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Top quark measurements central to LHC program

Deep connection to both EW and QCD sectors
t(t) + vector boson processes all accessible with

Physics Reports: arxiv.2405.18661
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Electroweak and associated top quark production

Physics Reports: arxiv.2405.18661
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Top quark measurements central to LHC program

Deep connection to both EW and QCD sectors

t(t) + vector boson processes all accessible with
Run 2 data

- Observation or at least evidence for all
Processes

- Most of them entered the precision era

- Differential distributions give access to regions
of the phase space where new physics effects
may be enhanced - ideal for Effective Field
Theory

First tW measurement using data from Run 3*
(not shown in plot)
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Summary of recent CMS measurements
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CMS-TOP-22-008

Evidence for tWZ production in proton-proton collisions at
v/s = 13 TeV in multilepton final states

The CMS Collaboration*

Abstract

The first evidence for the standard model production of a top quark in association
with a W boson and a Z boson is reported. The measurement is performed in mul-
tilepton final states, where the Z boson is reconstructed via its decays to electron or
muon pairs and the W boson decays either to leptons or hadrons. The analysed data
were recorded by the CMS experiment at the CERN LHC in 2016-2018 in proton-
proton collisions at /s = 13TeV, and correspond to an integrated luminosity of
138 fb 1. The measured cross section is 354 + 54 (stat) + 95 (syst) fb, and corresponds
to a statistical significance of 3.4 standard deviations.

Submitted to Physics Letters B

Available on the CERN CDS information server CMS PAS TOP-23-004 L’]

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2024/03/27

Inclusive and differential measurement of top quark cross
sections in association with a Z boson

The CMS Collaboration

Abstract

A measurement is presented of the inclusive and differential cross sections for top
quark production in association with a Z boson, in pairs (ttZ) or with a single top
quark (tZq and tWZ). The data were recorded in pp collisions at a center-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 138 fb~!. Events with
exactly three leptons, electrons or muons, are selected. A deep neural network is
trained to separate the sienal nrocesses and the backerounds. The tt7. and tW7. nro-

Available on the CERN CDS information server CMS PAS TOP-23-008 l ﬂ I

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2024/03/27

Measurement of inclusive and differential cross sections for
single top quark production in association with a W boson
in proton-proton collisions at y/s = 13.6 TeV

The CMS Collaboration

Abstract

The first measurement of the inclusive and normalised differential cross sections for
the production of single top quarks in association with a W boson in proton-proton
collisions at a centre-of-mass energy of 13.6 TeV are presented. The data used were
recorded with the CMS detector at the LHC during 2022, and correspond to an in-
tegrated luminosity of 34.7 fb~'. The analyzed events contain one muon and one
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tWZ production ‘

Explore two top quark electroweak couplings in one process

Challenges:

Very rare process: exp. cross section ~136 fb
(NLO in QCD)

Overwhelming and irreducible ttZ background

Interference with the ttZ process within the SM beyond the leading order

Eﬁw

NS

CMS, !




CERN CMS
72
tWZ production g
Explore two top quark electroweak couplings in one process
Challenges:
Very rare process: exp. cross section ~136 fb | | |
(NLO in QCD) First analysis using state-of-the-art tWZ

sighal modeling at NLO, consistently

Overwhelming and irreducible ttZ background treating the interference

Interference with the ttZ process within the SM beyond the leading order




Analysis strategy for tWZ

?E{W CM 2 ICHEP
ZB L 28024

|

Two regions of the phase space considered:

v Low top quark pt (resolved): higher stat., sensitive to the SM tWZ production

v Top quark with p > 270 GeV (boosted): enhanced sensitivity for new phenomena

Signal and control regions built based on number of leptons and b jets

Resolved: 3 leptons, 2), = 1b
3 leptons, = 3j, = 1(2)b
4 leptons, = 1b

Simultaneous fit

Boosted: hadronic top decay (fat jet) of 7 distributions

leptonic top decay (lep. top tagger)

Diboson CRs: 4 leptons (Z2)
3 leptons, Ob (WJ2)

Events / 20 GeV

Data/MC

0.25

0.2

0.15

0.1

0.05

(e ]e») —

'c»'oo_.i\)h o

Nonprompt lepton background
estimated from data

138 fb' (13 TeV)

a
ll%

C B tWZNLO [ tiz I WZ4
B Nonprompt T t(H)X I Zq
Wz Xy 2z \

VV(V) ¢ Data //////4 Unc.

3¢,> 3j,> 1b

: //}//y/’ﬁy 2.8 t H‘///‘//‘/ ////////* /»*/7/7%/74}’1/ T /*////////

0

50 100 150 200 250 300 350 400 450 500
pr/; “[GeV]

Other backgrounds taken from
simulation and some (WZ, Z2)
constrained with CRs
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Analysis strategy for tWZ . B , 2=
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10° 138 b (13 TeV)
% 03:_CMS B tWZNLO [ iz I WZ+j
Two regions of the phase space considered: = 03¢ B Norprompt I tOX [N tZq
£ - B WZ+b B Xy ZZ
L 0.251 VV(V) ¢ Data Unc.
n N
. " . S o2f :
v Low top quark pt (resolved): higher stat., sensitive to the SM tWZ production & E3,>3j1b
0.15F :
- Multiclass
0.1 NN
v Top quark with p > 270 GeV (boosted): enhanced sensitivity for new phenomena 0.05 *
0
O 14
Signal and control regions built based on number of leptons and b jets = ‘-%E,,,,,,,,,,{,,,,,,,,,,,,,,,,,,,,,,t,,,,,,y,,,,,f,wsww,,,,,,,,,,
% 88
O 0702 03 04 05 o 08 09 1
, I tWZJoutput score
Resolved: 3 leptons, 2j, = 1b Binary NN o 13_1(1p3T v
: X e
Sleptons, = ), 2 12)0 . paiticlass NN £ 02FcmMs mEE wzNO Wiz W Wi
4 leptons, = 1b S 0.18F B Nonprompt I ()X [ Zq
S oqef TN wWz:o NN Xy 2z
— T F VV(V) ¢ Data Unc.
B 0.14F
. . Simultaneous fit S ok
Boosted: hadronic top decay (fat jet) of 7 distributions = 012 3¢,> 3j,>2b
, 0.1
leptonic top decay (lep. top tagger) 005t Multiclass
0.06F- NN
: 0.04
Diboson CRs: 4 leptons (Z2) 0.0
3 leptons, Ob (WZ2) 0
S i
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Inclusive tW/ cross section

CE/RW -7

Observed (expected) significance of 3.40 (1.40) = evidence!

owwz = 3954 + 54 (stat) + 95 (syst) fb
(two s.d. above the SM)

Dominant systematic uncertainties:

ttZ normalization: 18% - strongly anti-correlated with the signal

Additional studies showed that when fixing the ttZ cross section to
the previously measured value, the significance stays above 30

Other background normalization

Sensitivity driven by resolved SRs, especially the SR with 3 leptons, = 3j, = 1b

138 b (13 TeV)
 -68%C.L.
S T —p— —=95% C.L.
:_,, .................... - .................. —:_990/°CL ...........
¢ SM
. [ e G - Bestfit
L\ \ N
:_ ............................................ \x‘.- ..............................................................
: | I | | | l | | | l | | | I | | | l | | | I | | |

04 06 0.8 1 1.2 1.4 1.6
H ttZ

10
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CE/RW CMS

Simultaneous measurement of ttZ, tWZ, and tZg 2

ttZ and tZq already measured, inclusively and differentially

Evidence for tWZ production (previous slides)

Significant interference between tWZ and ttZ beyond leading order

Simultaneous measurement:
less dependency on signal modelling assumptions
processes are major backgrounds to each other
consistently treat correlations between systematic uncertainties

+ enhance sensitivity to deviations from SM that affect all processes (e.g. anomalous tZ, toW couplings)

Strategy: Measure ttZ + tWZ together, and simultaneously with tZq 11



Selection strategy for ttZ, tWZ, and tZq
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Events/ 16.67 GeV

Data/MC

Signal region with three leptons (e or i), 22 jets, 21 b-tagged jet

«10° CMS Preliminary 138 fb' (13 TeV)
- B tZq tWZ B 2 EX
i Nonprompt Multiboson Il WZ Xy
0gl— —¢— Data //////) Tot.Unc.
0.6
0.4—
0.2
0
155
1 - - W/ﬂ////‘// e Py Pyy ,c.,« Yy ﬁ/‘/‘:‘h‘ /-/’-/-/-/-»—/-/—/-/‘-/—/'-/-/‘7/7/7/7/‘7/ /77 ‘/ P
0.5F
0 50 100 150 200 250

IS estimated from data, WZ and other smaller backgrounds from simulation

Leading lepton o [GeV]

Events/ 1.00

Data/MC

<10° CMS Preliminary 138 b (13 TeV)
- [ tZq tWZ B iz X
1.6 Nonprompt Multiboson [l WZ Xy
1 4:_ —— Data //////} Tot.Unc.
1.23—
1
0.83—
O.6f—
0.4F-
0.2F-
O: """"""""""""""""""""""
1.5F .
|| S Sl aaaaed I foWW‘W;/W./././f
0.5

Number of jets
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CE/RW CMS
\ <

Signal/lbackground discrimination s

Neural network (multi-class classifier) to disentangle different signals and backgrounds

+ 3 output nodes for ttZ+tWZ, tZqg, and (maximum-score splitting to build fit categories)

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb'' (13 TeV) CMS Preliminary 138 fb' (13 TeV)
N~ — N~ — N~ 700
. — B tZq tWz B 2 ttX M I tZq tWZ B 2 ttX . I tZq tWzZ B ttX
S - Nonprompt Multiboson [N WZ Xy S - Nonprompt Multiboson [N WZ Xy C\D N Nonprompt Multiboson [N WZ Xy
%) — —¢— Data /////7) Tot.Unc. % ~ —e— Data //////) Tot.Unc. [%) 600:_ —e— Data //////4 Tot.Unc.
- - - — - u
Q 350 S I 7 2 500
W F wE W W F
= - 400(—
S - 300
B ¢ -
200
100
O 1
A 5E S 15F
S 1 %4—/—/—/%###///////////////;’////f/////////////?//—/—/—/—/—/—/—/—/////////7.//////////
5F thS 05
0.7 0.8 : : : : 0.7 0.8 : 0.4 0.5 0.6 0.7 0.8 0.9 1
ttZ+tWZ output node (max. score) tZq output node (max. score) BKG. output node (max. score)

13



Simultaneous fit to 3 max-score output nodes (SR) and two CRs CMS Preliminary

N

—
(00)

Profiled likelihood fit

—l
o

—
~

Limited by statistics, main syst. uncertainties on
background modelling and b tagging

—l
N

A

Inclusive cross sections measured to be:

o
o)

4+ Best fit
— 10 CL
—20 CL
¢ SM

O
»

ttthWZ cross section ratio to the SM
N

thz_l_th — 1.14 + 0.07 pb

Oizq = 0.89 £0.10 pb % 02 04 06 08 1 12 14 1.6 18 2
tZq cross section ratio to the SM

consistent with SM for t£q, &/

slight excess for ttZ+tWZ

14



CERN CMS
Differential measurements N 2

CMS 138 fb' (13 TeV)
% 30__ L L e '__
. ' (\D - ﬁZ'i'th ; '[r)gttaunc -
Cross sections measured as function of lepton and Z observables £ 25 I — Stat, une. -
R — aMC@NLO ’
35 20:_ Theo. unc. _:
Maximum likelihood unfolding T f ! :
S 5L =
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™~ P : 10— I —
— 10* = Postfit B 120 B iZq B tZ2 e zo3 - -
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CERN CMS
Differential measurements N 2

CMS 138 fb™ (13 TeV)
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The tW process at the LHC Run 3

CE/RW CMS /.
NS o/ :

First tW measurement at 13.6 TeV, using full 2022 dataset (34.7 fbo-1)

b W
Focusing on eu final states
WO and CR defined based on number of jets and b jets

Events

Data / Pred.

180
160
140
120
100

O—L—L
OON O

X

N

RERRKIRS
299999

10° | |
CMS ei““;

Preliminary

34.7 b (13.6 TeV
I I

¢ Data
tW
it
mDY
B VV+tV
m Non-W/Z

%5 Uncertainty

SOOI "
e e R S R ISR g OISR RISSRIEREES

(0,0) (1,0) (1,1)

(2, 0)

2,1) (2,2)(=3,=0)

(Number of jets, number of b-tagged jets)
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The tW process at the LHC Run 3

Gy s

N CHEP
il S0=4

First tW measurement at 13.6 TeV, using full 2022 dataset (34.7 fbo-1)

347 fo” (13. 6 TeV)

g t [, - BRI L ] | T
%/ o i CcMs + Data - VV+ttV -
|.|>J 5000 Preliminary tW I Non-W/Z B
t\VW At ~ Postfit B %% Uncertainty =
. DY |
/\\K 4000 €W o -
- (151b i
X W - (1)10) =
3000}s: PPRIPRE BT T S S
B o o 0 w0 0 ® 1
2000
Focusing on eu final states
1000
WO and CR defined based on number of jets and b jets 0
8 1.05E
. , | — o 1§
MVA classifiers (Random Forests) to separate tW from irreducible tt ~ 0.95l
background in SRs = 2 4 6 8 10 12 14 16 18 20
N O RF discriminant
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CE/RW CMS /.

Inclusive t\VW cross section at 13.6 eV X

Result: g,y = 84.1 £ 2.1(stat.)*/’ (syst.) £ 3.3(um) pb

100— CMS _
¥ ee, ey, uun (7 TeV, 4.9 fb™), PRL 110 (2013) 022003
' , 3 1~ 80 Acee, ey, un (8 TeV, 12.2 fb™), PRL 112 (2014) 231802
Compatible with SM N3LO prediction o (18 T 150 %% IR 07 (2055 OfF
+ l+jets (13 TeV, 36 fb™"), JHEP 11 (2021) 111
60 ®cu (13.6 TeV, 34.7 fb™)

Limited by systematic uncertainties:

Inclusive tW cross section (pb)
NN
o

mainly jet energy scale, b tagging anad
background modelling

N
o

B aNNLO+aN’LL, PDF4LHC21 (pp), JHEP 05 (2021) 278
My, = 172.5 GeV, a (M ) = 0.118 = 0.001

IllllIllllIllllIlllllllllllllllllllllllllllll

—

Ratio to
Prediction
® o

o
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Ditferential tVW cross sections at 13.6 eV

cw
\ \

CMS

SN CHEP
Il =024

Differential cross sections measured in 1j1b region, with veto on jets with pr 20-30 GeV

Several jet and lepton observables unfolded to particle level using TUnfold [1]

Good agreement with predictions from different generators, and different schemes for treating the interference between tt and tW

[1] [arXiv:1205.6201]

Pred. / Data
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80

100 120 140
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Summary &=

Putting the SM to the test with processes involving top quark EW couplings
Simultaneous measurements enhance sensitivity to BSM effects

Run 2 and Run 3 data give access to very rare top+V processes

Shown today:

First evidence for tWZ

. Statistically limited,
First simultaneous measurement of ttZ+tWZ and tZq » can still improve with

more data!

First inclusive and differential tW measurement in Run 3

More results on their way: stay tuned!
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Treating the interference between tWZ and 1t/

C

E’RW

CMS

N CHEP
N =024

Amplitude A divided into A(res) and A(non-res)

MadSTR plugin used for removal through diagram removal schemes

NLO process

a+b — S+y+X

a

non-resonant

2
|Aab—>5’YX |2 - |‘Ag€)—>6'yX‘ + 2R (‘Ag{)—nS'yX:A

 DR2: removes only the resonant term

Alessia Saggio

Overview of diagram removal/subtraction schemes

Aab—)éfyX — A%)_mfyx + 'Aa,b—>6'yX

 DR+| (DR1): removes both resonance and interference term

* The diagram subtraction (DS) scheme implements removal at the cross section level

« DR1: removes A(res) in A, used for nominal
+ DR2: removes |A(res)|? in |AJ]* (leaves interference term) for uncertainty

« DS: subtraction term, lies between DR1 and DR2

Frixione et al.. JHEP12(2019)008

B — o+~

(B)
2
gﬁbl&yx) + ‘Agk;&yx‘
A. Saggio
[ HCTopWG meeting
07/06/2023
18
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https://indico.cern.ch/event/1254906/contributions/5415888/attachments/2661752/4615473/LHCTopWG_tWZ_final.pdf

Events / 20 GeV

Data/MC

Events / 16 GeV

Data/MC

More on the tW/Z selection

C §
3
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K]

3

MS i
S

£

=

3

g

&

£

3

S

CE/RW
\ 1

x10° 138 fb' (13 TeV)
: MS B tWZNLO [ tiz I WZ+j
0255 B Nonprompt t(H)X I tZq
U mEEwze Xy 2z
- VV(V) ¢ Data 77777} Unc.
0.2
0.1
0.051
0 N __---'------.________________:':_~—~Af——_"__ .......
L4-// l
;3 //‘//’//* ,n’m«tuﬂ/////// ///////‘/*x‘/‘w%/ / /}/ /*/////f///
0.6E
0 50 100 150 200 250 300 350 400 450 500
pry; " [GeV]
x10° 138 b " (13 TeV)
03 -CMS I tWZNLO I iz I WZ4
- B Nonprompt t(t)X T tZg
0.25[- Bl Wz:b I Xy 2z
N VV(V) ¢ Data ////7] Unc.
0.2
: 3(,2j,> 1b
0.15
0.1
0.05(
0- i m Y Loy
1.4F // i
1.2F
0 g %‘//ﬁ/‘//f/y//ﬂ*/ VA, ////r/l// /4//{1 /f//l(/ / ///%/
0.6E

0 100

SRy 3 SR, SRy GRBoosted CRw CR,,
tWZ signal 7747 £0.12 2819+0.07 1598+0.06 5444002 31964008 2.39 40.02
ttZ 6579 +1.6 12276 £0.61 113.86+0.64 59.03+050 112.41+0.73 14.44+0.23
Nonprompt leptons 139 4 42 170 + 51 1.024+031 194+058 1450+430 23.0+7.0
tZq 86.45+0.78 108.69+0.71 029+0.04 4374017 74.84+0.67 0.05=+0.01
77 227 +24 60.6 + 4.1 200+23 030+029  597+12 2202 + 22
WZ 1664 +33  2278+40 059+019 684+066 10610+25 0.68 +0.16
VV(V) 15514011 1055+0.09 1.35+0.03 064+0.02 166+14  16.52+0.07
t(t)X 108.30+0.99 494+12  1732+034 626+019 394418  1.0840.07
Xy 54.1 +2.6 783+37  692+095 1.08+031  5194+11  253+0.60
Total backgrounds 1249 + 42 822 + 51 1599+2.6  808+11 13520+430 2028 +23
Data 1463 849 180 77 12743 2352

P, of leading lepton [GeV]

150 200 250 300 350 400

Nonprompt lepton contribution estimated from data:

- Weights derived from simulateo

QCD multimeter samples and assigned to events

INn CR enriched in nonprompt le

- 30% uncertainty assigned from

otons

validation test
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cErn)Y [EMS
Neural networks In the tW.Z analysis N 2

Blnary classifier DNN discriminating tWZ vs backgrounds.
Inputs: nbjet, jet pT and eta, observables combining jet and

Resolved: 3 leptons, 2j, = 1b Binary NN lepton kinematics
3 leptons, = 3j, = 1D

/1 |nh+r\r\n

S1CPtONS; = 15 Fully connected DNN with tW/Z, ttZ and background output
nodes. Inputs: nbjet, jet pT and eta, observables combining jet
and lepton kinematics, reconstructed top quark kinematics

BOOSted hor\hrnnir\ JaVaWa laYaYa VLo x ig'l')

s 1 ICANUUL UL 1IN\ |\J \JI\JULJL)’ \IL)LL J\JL
Leptonic top decay (lep. top tagger)

Fully connected DNN to tag lepton from the high pT top quark.
Inputs: third lepton and b jet kinematics

25



ttZ, tWZ and tZg - other differential distributions
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\

ttZ, tWZ and t1£g - systematic uncertainties 2
Source oc(ttZ +tWZ) o(tZq)
Trigger 2% 2%
Trigger prefiring <1% 2%
Lepton identification efficiencies 1% 2%
b tagging 1% 2%
Jet energy scale 1% 3%
Jet energy resolution <1% 1%
Missing transverse momentum <1% 3%
Nonprompt background 2% 3%
Pileup <1% 1%
Luminosity 2% 2%
Statistical 3.7% 10%
Background modeling 2% 4%
Factorization scale 1% 1%
Renormalization scale 1% 2%
Parton shower <1% 2%
PDF and ag <1% <1%
Underlying event and color reconnection 1% 2%
tWZ modeling <1% <1%
MC statistical <1% 1%

Total 6% 13% 27



Events / 10 GeV

Data / Pred.

Events

Data / Pred.

tW at 13.6 eV - more distributions and syst. Uncertainties
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tW at 13.60 eV - more differential distributions

(1/6,4)do/d(leading lepton p_) (1/GeV)

Pred. / Data

W
o

N
9)

N
o

—_
6]

—
o

%107 34.7 fb' (13.6 TeV)

AL L L L L I L I R

- CMS —e Data

[ Preliminary Total unc.

— Stat unc. —

i + tW PH DR + P8 i
o tW PH DS + P8 .

[ ~ tW PH DR + H7 7
v tW aMC DR + P8 .

N o tWaMCDR2+P8 1

o tWaMC DS + P8 .

- —e—Pwio = tW aMC DS dyn. + P8 ~

O O

o __e % a

%MEI? T

i _— b

W D HONDT =

——20 60 80 100 120 140 _

Leading lepton P, (GeV)

(1/6,5)d0/d(p_ (€%, ", j)) (1/GeV)

Pred. / Data

%1073 34.7 b (13.6 TeV)
EBEARREE L BN IR I I
7E CMS _eData .
- Preliminary Total unc.
R Stat unc.
6 + tW PH DR + P8 -
¥ o tW PH DS + P8
sb » tW PH DR + H7
i v tWaMC DR + P8
4E O a + —
. - tW aMC DS dyn. + P8 ]
3F Nelvex? —
- _._
2:_ —e— &I . _:
I TONVeEF TOREET
1 uOAVeRE —
O_I
2:
0050 700 150 200 250 300 350 400 450

p, (&% u*, j) (GeV)

(1/0,,)do/d(m(e*, u7, j)) (1/GeV)

Pred. / Data

%1072 34.7 fb' (13.6 TeV)
2277 L L L B B
. CMS —e— Data
- Preliminary Total unc.
10 Stat unc. —
i + tW PHDR + P8
[ o tW PH DS + P8
gk ~ tW PH DR + H7 ]
. v tW aMC DR + P8
I 5 a + ]
6 o & tW aMC DS dyn. + P8 ]
: ——
4l oy _
2__ -I@l@ %E} =
T o e
O|_| Ll
2-: -
B g IAVOER JoNID
L A — o
'_ ' 5 ' 5 ' 5 _'
%O 100 150 200 250 300 350 400

m(e*, u”, j) (GeV)

miss
T

5 U5, ple, ) (1/1GeV)

(1/o, d_)do/d(mT(e

Pred. / Data

C\E/RW CMS

NS
%1072 34.7 b (13.6 TeV)
12|_""|""""'"'I""I""I""I""_I
| CMS —e— Data
L Preliminary Total unc.
10 Stat unc. -
- + tW PH DR + P8
: o tW PH DS + P8
sl » tW PH DR + H7
_ v tW aMC DR + P8
- o tW aMC DR2 + P8
- o tW aMC DS + P8 T
6 = tW aMC DS dyn. + P8 ]
- Morvass .
4__ PO GAVE E _
:
. T oy .
2 . o
: +ONA 4P
O|_|| | L1 |
or -
E mmmm
1_ TN SN ieiver s
060 750 200 250 300 350 400 450 500

me(e*, 7, P, j) (GeV)

29



Summary

ATLAS+CMS Preliminary

Oy, =0.75 = 0.05(scale) = 0.01(PDF) pb
PRL 131 (2023) 231901

oy, =0.86(r(scale) = 0.02(PDF) pb

EPJC 80 (2020) 428

=0.98 = 0.10(tot.) pb

Otz.wz

MadGraph5_aMC@NLO

LHC topWG NNLO(QCD)+NLO(EW) NLO(QCD+EW)+NNLL NLO QCD
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