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Introduction

¢ Inclusive and differential cross section measurement of tt+y in the I+jets channel

o  First measurement of tt+y at 13 TeV from CMS
o  Current data set allows for a detailed study of the production of tt+y
o Unfolding of several differential distributions to particle level

e SM effective field theory interpretation of the result
o  Direct access of the EWK coupling of the top quark
o  Probes the ty coupling, very sensitive probe of new physics

e Comparison to tt+y ATLAS results at 13 TeV

o I+jets, dilepton channel using a data set of 36.1 fb! (2016)
(Eur. Phys. ). C79 (2019) 5, 382)

o  ep channel using a data set of 139 fb! (Run 2)
(JHEP 09 (2020) 049)
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Signal Simulation

e Signal Simulation using Madgraph_aMC@NLO
o Interfaced with Pythia8 using CP5 Tune

e Simulated 2 — 7 process w/ photon originating from
o Initial state quark, top quark or any top decay product

o  Overlapping phase space in ttbar due to photons
from showering removed

e Simulated at LO, cross section normalized to NLO (QCD)

o  NLO/LO k-factor calculation using Madgraph_aMC@NLO
in a 2— 3 process, k-factor of 1.49 inclusive in the lepton channels

o  Cross section prediction from simulation
o 17.5% theory uncertainty from scale/PDF/a variations
red. (tty)=773+135fb

Lukas Lechner (HEPHY, Vienna) LHCTop 2021

Hl\,'/
=

HEPHY Z

ATLAS

EXPERIMENT


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-010/index.html

CMS-PAS-TOP-18-010 Q7
=i HEPHY

Event Selection

CMS Preliminary 1371b ' (13 TeV)

e  tt+ysignal region selection 2 o0l B e R e W™ ]
o  Exactly one isolated e (p) (p;>35(30) GeV, |n]<2.4) gmoooi\ BB vutiiet - Observed . Uncertainty

o  Exactly oneisolated photon (p, > 20 GeV, |;|<1.4442) B ]

o Atleast three jets (p, >30 GeV, |5]<2.4) 512000 E

o  Atleast one of the jets originates from a b-quark 10000 7

o DR, I)> 0.4, AR(y, jets)> 0.1, AR(, jets) > 0.4 8000 E

6000 ]

e Event categorization
o  Genuine y: photon from ISR, top or top decay products

IIIIIIIIII

o  Misidentified e: photon with electron gen-match 5 12
e 14
o  Hadronic y / fake: nonprompt y or no y/e gen-match % ;
0.
o  QCD multijet: nonprompt lepton O 085 sl owerl suls elvwdl el svel s
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P, (v) [GeV]
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Backeround Estimation

e QCD multijet background
o  Estimated in sidebands with loosened lepton isolation
criteria, validated in N =0 selections
o  Transfer factor measured in a template fit in the
transverse W boson candidate mass m_(W)

e Hadronic y/fake background
o  ABCD method using sidebands with loosened criteria on
the ECAL shower shape observable o, and the photon
charged-hadron isolation

e Misidentified electron and Wy/Zy background
o Nb_jet= 0 selection dominated by Wy/Zy/misID-e events
o Invariant mass of the lepton and the photon m(l,y) used to

separate processes
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Results - Inclusive Cross Section Measurement

e Inclusive cross section extracted fitting control and signal

regions in bins of 3 jet and > 4 jet selections in e/u channel

e Signal regions binned in 3 bins of the 3-jet invariant mass M3J.

e 5.8% total uncertainty

e Dominant uncertainties from signal modelling, background
estimation, photon identification and jet energy scale

Lukas Lechner (HEPHY, Vienna)
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Systematic Uncertainties e

Integrated luminosity partial 2325 1.8
Pileup v <2.0 <0.5
o Dominant eXpel‘Imental uncertalnty sources: Trigger efficiency - 0.1-05 <05
. . . = Electron reconstruction and identification v 0.2-17 <05

© Ph oton ld entlﬂcatlon g Muon reconstruction and identification partial 0.5-0.7 0.7

o Jet energy sca le and resolution § Photon reconstruction and identification v 04-14 1.0

‘% pr(e) and py(y) reconstruction v <12 <0.5

o) B_tagging JES partial  1.04.1 1.9

JER - 0.4-1.6 0.6

b tagging 2017/2018 0816 1.1

. . . L1 firi 2016/2017  0.3-0.9 0.5

e Dominant modelling uncertainty sources: P / =

o ISR/FSR modelling g e , Yo o ees

.2 Color reconnection v 0.4-3.6 0.6

£ ISR/FSR v 1056 19

. . . . £ PDF v <05 <05

e Dominant background estimation uncertainty sources: ME scales jig, iz % 0447 <05
o  Misidentified electron estimation Multijet normalization v 1365 09

. . . hadronic photon estimation v 1.2-27 2.0

o Hadronic/fake photon estimation % Misidentified o L iso  is

. . 2 i

1) W}) backgrou nd estimation go Z+ normalization v 0625 05

% W1 normalization v 1.0-35 24

4 DY normalization v 0.1-1.1 1.0

tt normalization v 1.0-19 1.0

“Other” bkg. normalization v 03-1.0 <05

Total systematic uncertainty 5.7

Statistical uncertainty 0.9
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Results - Differential Cross Section Measurement

e Unfolded postfit differential distributions in p_(y), |5(y)| and AR(y,l) to particle level
o  Unfolding of single postfit uncertainty sources, summed taking correlations into account

e The detector response matrix is almost diagonal — unregularized unfolding

e Measured differential cross sections are compared to NLO in QCD calculations
o  Good agreement with simulations using MadGraph5MC@NLO + Pythia8
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SMEFT Interpretation Nvre Yo

Lerr=ZLsy+— Ci@i'*‘A_
e  SMEFT interpretation of dim-6 operators ;
c',,) using the dim6top SMEFT model

energy scale
e Constraining 2 Wilson coefficients (.

e  p(y)distribution is found to be most sensitive to modified ty couplings

e Standard Model within the 95% CL interval of the best fit value
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Comparison to ATLAS 2016 Results

e Comparison to I+jets ATLAS 2016 results
o Similar signal simulation using 2 — 7 process
o  ATLAS: NLO/LO k-factor from theory calculations (M.Schulze)
m  ATLAS k-factors: 1.30 (I+jets) and 1.44 (dilepton)
m CMS k-factor: 1.49 (combined)
o  Differences in the object/event selection (next slides)
o  Differences in the background estimation methods (next slides)

e Fiducial cross-section extraction by fitting
event level discriminator (ELD) output
o NN trained with N. p;(jet), b-tag scores, MET, m(l,y), PPT

jet’

o  Dom. systematics: JES, signal modelling, PU, PPT
o  8.1% (7.0%) total uncertainty in l+jets (dilepton)

e Similar good agreement with NLO (QCD) predictions
o™t (tty) = 521 + 41 (syst) + 9 (stat) fb

ot (tty) = 69 + 4 (syst) + 3 (stat) fb
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Comparison to ATLAS 2016 Results

ATLAS background estimation methods CMS background estimation methods

o

o  ABCD method for fake photon background normalization ABCD method for fake photon background normalization

m  Prompt photon tagger (PPT) for fake photon
background separation

O

o  Tagand probe method for misidentified electrons in two In situ measurement of misidentified electrons processes in

control regions using the Z—ee process control regions using the Z—ee process
o  Validation regions for Vy background o Insitu measurement of Vy processes in control regions
m  Free parameter for Wy normalization in the fit: m  Free parameter for Wy normalization in the fit:
good separation from signal by ELD good separation in control regions
n Wylvalidation region: N =2(3),N,. et = =1, m Wy control region: Njet= 3 (=4), Nb_jet= 0,
E.Mss> 40 GeV, ELD < 0.04, m(l,y) < 80 GeV M(w,y) > m, or m(e,y) > m,+ 10 GeV
o Fake lepton background: loose to tight lepton fit o  Fake lepton background from loose lepton Isolation

m  Fake lepton and real lepton efficiency factors sidebands, TF from m.(W) fit to data
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Comparison to ATLAS 2016 Results

e Comparison of the object selections between ATLAS and CMS

o  Reflects the fiducial phase space definition

Mu
<

CMS 13 TeV

ATLAS 13 TeV

Photon pr(y) > 20 GeV
In(y)| < 1.4442 In(y)| < 2.37
e pr(e) > 35 GeV pr(e) > 25 GeV
In(e)| € 0,1.44],[1.57,2.4] | |n(e)| € [0,1.37],[1.52,2.47]
I pr(p) > 30 GeV pr(p) > 25 GeV
In(p)| <24 [n(p)| < 2.5
Jets pr(j) > 30 GeV pr(j) > 25 GeV
MUN<24 MUM<25
Photon/Lepton AR(¢,v) > 0.4 AR(Ey) > 1.0
Photon/Jets AR(j,v) > 0.1 AR(j,v) > 0.4
Lepton/Jets AR(¢,j) > 0.4

e Comparison of the event selections between ATLAS and CMS

o CMS: 3+ >4 jet selections

Lukas Lechner (HEPHY, Vienna)
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o  ATLAS: > 4 jet selection, |[m(e,y) - m,| >5 GeV
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-1 . o
CMS 137 fb Correlation Uncertainty (%)

Comparison to ATLAS 2016 -

Integrated luminosity

partial

2325

18

ATLAS 36.1 fb'1 Pileup v <2.0 <05
Trigger efficiency - 0105 <05
Source Single leplon (%) Dileplon (%) —  Electron reconstruction and identification v 02-1.7 <05
Signal m()delling +1.6 +29 g Muon reconstruction and identification partial 0.5-0.7 0.7
Buék(rround modelling +4.38 +29 § Photon reconstruction and identification v 0.4-14 1.0
Phol(:n $4 .49 gﬂ pr(e) and py(y) reconstruction v <12 <0.5
E artial 1.04.1 19
Prompt-photon tagger +4.0 - JES partia
JER - 0.4-1.6 0.6
Leptons #():3 +1:3
) +54 +20 b tagging 2017/2018 0816 1.1
Iets ; 2 0'9 73 (“)‘4 L1 prefiring 2016/2017 0309 <05
h-tagging + 0. + 0.
Pi]c-up +2.0 +2:3 _. Tune v 0.1-19 <05
Luminosity +:2.3 +2:3 .g Color reconnection v 04-36 06
MC sample size +19 + 1.7 & ISR/FSR v 1056 19
. . @Y
Total systematic uncertainty 7.9 +5.8 g PDF v <05 <05
Data sample size +1.5 + 3.8 ME scales jig, pp v 0447 <05
Total uncertainty +8.1 +7.0
Multijet normalization v 1.3-65 0.9
hadronic photon estimation v 1.2-27 2.0
. . . 2 Misidentified e - 25-80 1.8
ignal modelling in ATLAS: E
Signal modelling S & Zy normalization v 0625 05
3
H 4 W1 normalization v 1.0-35 24
. / u_variations 2
HR 7l o . 8 DY normalization v 01-11 1.0
° ISR / FSR variations from Pythia Tune " v 1019 10
° PDF (’I 00 elgenvector set Of NNPDF Set) “Other” bkg. normalization v 03-1.0 <05
[ Pa rton ShOWQr (MGSaMC + Pyth|a/HerW|g) Total systematic uncertainty 5.7
Statistical uncertainty 0.9
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Comparison to ATLAS 2016 Results

e Comparison of unfolded distributions between ATLAS and CMS

o  Same observables unfolded in I+jets: p.(y), [n(y)|, AR(y.I)

e ATLAS: Unfolding of prefit observables

o lIterative Bayesian unfolding (RooUnfold) E

o  Comparison of various

showering algorithms and tunes
o Normalized cross section comparison
o  Softer pT(y) for ttbar + parton shower
e CMS: Unfolding of postfit observables
o Unfolding using x> minimization (TUnfold)
o Unfolding of postfit uncertainty sources,

summed taking correlations into account

e Good agreement observed

o Small deviations in CMS covered

by theory uncertainties

Lukas Lechner (HEPHY, Vienna)
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Comparison to ATLAS Run 2 Results

e  ATLAS Runll result with 139 fb™! in the ep-channel

QD
% HEPHY

Interference with tWy:

g 700000—<— b

e Measurement of tty + tWy production

o  Signal simulation including resonant and non-resonant diagrams,
interferences, off-shell effects of the top quarks and W bosons

o  Cross section at parton level

< e < 12r .
04 E B-¢ C ATLAS ®  Unfolded data —
+2.5 2 CIATEAS L ® Unfolded data 3 115 = 13 TeV, 1391 (-t (MG5_aMC+Pythia8) —]
= Vs=13TeV, 139 b ° F f : il ]
Gﬂd 39.6 -2.1 (SySt) i 0.8 (Stat) fb £; 10E_Asbsolute (e:ross-section 4 Theory NLO —lo C ::rmallsed dmexsmalel ‘ ’T';‘M"hir:ﬁ‘am«um97) ]
= L. eory o
8 E— b M stat 0'8: - sa :
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. Ee, Stat @ Syst. 061
e Comparison to full NLO theory I oak H
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(JHEP 1810 (2018) 158) 1025 : .
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e First inclusive and differential measurement of tt+y at 13 TeV from CMS
e 5.8% total uncertainty in the inclusive measurement 04 (tty) = 800 £ 46 (syst) £ 7 (stat) fb

e Particle-level distributions in p.(y), |n(y)| and AR(y,l) compared to MadGraphSMC@NLO + Pythia8

e Tight constraints on 2 Wilson coefficients (c,, ') using the dimétop SMEFT model

tz’
&E%&%ECMS Preliminary Vs = 13 TeV, May 2021 *Preliminary
b Compa rison to ATLAS 2016 I oy, =059 0 scale) £ 0.01(PDF) pb i o, =0.867(qi(scale)+ 0.02(PDF) pb  : gy 20= 0.0387 350 (tot.)pb - 20 | 2 Gy, = 0.77£0.14(tot) pb
= Eur. Phys. J. C 80 (2020) 428 = Eur. Phys. J. C 80 (2020) 428 :  JHEP 10 (2018) 158 = Madgraph5 + aMC@NLO
and Runll results I NLO(QCD+EW)+NNLL i NLO(QCD+EW)+NNLL i NLOQcCD : NLOQCD
G eas. T (Stat.) = (syst.) total stat.
Eur. Phys. ). C79 (2019) 5, 382 e : I 2
( ys-J ( )5 ) 0.87+0.13+0.14 pb : —_— — ATLAS, L, =36.11b"
l 5 Phys. Rev. D 99 (2019) 072009
(JH EP 09 (2020) 049) ttw 0.77 +012 +0.13 b H . ) . CMS, L =359fb"
A g1 — 042 P B . t | int
3 JHEP 08 (2018) 011
0.99+ 0.05 0.08 pb ! ——a——y  ATLAS,L -1391b"
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Backup: Fiducial Phase Space Definiton

e Fiducial phase space definition in CMS

Photon e (1) Jet b jet
pr > 20GeV pr > 35 (30) GeV pr > 30GeV pr > 30GeV
7| < 1.4442 7| < 2.4 7| < 2.4 7| < 2.4
no hadronic origin no hadronic origin AR(jet, ¢) > 0.4 AR (b jet,¢) > 0.4
AR(£,7) > 0.4 AR(jet,y) > 0.1  AR(bijet,y) > 0.1
isolated matched to b hadrons

e =1 lepton (e/u)
e =1 photon
e >3jets, > 1 b-tagged
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Backup: SMEFT Operators

e Relevant Wilson coefficients in tt+y:
|
© CtZ’ th

|
© (CtW’ c tW

e Modified coupling of the top to the Z and y are linked via 6,

T pay
(33) cw Sw (to"” Prt) Apy (v +h) t (i3 _ = v N
(Oﬁ%) —(=sw ew | (@ Prt) Zu ()| Oui = (00" us) @By
Ow 0 2 (bot Prt) W, (v + h) tol) = (g0t rTu;) W,

e dim6top model describes the ttZ coupling in one parameter (c )

¢tz = Re (— sin QWCI(JB,;’) + cos GWCL(RZ)) cew = Re (Cl(ﬁzvg))

e tty vertex modification is described using c,, and c,,

¢, = Re (cos GWCS;’) + sin Oyy CS‘:’,))

Lukas Lechner (HEPHY, Vienna) LHCTop 2021 20
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Backup: ATLAS ELD Input Variables

e Input variables of the event level discriminator

Variable Description Single lepton  Dilepton
PPT Prompt-photon tagger output v

Hy Scalar sum of the pr of the leptons and jets v

m(y,{)  Invariant mass of the system of the photon and the lepton v

il Missing transverse energy v v
m‘;.. Reconstructed transverse mass of the leptonically decaying W-boson v

= 2% pr(6) X Ef x (1 cos(A((, EF™))

Niews Jet multiplicity o

p-r( J1) pr of the leading jet (ordered in py) B v
prja) pr of the sub-leading jet v o
pr(jz) pr of the third jet 7

prijs) pr of the fourth jet 7

priJs) pr of the fifth jet v

Np.jets b-jet multiplicity o Vs
b, (j) highest b-tagging score of all jets 4 Va
b(j) second highest b-tagging score of all jets 4 s
bs3(j) third highest b-tagging score of all jets v

m({, €) Invariant mass of the system of the two leptons v

Lukas Lechner (HEPHY, Vienna) LHCTop 2021 21
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Backup: ATLAS 2016 x© Test of Unfolded Results

pr(y) 7I62] AR(y, £)

Predictions x>/ndf  p-value | x>/ndf  p-value | Y>/mdf  p-value

MGS5_aAMC + PyTHIAS 3.2/8 0.92 0.7/7 1.0 5.0/8 0.76

MGS5_aMC + HerwiGg7 2.3/8 0.97 0.9/7 1.0 4.8/8 0.78

MG5_aMC + PytHia8 (A14 Up) 3.3/8 0.91 0.8/7 1.0 4.9/8 0.77

MG5_aMC + PytHia8 (A14 Down) | 2.6/8 0.96 0.9/7 1.0 4.6/8 0.80

POWHEG + PyTHIAS 17 254/8 <0.01 2.8/7 0.9 8.7/8 0.37

pr(y) n(y) AR(y. €) |An(E, O)] Ad(L, £)

Predictions x>/ndf  p-value | x>/mdf  p-value | x>/ndf  p-value | x>/ndf  p-value ’ x>/ndf  p-value
MGS5_aAMC + PyTHIA8 1.7/8 0.99 7.417 0.39 6.9/8 0.55 3.0/7 0.89 14.4/8 0.07
MGS5_aMC + HErwiG7 2.0/8 0.98 7.4/7 0.39 6.6/8 0.58 3177 0.88 14.4/8 0.07
MG5_aMC + PytHia8 (A14 Up) 1.6/8 0.99 8.4/7 0.30 7.4/8 0.49 3.4/7 0.85 14.0/8 0.08
MGS5_AMC + PytHia8 (A14 Down) 1.6/8 0.99 7.9/7 0.34 7.5/8 0.48 32/ 0.87 14.4/8 0.07
POWHEG + PyTH1A8 17 20.1/8 0.01 10.8/7 0.15 8.6/8 0.38 4.5/7 0.72 9.8/8 0.28
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TS CMS Expenment at the LHC, CERN
Y

Data recorded: 2018-May-03 00:18:37.367872 GMT
Run/ Event / LS: 315645 / 56459556 / 52
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