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Top Quark Production Cross Section Measurements

tt+X = Top pairs produced with additional bb/cc/Z/W/y e e
Probe of QCD and EW physics
Why?

Entering precision measurement era:

fid. ¢+jets

0 q q q g ttW ttz tiH  tty  tZj 4t
e Differential comparisons with latest theory predictions :

e  Effective field theory (EFT) interpretations — anomalous couplings .



EFT i Brsad dlishen

Energy frontier (LHC)
Treat the SM as a low-energy approximation of a more
fundamental theory
Construct effective lagrangian

Incorporates effects from new physics at higher scales

H 1 '%__N
Constrain couplings/rare processes

v Wilson Coefficients aka WCs

Cd S EFT operators: products
J— Od a_nd derivatives of SM
e i < fields

- : . BSM effects: incorporated in
I d,l \ P

— __momentum expansion




Overview

Measurement Final state(s) Int. Luminosity Journal Ref.

tt+p Single lepton 137 fb" arXiv:2107.01508

ttay Dilepton 138 b CMS-PAS-TOP-21-004 %
Direct EFT search in t(t)Z 3, 4 leptons 138 fb™" arXiv:2107.13896 %

Dilepton 41.5 fb! arxiv:2012.09225

I’'ll add a few comments of my own



https://arxiv.org/abs/2107.01508
https://cds.cern.ch/record/2781609?ln=en
https://arxiv.org/abs/2107.13896
http://arxiv.org/abs/2012.09225

Dominant systematics: b-tagging,
JES, tt modelling




tt+cc

fid

|
- measurement!

Incredible precision on subsidiary o

First measurement of o, __ in dilepton channel along with o, , 0., - and R(ottCC/bb/ottﬂ)

tt+cc vs bb & LF discriminators
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415" (13 TeV)
CMS Preliminary * bestfit % Powheg
L. fid Fiducial phase space — g% CL 4 MG5_aMC@NLO
19% precision on g, " e 95% CL

(o) il fid
15% precision on o,

Fit 2D templates

Over(under) prediction
of ttcc(ttbb)


http://arxiv.org/abs/2012.09225

Dominant systematics: non-prompt
lepton bkgd estimate, theoretical




% Direct EFT Search in (t)Z CMS Preliminary 138 b (13 TeV)
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re SRtz /Unc. tData flizq  twz iz
Direct EFT search in 3 & 4 lepton final states E, tox ‘wz v Ixy | NpL
C
; . c c ()]
Targgt of t-Z interaction (least constrained by available 2 Good agreement
data in top sector) with prediction

Pioneering work on EFT MVA techniques

Multiclass MVA (itZ,"/q,other) + NNs target
specific EFT effects!
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C,, /A? [TeV?]
—1.5 —3 —ttZ -~ Total prediction

SM+EFT
SM

NN-C,,-ttZ output

Stronger anomalies = stronger response.


https://arxiv.org/abs/2107.13896

gjwe& Direct EFT Search in t(t)Z

EFT NN distributions used as input to several fits in SR + CRs

Extract confidence intervals for 1, 2 or 5 WCs simultaneously

1 —ge
138fb™ (13 TeV —_ 959
381fb™ ( ev) "

CMS Prelimina % Best fit

138 fb ™' (13 TeV)

Profiled log-likelihood (Observed)
Profiled log-likelihood (Expected)

Large improvements due to
machine learning methods!
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Agreement with SM extremely good!
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https://arxiv.org/abs/2107.13896

Dominant uncs: Signal/bkg modelling,
photon ID
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CMS: tt+y (single lepton)
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Use gen. matching to
define prompt y

Tincl = 800 + 46(syst) 4 7(stat)fb

~6% precision.
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Shapes generally well described!
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e B Hadronic y/fake E= Other

Uncertainty
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CMS Preliminary
— T T T

137 fb ' (13 TeV)
U T

—— Total Uncertainty
—— Stat. Uncertainty
Theory Uncertainty

e+jets

utjets

l+jets

Good agreement!

Total

+0.075
-0.072

+0.063
-0.061

+0.060
-0.058

(Stat  Syst)

(+0.014 +0.073)
(-0.014 -0.070)

(+0.011 +0.062)
(-0.011 -0.060)

(+0.009 +0.059)
(-0.009 -0.057)
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https://arxiv.org/abs/2107.01508

CMS: tt+y (single lepton)

p.(y) fit performed at BSM points defined by varied
Wilson coefficients values

CMS Preliminary 137 fb "' (13 TeV)

CMS Preliminary 137fb ' (13 TeV)

log-likelihood ratio (observed)

log-likelihood ratio (expected)

68% CL (observed) [-0.35, -0.16], [0.17, 0.35]
95% CL (observed) [-0.42, 0.42]

log-likelihood ratio (observed)
log-likelihood ratio (expected)
68% CL (observed) [-0.35, -0.16]
95% CL (observed) [-0.42, 0.38]
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CMS Preliminary 137 tb ™ (13 TeV)

Standard model ——— 68% CL
Best fit ——— 95% CL

SM pred. Within 95% confidence
interval of data.

e 1D confidence intervals strongest individual measurement to date!
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https://arxiv.org/abs/2107.01508

Inclusive

Differential

Data / pred. Events / bin

Fiducial cross section [fb]
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CMS: tt+y (dilepton)

138 fb "' (13 TeV)

CMS Preliminary

Zy
Single-t+y
N Other+y
8 Nonprompt y
¢ Data(1e, 1)
[ZZZZ3 Syst. uncertainty
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p.(y) [GeV]

138 fb~ "' (13 TeV)

! Data
— MG5+Pythia8
[777] Theory unc.
¥2/dof=7.27/6 -
MG5+Herwig7
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-
o
o

250 300
p.(y) [GeV]

Use gen. matching to

define prompt y

Fiducial cross section [fb]

Pred. / data

CMS Preliminary

CMS Preliminary

138 fb~ " (13 TeV)

®  Measurement

Combined | 174.577 (stat) " (syst) fb —®— e Stat. unc.

- Stat.+syst. unc.

+56 +8.1
U | 172.27 (stat) i (syst) fb
el | 173.8%; (stat) :o’ (syst) fb

+6.3 +10.2
17735, (stat) ¥ (syst) fb

Comparison with 2
cross-section predictions (chi2

and theory unc. for pythia8)
-

138 fb~ ' (13 TeV)

i Data
—— MG5+Pythia8
[777) Theory unc.
%2/ dof=10.44/7
MG5+Herwig7

Many more unfolded photon,
lepton and jet kinematic
distributions in paper

AR(y, ?)
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https://cds.cern.ch/record/2781609?ln=en

CMS: tt+y (dilepton)

1D and 2D scans of negative LL value for two W.C’s e L
. h - - Combination with |+jets = best
CMS Ppreliminary 138 fb™ (13 TeV) CMS Ppreliminary 138 fb™ (13 TeV)
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Dilepton result Dilepton result

Profiled log-likelihood (observed)
Profiled log-li (exp
Observed 68% CL [-0.44, 0.36]
Observed 95% CL [-0.55, 0.50]

Profiled log-likelihood (observed)
Profiled log-li P
Observed 68% CL [-0.40, 0.01]
Observed 95% CL [-0.51, 0.50]

-2A InN

CMS 77.5 fb! fiz

JHEP 03 (2020) 056
CMS 138 fb! ffZ & tZq
arXiv:2107.13896
individually / marginalized

CMS 137 b tfy (f+jets)
arXiv:2107.01508

CMS 138 fb™" tfy (dilepton)
dilepton only (this result) /

N Ll UL S sl 1, GRNER |u__;./“|...|...|.. combined with {+jets

08 06 04 02 0 02 04 06 08 1 08 06 04 02 0 02 04 06 08 1 . . Global fit

[ s 30 e = ' JHEP 04 (2021) 279
Co/A"[TeV7] ColA"[TeV™] individually / marginalized
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; £ i A
A Standard model Dilepton & e+jets | ) i CMS 775! iz
Best fit . . combination - i : JHEP 03 (2020) 056

CMS 137 fb™! fiy (£+jets)
arXiv:2107.01508

CMS 138 fb™! ffy (dilepton)
dilepton only (this result) /
combined with {+jets
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https://cds.cern.ch/record/2781609?ln=en

Concluding Remarks G= 10T Hay202 o
: i 02 b 038" ’

in XS measurements of . ~
tt+Z/y/HF 077 Zain toxP

0.99+ 0.05+ 0.08 pb

/ Close Co”aborat|0n : 0.95 0.05= 0.06 pb ~8% preCiSion
between communities provides interesting
comparison

0.040+0.001 * 292 pb x 20 ; ', Vis 1
4 020

~6% precision oMs, " Vis2

0.80+ 0.01= 0.05 pb »
CMS-PAS-TOP-18-010*

Small under-predictions in tt+X

Unprecedented constraints on t-Z/y WCs , ]
First tt+cc measurements! 4157 (13 TeV)

CMS Preliminary  bestfit  Powheg

Impressive progress in EFT searches using novel Fiducil fhase Space —. g% GL 4 KGS aNCENLD

ML techniques =+ 95% CL
a(ttcc) ~19%

Standard model is holding up very well so far o(ttbb) ~15%

Full run 2 updates with improved precision will help
understand significance of minor tensions
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ATLAS: Combined tt+y & tWy
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Absolute and normalised differential XS
measurements in fiducial volume

Several variables related to y and lepton
kinematics

Shapes generally well described by MC
and NLO theory

Imperfect description using LO MC in a
few variables

Having a precise theory prediction is really beneficial!
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Theory/MC Pred./Data

ATLAS ® Unfolded data
\s=13TeV, 139 fb” ty+tWy (MG5_aMC+Pythia8)
Normalised cross-section - - - - fiy+IWy (MG5_aMC+Herwig7)
el Theory NLO

Stat.

Stat ® Syst.

® Unfolded data
\s=13TeV, 139 fb" {fy+tWy (MG5_aMC+Pythia8)
Normalised cross-section tiy+tWy (MG5_aMC+Herwig7)
en Theory NLO
Stat.
Stat @ Syst.

2 25 3 35 4 45 5 i
AR(y,l)

)
min


https://link.springer.com/article/10.1007%2FJHEP09(2020)049

tt+Z ATLAS prompt lepton ;E;ta" -tsflz -gZHetS
1 +]et5 1 q
Ys=13TeV, 139 fi+W/H [ Il Fake leptons [l Other

3 4 Iepton 3l + 41 SR combination 77 Uncertainty
b

Post-fit tt DL, DY (data driven)

\ATLAS

Data / SM

Fit 8 SR's+CR’s

O-ind. =0.99 £ 0°08(Sy8t') == 0.05(stat.)pb Events categorised according to # (b)jets and leptons.

Rare Nonprompt 7] Uncertainty
3 leptons

CMS

Number of events

Fit 14 SR’s+CR’s.
o'ncl = (.95 £ 0.06(syst) & 0.05(stat)pb

1
1.5
177

Data / Pred.
o
[$;]

oNLO (QCDHEW)+NNLL —  8670-07 (scale) = 0.02(pdf)pb

Good agreement. ~ Same 8-9% in theory and measurements! 18


https://arxiv.org/abs/2103.12603
https://link.springer.com/article/10.1007%2FJHEP03%282020%29056
https://epjc.epj.org/articles/epjc/abs/2020/05/10052_2020_Article_7987/10052_2020_Article_7987.html

tt+Z
X ATLAS

Extensive study of several differential
distributions.

Most distributions in good
agreement with NLO/MC

CMS

Differential XS of several observables

Good agreement w. NLO theory
prediction and MC simulation

Provide CL intervals for WC’s

Both experiments statistically limited in
differential XS.

Pred./ Data 1/0 do/dp
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o
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ATLAS ¢ Data
— . .= MG5.aMc@NLO + Pythia8
Vs =13TeV, 139fo~" —-= MG5.aMc@NLO + Herwig?

3l + 4] combination Sherpa NLO inclusive

JH“LJ_

=== Sherpa NLO multi-leg

L#““

aMC@NLO
= NLO+NNLL

¢ Data

5= 1 -+=+ MG5.aMc@NLO + Pythiad
Vs =13TeV, 1391b ~= MG5.aMc@NLO + Herwig?

800 3l + 4l combination Sherpa NLO inclusive
=== Sherpa NLO multi-leg
nNLO JHEP 08 (2019) 039

---95% CL 4 SM
—68% CL ¢ best fit

0 1 2
c, /A% [1/TeV?]



https://arxiv.org/abs/2103.12603
https://link.springer.com/article/10.1007%2FJHEP03%282020%29056

X Direct EFT Search in t(t)X

‘Global’ approach to EFT targeting on multiple final
states — sensitive to many EFT operators

Multilepton events categorised based on: # and
charge sum of leptons, # b-jets, # jets

DCharge misid. DMisid. leptons .Diboson |:|Triboson F]conv.
[tiq [liHg % Total unc. - Obs.
41.5fb" (13 TeV)

Accounts for SM/BSM interference and
interplay between new physics operators

Event weights paramterised by Wilson coeff’s
directly at detector level

20


https://link.springer.com/article/10.1007%2FJHEP03%282021%29095

X Direct EFT Search in t(t)X

Profile likelihood fit of 35 independent categories.

Fit 16 EFT operators, calculate confidence intervals

in 2 scenarios. ~
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¢ SM value

SM points fall
within 20 in
most cases.

Ciz

Ciw

—— Others profiled (20)
= Others profiled (15)

415" (13 TeV)

--------- Others fixed to SM (2c)

---------- Others fixed to SM (1o)

cMS

NERINEEEE Annanl

T

IIHIIIIIIIIII

-20 -15 10 -5

0 5

Wilson coeffi

10 15 20
cient Cl/ A% [TeV?

21



https://link.springer.com/article/10.1007%2FJHEP03%282021%29095

Direct EFT approaches
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CMS Preliminary
EFT from top quark production

Vs=13 TeV

May 2021

Top-21-001

Region

To uark - vector boson operators
( P) q P MFV basis adopted from arXiv:1802.07237
— marginalized —— individual Dimension 6 operators ( A = 1 TeV)
: D JHEP 03 (2020) 056 7751b"
0.1x : TOP-18-010 137"
) — JHEP 03 (2020) 056 775"
0.1x TOP-18-010 137 b
N — JHEP 03 (2021) 095 415fb"
S — T JHEP 03 (2021) 095 415"
—_— Eur.Phys.J. C79 (2019), 886 359"
T—— JHEP 03 (2021) 095 415"
01 x Phys.Rev. D100 (2019), 072002 35.9 fb
0.1x - Eur.Phys.J. C79 (2019), 886 359"
: 0.1x ; Phys.Rev. D100 (2019), 072002 359"
0.1 . §
0ix — — JHEP 03 (2021) 095 451"
— Eur.Phys.J. C79 (2019), 886 359fb"
0.1x: ; Eur.Phys.J. C79 (2019), 886 35.91b"
0.1x Eur.Phys.J. C79 (2019), 886 35.9fb”
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | i I

95% CL limit [TeV 2]

JHEP 03 (2

Fit configuration | SR-tZq SR-ttZ SR-Others SR-ttZ-4¢ CRWZ CRZZ
1D ¢y NN-¢,z-tZq NN-c¢,z-ttZ
1D ¢y NN-ciw-tZq NN-c,y-tiZ
- Ca"’Q NN_C;Q-th NN-C?’Q-ttZ m?’ Counting experiments
1D cq NN-SM (tZq node) NN-SM (ttZ node)
1D ¢ NN-SM (tZq node) NN-SM (ttZ node)
2D and 5D NN-5D-tZq NN-5D-ttZ
Other WCs fixed to SM 5D fit
Expected Observed Expected Observed
WC / AZ[TeV 2 95% CL confidence intervals
¢z | [-0.97,096] [—0.76,0.71] [-124,117]  [—0.85,0.76]
cw | [—0.76,0.74] [—0.52,0.52] [—0.96,0.93] [—0.69,0.70]
o | [-139,1.25] [-1.10,1.41] [-1.91,1.36]  [~1.26,1.43]
Cpo | [-286,233] [-3.00,229] [~6.06,14.09]  [—7.09,14.76]
Cot | [-370,3.71] [-21.65,—14.61] U[-2.06,2.69] [-16.18,10.46] [—19.15,10.34]

WC/A?[TeV 2

20 interval (others profiled)

20 interval (others fixed to SM)

Cew

[-3.08, 2.87]
[-3.32, 3.15]
[~16.98, 44.26]
[~7.59, 21.65)
[~1.38, 1.18]
[~4.95, 4.95]
[~7.37, 3.48]
[-12.72, 12.63)]
[~18.62, 12.31]
[-9.67, 8.97]
[~4.02, 4.99]
[~4.38, 4.59]
[~4.29, 4.82]
[—4.24, 4.86]
[-6.52, 6.52]
[~0.84, 0.84]

[—2.15, —0.29]U[0.21, 1.96]
[-2.14, 2.19]
[~14.12, —1.46]U[32.30, 44.48]
[-3.45, 3.33]
[~1.26, —0.69]U[0.08, 0.79]
[~4.12, 4.09]
[-7.21, 2.25]
[-9.87, 9.67]
[~20.91, —14.10]U[—6.52, 4.24]
[-9.91, 9.50]
[-4.76, 5.83]
[—5.20, 5.36]
[-5.15, 5.51]
[-4.97, 5.80]
[~7.70, 7.70]
[-1.01, 1.01]
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: Combined tt+y & tWy

Fiducial XS measurement of tty and
tWy — compare w. recent theory
prediction [1,7]

Parton-level selection mimics theory
phase-space

oaq = 39.615°5(syst) £ 0.8(stat)fb

¢ Data
Wtty en

Wy en

[l Other ttytWy

Wh-fake

[He-fake 0/ Tt

Dipromet bk ~ 7% precision!
Uncertainty

Measurement in good agreement with NLO theory pred:

o0 = 38.519-26(scale) 195 (PDF)fb

800 900 10001100 1200
S, [GeV]


https://link.springer.com/article/10.1007%2FJHEP10%282018%29158
https://link.springer.com/article/10.1007%2FJHEP01%282019%29188
https://link.springer.com/article/10.1007%2FJHEP09(2020)049

CMS

2L & |+jet final states

Fiducial XS precision in I+jets ~11%

CMS

All-hadronic final state

Fiducial XS precision ~32%

2 XS higher in data than in predicted in MC

CMs
ttbb all-jet

tt+jets:
POWHEG +
HERWIG++

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

POWHEG +
PYTHIA8

| Measurement
Total unc
Stat unc

0.5

0.03 150 200 250 300 350
FPS
i [PP]

tTob/tjj tij

1 15 2 25 05 1 1.5 2 25

Fiducial Pl "ubs(pb) Fiducial PB "«bs(pb)

CMS 35917 (13 Tev)

Full phase space (FPS)
P > 20 Gev

Lepton+jets

Measurement

Stat. Total

POWHEG +

PYTHIA8

MG_aMC@NLO +

PYTHIAB8 5FS [FxFx]

POWHEG +

HERWIG++

4~ CMS (2015)

35.9fb" (13 TeV)

2 4 6 8
Total phase space ulbs(pb)



https://link.springer.com/article/10.1007/JHEP07(2020)125
https://www.sciencedirect.com/science/article/pii/S0370269320300897?via%3Dihub

ATLAS

Fiducial XS measurement in ey and [+jets

Precision in 23b ep of 13%

Emphasis on differential measurements of observables
sensitive to the QCD modelling of additional jets

lepton+jets ( = 3b)

lepton+jets ( = 4b)

eu(=3b)

eu(=4b)

ATLAS
v =13 Tev, 36.1 fb~1

.!= i‘
Data - tEX(X =H, V)

Stat. uncert.
i) Total uncert.

Sherpa 2.2 ttbb (4FS)
Powheg+Pythia8 ttbb (4FS)
PowHel+Pythia8 ttbb (5FS)
PowHel+Pythia8 ttbb (4FS)

2!
—-

(
(

10 10°
Orig [fb]

100 05 1.0 1.5
Pred./(Data - ttX)

daﬂbb
O o dAR

1

Data-ttX Data-ttX Data-tf

QCD
tibb

Ov5 do

XS in data higher than in prediction

Amin
bb
N

—h b b e

lepton+jets channel
>6j,24b }

g T
: ATLAS
F Vs=13TeV,36.1fb"
e Data-tiX (X =H,V)
Powheg+Pythia8 E
— MG5_aMC@NLO+Pythia8 3
-..= Powheg+Herwig7
Syst.
Stat.

—

QO L OO PO . NP OONN
T T

'S

- O
a1 O

~— Powheg+Pythia8 {bh (4FS) — Powheg+Pythia8

" Sherpa 2.2 tt - = Sherpa 2.2 tbb (4FS)

== PowHel+Pythia8 t7bb (4FS) = PowHel+Pythia8 ttbb (5FS)
T + i T t T

P — |

.9F — MG5_aMG@NLO+Pythias

—

0.5 1 1.5
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https://link.springer.com/article/10.1007/JHEP04(2019)046

tt+bb Summary

lepton+tjets ( = 3b)

lepton+jets ( = 4b)

eu(=3b)

eu(=4b)

ATLAS
[V =13 Tev, 36.1 fb-1

|| SHX(X =

— Data - ttX(X=H, V)
Stat. uncert.

i Total uncert.

Sherpa 2.2 ttbb (4FS)
Powheg+Pythia8 ttbb (4FS)
PowHel+Pythia8 ttbb (5FS)
PowHel+Pythia8 ttbb (4FS)

10°
Ofiq [fb]

10"

0.5 1.0 15
Pred./(Data - ttX)

CMS Preliminary

\—: 65{5'..
Ostat. B Osyst.

—— Measurement

POWHEG+PYTHIA8
aMCONLO+PYTHIA8(FXFX)
POWHEG+HERWIG++
aMC@NLO-+PYTHIA8

Fully hadronic
35.9fb~1
PLB(803)2020 135285

Dilepton
4151
TOP-20-003

Dilepton
35.9fb1
JHEP07(2020)125

L+jets
35.9fb!
JHEP07(2020)125




