leptonic final state:

= Two leptons (1 electron and 1 muon) - opposite charge
= At least one jet 0|

— b-jet identification using new Run 3 algorithm L e e we W i
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tW cross section at 13.6 TeV

e Separate strategy for inclusive and differential
measurements:
= |nclusive measurement using likelihnood fit in
— Signal regions (SR): 1j1b, 2j1b
— And control region (CR): 2j2b
s Differential measurement in high-purity 1j1b SR
plus no additional jet w/ pt [20 GeV, 30 GeV]

— Using TUnfold after background subtraction

For 6 observables:

= - —

J, jet)

L —— =

Leading lepton pr

0z(e,
- Jet oT m(e, U, jet)
Ad(e, ) mT(e, Y, jet, ppmiss)
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tW cross section at 13.6 TeV

Exploit multivariate analysis (MVA) methods for

8 varlabtes |
kinematic variables
such as prand m

| l vs. back d discriminati
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tW cross section at 13.6 TeV - Inclusive CMS-PAS-TOP-23-008

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.) CMS
Fit constraint (exp.) +1o impact (exp.) -1o0 impact (exp.) Preliminar
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Observation: 84.1 * 2.1 (stat) *9-8_40.> (syst) * 3.3 (lum) pb
Prediction: 87.9 *20_,4 (scale) + 2.4 (PDF+as) pb

V\ Kidonakis, Yamanaka @ aNs3LO

~13% rel. precision

e Dominated by systematic uncertainties
JES and b-jet identification
= Nonprompt background estimate
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t\W cross section at 13.6 TeV - Differential

Leading lepton P, (GeV)
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e Comparing unfolded data to: o
= Powheg (PH) interfaced with Herwig 7 (H7), Pythia 8 (P8)
» aMC@ANLO interfaced with P8
= Comparing DR and DS schemes o
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t\W cross section at 13.6 TeV - Differential
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Top quark pair production at 5.02 TeV

e 5.02 TeV pp measurements important as reference for
PbPb analyses, but also as SM standard candle

e Using 2017 data, 302 pb-?

e Analysis extends existing measurement (dileptonic) with a

lepton+jets measurement [JHEP 04 (2022) 144]

= 1 lepton (electron or muon)
s At least 3 jets
m  prMiss from neutrinos

= |ntroducing several event categories
— 90% purity in 3j2b and 4j2b

e Profiting from low number of simultaneous bunch-
crossing (PU~2)
s But trade-off with low statistical power ~O(3000) events

26.03.24 | Sebastian Wuchterl

700-
600 -
500 -

C 400+

L 300-
200 -

100 1

Data / Pred.
= =
o

o
Ul

PAS-TOP-23-005

CMS preliminary

302 pb~! (5.02 TeV)

G
tw

Z\

¢ Data

B t channel

XXX D
XXX
QAR

. WHjets

ERKK

B Drell-Yan A?:(/:Q: Pre-fit
QCD
XX Unc.
: XK -
e + |ets K AAXAX U+ jets
J K H

AN A A A

RS

U o

KA QGRS

GRHKRIHIILS QIS

O 0000200030 0002020205000 CXHHIIHKIL
IR IR0 920 202024202020 00 20202020 02020 00 900203 020202020 0%

5
X
%
5

"
o3
9%
8

oooooovooovnowwo0000o‘o‘o‘o“‘o‘o‘0‘0‘0‘0‘»‘0‘ -
RRRRIRIHKRIELRLIXNA RRRRIRIBLKHKLRIRS
02020202 EKS
1
|
O O O O O ®) ®) O
= — N N — ) N o
mM < m < mM < M <<

@\
15


https://arxiv.org/abs/2112.09114
https://cds.cern.ch/record/2895219?ln=en

Top quark pair production at 5.02 TeV

e [0 overcome the limitations:

— Use a MVA |

n form of a random forest! (only in 3j1b region)

= 8 Input variables: kinematic and angular variables

— Dedicatec
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importance study performed
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https://cds.cern.ch/record/2895219?ln=en

Top quark pair production at 5.02 TeV

e Fitting the MVA output and ARmed(jj) in 2°27 bins
s Categorised in lepton flavour, jet, and b-jet

multiplicities
= Sensitivity to object efficiencies and
uncertainties
e Total uncertainty ~ twice stat. uncertainty
=  Modeling & object efficiencies of equal

—e— Fit constraint (obs.)
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Muon efficiencies : b -o

2 -1 0 1_ 2 -002-001 0 0.01 0.02
(0-6,)/A0 AT

Luminosity uncertainty externalised
61.4 * 1.6 (stat) *27_,6 (syst) £ 1.2 (lum) pb
~5% rel. precision
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PAS-TOP-23-005

Top quark pair production at 5.02 TeV

CMS Preliminary

0. summary,Vs =5.02 TeV  March 2024
NNLO+NNLL PRL 110 (2013) 252004 C

"""" m,,, = 172.5 GeV, o,,(M_) = 0.1180.001 —t——t
. . . scale uncertainty total stat
e Combine the result with a previous scale® PDF® ag uncertainty o= (stat) = (syst) = (lumi)

measurement in the dileptonic channel.

: : g\l/\l/éSF;AeSﬂgtszs 005, L =302 pb’ Fre- 01.0+2.7+3.3=1.2pb
= Using same data, do a combined fit R
: : 8\2@5&1%2—23-005 L =302 pb’ Fre-+ 61.9+2.1+28=1.2pb
= Largely dominated by l+jets result because of B dteilie bl —
o | , CMS, I+jets . HeH 61.4=1.6+27=1.2pb
ow statistical power in dilepton final states | CMSPASTTOR 23005, by, =029
- CMS, eu _ h—e—H 60.7 + 5.0+ 2.8+ 1.1 pb
ﬂ JHEP 04 (2022) 144, L =302 pb’ :
. | CMS, combined . HeH 61.2+ 1.6+ 25+ 1.2 pb
e |Improvement wrt. previous CMS l‘ CMS-PASTOP-23.005, L, =302pb" ¢ -
ATLAS, (ee, uu, eu) —a— 65.7+ 4.5+ 1.6+ 1.2 pb
measurements: JHEP 06 (2023) 138, L =257 pb’
: ATLAS, I+jets p |—H—| 68.2+0.9+29+1.1pb
n |+ets13% = 5% [CMS-PAS-TOP-16-023] JHEP 06 (2023) 138, L, =257 pb
ATLAS combined :
: : o o ) ; Hat 67.5+09+23+1.1pb
- Dllepton ++jets 8.4% 2 51 % TP OO ORI, By =EeTeR | PDF4LHC21 4.Phys G 49 (2022) 080501
:CMS—PAS—TOP—ZO—OOA.: | NNPDF4.0 EPJC 82 (2022) 428
. . 7 . . MSHT20 EPJC 81 (2021) 341
e Systematic uncertainty compatible with ATLAS o 'F CT18 erotGenovra |
20 40 60 80 100 120
o, [Pb]

61.2 16, 5 (stat) *26.; 3 (syst) * 1.2 (lum) pb

~5% rel. precision (/\
13
15
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https://arxiv.org/abs/1711.03143
https://arxiv.org/abs/2112.09114
https://cds.cern.ch/record/2895219?ln=en

tt cross section as a function of time

e Search for Lorentz violation in SM extension (SME) (EF
e Reference frame is sun-centered frame — Measure as f

s Cross section becomes modulated as function of ST

e Challenge: Need to estimate systematics as function of ST (and correlation) EFT interpretation:

s Great chec
e |ikelihood fit

< of understanding of modeling! (Not time integrated)

to extract of——

-framework)
unction sidereal time (ST)

Recently submitted to Phys. Lett. B:
arXiv:2405.14757

' Most stringent to-date, factor ‘
20-100 improvement!
No deviation found.

CMS 77.8 b (13 TeV)“ ~» CMS 77.8 " (13 TeV)
T g
%giﬁgfe top quarkB000 = 2017 E 1.08 5 Stat. N
Z\é\i?ggson so00 =~ 1 | 1] Hﬂﬁﬁ BIH “n 1 — 1 060 — SM expectation -
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http://arxiv.org/abs/2405.14757

CMS

Summary

CMS Preliminary
Oz summary,Vs =5.02 TeV  March 2024

NNLO+NNLL PRL 110 (2013) 252004 —_— 1
....... m,,, =172.5 GeV, o, (M ) = 0.118:0.001 tal stat

e [op quark cross section measurements are important tests of the

Sta n C a rd m Od e l: (C:m.séAesﬂgts-zs-oos, L =302 pb’ | i 61.0+2.7+3.3= 1.2 pb
. . . . gl\ll\lg-SI;AMStjreOtF?QS-OOS, L =302pb Hre+ 619221=28=12pb
s Confronting predictions and MC modeling cusis el etastes27-120
CMS, eu 1 p—o—1 60.7+ 5.0+ 2.8+ 1.1 pb
JHEP 04 (2022) 144, Lint =302 pb
= Standard candles and background for BSM searches .
CMS-PAS-TOP-23-005, L =302 pb” : T
JAHTEII.DAC\)?( 2((;2) ;:312 eL:)= 257 0 ||_._u 65.7+4.5+1.6=1.2pb
ﬁ&ﬁ};}k 2!5';?;?38, R |-|-|-| 68.2+ 0.9+ 2.9 1.1 pb
ATLAS combined |-|-|-| 67.5+ 0.9+ 23+ 1.1 pb

e New results at 13.6 and 5.02 TeV (tW and tt)

PDF4LHC21 J.Phys.G 49 (2022) 080501

NNPDF4.0 EPJC 82 (2022) 428

e Time-dependent cross-section at 13 TeV L] wsHmeo croernen e

: CT18
[ | | [ 1 | | I | | F -’- IPl:}D1(I)3(2P21)I014P13I | I

20 40 60 80 100 120
o, [pb]
e Conclusions: < 100 WIS Prefiminary :
L Lo o ot 15015, AL 15 otk satans -
=  Combination of individual results and channels are useful g O e ) et o -
, . S ol ®en(136TeV, 347 fb), CMS-PAS-TOP-23-008 _
=  Most results in good agreement with the SM = " :
% wl -
= Avallable LHC Run 3 data will give rise to more opportunities R :
20:— -_ agN;Ot,aNSIEk,; )PE)Z4L|-|80310((F))§)’ JHEP 05 (2021) 278—:
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tW cross section at 13.6 TeV

Fiducial region
Observable Requirement
Number of leptons >2
Leading lepton py >25GeV
Invariant mass of all dilepton pairs >20 GeV
Number of jets 1
Number of loose jets 0
Number of b jets 1
Variable PHDR+P8 PHDS+P8 PHDR+H7
Leading lepton pt 0.96 0.98 0.96
Jet pr 0.96 0.97 0.97
Ap(e*, uT)/n 0.94 0.94 0.93
p, (e, uT, ) 0.96 0.96 0.96
my(e*, uT,j, piss) 0.78 0.75 0.79
m(e=,u¥,q) 0.95 0.93 0.95

26.03.24 | Sebastian Wuchterl

p-values
Variable aMCDR +P8 aMCDR2+P8 aMCDS+P8 aMC DS dyn. + P8
Leading lepton py 0.94 0.96 0.95 0.96
Jet pr 0.96 0.98 0.97 0.99
Agp(e®, u®)/n 0.93 0.93 0.94 0.93
p,(eX, ut,q) 0.96 0.96 0.96 0.96
my(e*, uT,j, priss) 0.80 0.77 0.80 0.79
m(e=, u¥,j) 0.96 0.95 0.96 0.96
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Top quark pair production at 5.02 TeV

e Combine the result with a previous

measurement in the dileptonic channel.

= Using same data, do a combined fit
= [ argely dominated by [+

26.03.24 | Sebastian Wuchterl

ow statistical power in ¢

ets result because of

Ilepton final states

PAS-TOP-23-005

—e— Fit constraint (obs.) —— +10 impact (obs.) —— -1o impact (obs.)
Fit constraint (exp.) +10 impact (exp.) -1o impact (exp.)
CM ": — 0.88+O'04
-0.04
TE———— ,,'_-._,_.,, ........ ,,
MC stat. in dilepton analysis ’ o
ME and PS matching (hg,,,) -—o—-
Trigger efficiencies o
Final-state radiation L 0
JES-L3 Residual 0
L1 prefiring -——o——- ‘
JES-Flavor 0
MC stat.inbin20fe_3fib| | | i
W+Jets normalization -—0—-
tW normalization 0
MC stat. in bin 0 of e_3j1b ’ 3 .
JES-Relative Bal ’ t —
Muon efficiencies . 0 . -—-—-
Electron efficiencies = — P
—12—11(1)‘1121 _0..01 0 o
(0-6,)/A6 AT

61.2 16, 5 (stat) *26.; 3 (syst) * 1.2 (lum) pb

(TJ
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tt cross section as a function of time

Normalised diff. cross section Uncertainties
CMS 77.8 b (13 TeV) CMS 77.8 b (13 TeV)
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tt cross section as a function of time

SME extension fit SME constraints
CMS simulation 13 TeV CMS 77,8 1b (13 TeV)
EIME m_odel ) : 2016 2017 : CL,XX=_CL,YY — | T T 1 | T T 1 ! I B E— | T T T [ T 1
;xfxCL,xx—‘CL,YY—O-m 101 . 3 ] C —C — : : : . == 68% CL —]
#HC| xy=Cp yx=0.01 L : — LAY LYX _-.-_ — 95% CL —]
C, xz=C_zx=0.01 B — CL,XZ=CL,ZX B : : _-'—.—_ : ; .
CLrz=0zv=001 N CLyz=CL 2y ' e ———
1.005 —= U Crxx™Cryy B ——— .
= — CrxY~CR yx ———— .
o N Crxz=Crzx | — i
< _ Cryz=Crzv | —_—— T
TR } ;
> ﬁr Cxx="Cvy —
@ Cou=Cuv | ——— B
== | XY YX | : ]
< - Cxz=Czx | — e N
0.995 |— c.,=C,, S N
| dyx=—0yy | "‘" _
B Ouy=Oyx | — _
0.99 |— dy,=0yy | — A
: : dYZ:dZY | | | | | | | | | | | | | | | | | | | | | | | |
- 4
01234567889 -0.02 -0.01 0 0.01 0.02

Wilson coefficient value

— ’ 20
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SME uncertainties

tt cross section as a function of time
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Uncertainty correlations

Correlation Correlation

tt cross section as a function of time

— Systematic uncertainty source 2016-2017  time bins Magnitude
. Flat luminosity, year-to-year correlated part 100% 100% 0.6-0.9%
Event ylelds Flat luminosity, year-to-year uncorrelated part 0% 100% 0.9-1.4%
Time-dependent luminosity stability 0% 100% 0.2-0.4%
Process 2016 2017 Time-dependent luminosity linearity 0% 100% 0.2-0.4%
tt SM 169500 + 6100 196 000 = 7300 Time-dependent pileup reweighting 100% 100% 0.3-5%
TV 460 -+ 60 540 + 70 T1.me—dependent trl'gger effl'c1.ency, syst. component 0% 100% 0.5-1%
. Time-dependent trigger efficiency, stat. component 0% 0% 0.5%
Single top quark 8 500 £ 1600 9900 £ 2000 1 ECAL fimine shift 00 0 0.5
D1b(.)son 700 = 150 650 =130 Electron reconstfuction 100% 0% 0.4%
Vjets 2100 = 500 2300 =+ 600 Electron identification 100% 0% 1.2-2.2%
Total background 11700 4 1700 13 404 4+ 2000 Muon identification, syst. component 100% 0% 0.3%
Total MC 181000 + 6700 209 000 =+ 8100 Muon identification, stat. component 0% 0% 0.5%
Muon isolation, syst. component 100% 0% <0.1%
Data 168282 203 584 Muon isolation, stat. component 0% 0% 0.2%
Phase-space extrapolation of lepton isolation 100% 100% 0.5-1%
Jet energy scale, year-to-year correlated part 100% 0% 0.8%
E FT resu I'ts Jet energy scale, year-to-year uncorrelated part 0% 0% 1.4%
Parton flavor impact on jet energy scale 100% 100% 1.1%
Wilson coefficient Others fixed to SM Others floating b tagging 0% 0% 2—-4%
x 10 SM expected Observed SM expected Observed Matrix element scale * 100% 100% 0.3-6%
cxx = —Cryy [—0.96;0.96] [—0.9; 1.03] [—0.96; 0.96] [—0.9; 1.03] PDF+ag ' 100% 100% 0.1-0.4%
CLxy = CLyx [—0.97;0.97]  [-1.92;0.0] [-097;097]  [-1.94; —0.02] Initial- & final-state radiation scale ' 100% 100% 1-5%
CLxz = CLzX [-3.23;3.23] [-0.97;5.49] [—3.23;3.23] [—-0.92; 5.54] Top quark py 1 100% 100% 0.5-2 5%
‘Lyz = CLzy [—3.24;3.24]  [-4.61; 1.85] [—3.24;3.24]  [-4.64; 1.82] Matrix element to parton shower matching * 100% 100% 0.7%
CRXX = —CRYY [—1.7;1.7] [—1.65;1.77] [—1.7;1.7] [—1.66;1.76] Underlying event tune " 100% 100% 0.2%
CRXY = CRYX [—1.71; 1.71] [0.09; 3.5] [—1.71; 1.71] [0.12; 3.52] Color reconnection 100% 100% 0.3%
CRXZ = CRZX [-5.78;5.78]  [—9.36; 2.2] [—5.78;5.78]  [—9.45;2.11] Top quark mass * 100% 100% 0.5-3%
CRYZ = CRZY [=58;5.8] [-3.82;7.76] [=58;5.8] [-3.77;7.82] Single top quark cross section 100% 100% 30%
Cxx = —Cyy [-2.17;217] [-1.76;2.62] [-2.17;2.17]  [-1.83; 2.55] ttV cross section * 100% 100% 20%
Cxy = Cyx [—2.18; 2.18] [—4.23; 0.17] [—2.18; 2.18] [—4.31; 0.09] Diboson cross section ' 100% 100% 30%
Cxz = Czx [—7.21;7.21] [—1.49;13.07] [—7.21;7.21] [—1.29; 13.27] V +jets cross section T 100% 100% 30%
Cyz = Czy [—7.24;7.24] [-11.05; 3.38] [—7.24;7.24] [-11.21;3.28] tt cross section * 100% 100% 4%
dyvx = —dvyy [—0.61; 0.61] [—0.6; 0.63] [—0.61; 0.61] [—0.59; 0.64] Single top quark time modulation * 100% 100% 2%
dxy = dyx [-0.62;0.62]  [-124; -0.01] [-0.62;0.62]  [-1.25; —0.02] MC statistical uncertainty 0% 100% 0.1-1%
dyy =dzx [—2.07;2.07]  [-0.68; 3.46] [—2.08;2.07] [—0.65; 3.49]
dyy; = dzy [—2.08; 2.08] [—2.9; 1.25] [—2.08;2.08] [—2.92;1.23]
— 22
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tt+bb production at 13 TeV

mportant process

for searches and SM
measurements, eg.
ttH(bb)/tttt

= Very challenging

to model
= important test of

PQCD and PS

Stat. unc.

>5jets: 23b |, 4 4
>6 jets: >3b, >3 light |- . !

> 6 jets: >4b | A

+
Vr

x |

>7 jets: >4b, >3 light | A

Syst. + stat. unc. |

* i ]
—lo— 7

-|-_"‘:I |

\ \ ! \ \ \
1.0
pred; _obs
Ofig /Ofig
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CMS

138 fb~! (13 TeV)

52 | Powheg+OL+P8 tiob 4FS Sherpa+OL tibb 4FS
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© i - - -
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No generator describes both the inclusive

and differential cross sections
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Recently published:
JHEP 05 (2024) 042

138 fo-1 (13 TeV)

—i
o

B . Powheg+OL+P8 ttbb 4FS Sherpa+OL ttbb 4FS
(Mr=zIIm{* ur=1Lmr) (MR=TImy*, pp=1Lmy)
B * Powheg+P8 tt 5FS (“R/F = mT) v MG5_8.MC+P8 tbe) 4FS (UR/F = ZmT)
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Phase space: 25 jets: 23b

Most precise tt+bb measurement!
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New physics via EFT

e Simplified description of the investigated system
e Robust within a limited region of validity
e Historical example: electroweak decay (Fermi)

e Standard Model effective field theory (SMEFT)

= Dimension-6 operators parametrize new physics

= 50 Up to 2499 independent operators

SM

EFT

Direct search Indirect search  New physics

resonance continuously manifesting
A bumps increasing beyond collider
. deviation from : energy

SM prediction

>
Energy scale O TeV)

Dimensionless Wilson coefficients

——

ZLsuerr = Lsy + EZ ¢,0;

e i

Higher order EFT operators

New physics scale



