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Recent Standard Model
Measurements at the CMS experiment
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Standard Model

Standard Model of Elementary Particles Quantum field theory based on gauge

three generations of matter interactions / force carriers ro u .
(fermions) (bosons) g p -

: . = O SU(3)c x SUR2)L x U(1)y

mass = =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c? ~125.2 GeV/c?
charge | % % % 0 0
spin | % U Y2 C Y2 t 1 g ’ 0 H .
> , It’s widely successful:
up charm top gluon higgs
2 2 2 ® describes three of the four fundamental
=4.,7 MeV/c ~93.5 MeV/c =~4.,183 GeV/c 0 . .
” - ” b Ly Interactions
_
down strange | bottom photon | ® cxplains vast majority of experimental
: 2 : : 2 observations
~(0.511 MeV/c ~105.66 MeV/c =1.77693 GeV/c ~91.188 GeV/c
- @ I'® I'® || @
electron muon tau Z boson |
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
Voo | V| Vo |0 W
electron muon tau

neutrino neutrino neutrino W boson
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Standard Model of Elementary Particles
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L eaves open questions:
imited precision agreement at high energy
nature of dark matter
origin of neutrino0 masses
Mmatter-antimatter asymmetry
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Standard Model of Elementary Particles
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Look for new physics to answer open
questions:

® Direct searches — new particles/decay
| " ® Precision tests of the SM

higgs look for deviations from predictions

A A A A A

new
physics?

L eaves open questions:
imited precision agreement at high energy
nature of dark matter
origin of neutrino0 masses
Mmatter-antimatter asymmetry




CMS,

Compact Muon Solenoid

LHC — Luminosity

BCM1F: Inside tracker endcap,

BRIL detector near beampipe
T

Integrated luminosity is the integral of instantaneous
luminosity measured by the Beam Radiation
Instrumentation Luminosity system insides the tracker

L= |Zdt N=L-o

200 I | I I | | | I !

CMS 2010, 7 TeV, 45.0 pb™

2011,7 TeV, 6.1 fb™
2012,8 TeV, 23.3 fb™
2015, 13 TeV, 4.3 fb™’
2016, 13 TeV, 41.6 fb™
2017,13 TeV, 49.8 fb™
2018, 13 TeV, 67.9 fb™
2022, 13.6 TeV, 41.5 fb™
2023, 13.6 TeV, 32.7 fb™
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2026, 13.6 TeV, 20.5 fb™
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Why SM measurements

Status: June 2024

SM is everywhere, spanning distinct pp-collision Standard Model Production Cross Section Measurements
. e o )
processes with probabilities different by 1074, as ATLAS Preliminary Theory
measured at LHC as of today S E o 5.7.813,13.6 Tev
pT>726;V °
morscer| LHC pp V5 = 13 TeV
5 diets O 25EEZV ata 3.2 — 1
What do we mean by SM measurements and why do ~ * f »®a @ B veta 2t

LHC pp Vs =8 TeV

we dO them at LHC? 10* '-— Ao @ - A Data 20.2 — 20.3fb"
- . LHC pp Vs =7 TeV

* Fundamental constants: as, top quark mass, W mass [ . . 3°§: pe IEI B 0ot 45490
 Deviations may be a signal for new physics 10 35 2 by g
One cannot possibly search for BSM physics without Bo ey an’z 5 o o
understanding SM background E - PRSI N B = E“ﬁ;‘ ,
0 Calculations of all SM processes have finite precision i B e e 5 Cmg el e
0 Some are particularly hard to calculate and need 107 A% e, e B g T e T
benchmark measurements 10_2; ‘i n: N Vo = W Burws
O Some are not rigorously calculable at all (e.g., parton : " gl g0 o, B
fragmentation and hadronization, underlying event, 103 L o - = f ek
double parton scattering, parton density functions, E y T e T O
exotic bound states of quarks, hadron decays) w sets 7w . @t w e ww vy e

tot. tot. VBF tot. EWK  tot. EWK EWK



CMS

Compact Muon Solenoid

SM precision measurements — mass

Top mass

W m ass ATLAS+CMS Preliminary Miop SUMMAary, Vs =1.96 -13 TeV May 2025
LHCIOpWG
A
C M S /' \ """" LHQ gomb. (Feb ?024), 7+8 TeV LHCtopwa [1] to=tal St:at
statistical uncertainty
| | | | I | . ImpaCt (MeV) total uncertainty _ My, = total (stat = syst = recoil) [GeV] fL dt  Ref.
: Sour ce Of uncer talnty g LHC comb. (Feb 2024), 748 TeV HH 172.52 = 0.33 (0.14 = 0.30) <20 b [1]
) my in MeV Nomlnal Global World comb. (Mar 2014), 1.9+7 TeV ++~H 173.34 = 0.76 (0.36 = 0.67) 870" [2]
E | eCt roweak f|t ATLAS, l+jets, 7 TeV a1 172.33 + 1.27 (0.75 = 1.02) 46" [3]
PRD 110 (2024) 030001 I 80353 + 6 Muon momentum scale 4.8 4.4 ATLAS, diepton, 7 Tev 1 | mmetecses) aee o
- . , all jets, e S - — 175.1=1.8 (1.4=1.2) 46" [4]
H H o o ATLAS, dilepton, 8 TeV = 172.99 + 0.84 (0.41= 0.74) 203 b7 [5]
LEP Combl natlon 80376 + 33 : o : Muon reco. effICIGHCy 3.0 23 ATLAS, all jets, 8 TeV ]—|—-—|—I 173.72 + 1.15 (0.55 = 1.02) 20.3 " [6]
PhyS. Rep. 532 (201 3) 119 ATLAS, l+jets, 8 TeV = 172.08 + 0.91 (0.39 = 0.82) 2027, [7]
DO 803 23 W and Z angular CoeffS. 3 3 3 O ATLAS comb. (Feb 2024) 7+8 TeV H*H 172.71 + 0.48 (0.25 = 0.41) <20.3 0" [1]
75 + — ) ' ATLAS, leptonic inv. mass, 13 TeV R 174.41 0.81 (0.39 + 0.66 + 0.25)  36.1 7" [g]
PRL 1 08 201 2) 1 51 804 > ATLAS, dilepton (*), 13 TeV = 172.21+0.80 (0.20 + 0.67 = 0.39) 139" [9]
C D F ngher'order EW 20 1 9 ATLAS, boosted, 13 TeV [ 172.95 = 0.53 (0.27 = 0.46) 140 o™ [10]
804335 s 94 V . CMS, l+jets, 7 TeV I—|—o—|—l 173.49 + 1.07 (0.43 = 0.98) 491" [11]
. et mOdelln 2,0 O. 8 CMS, dilepton, 7 TeV —t—— 1725+ 1.6 (0.4 = 1.5) 491" [12]
E(ﬁg;g 376 (2022) 6589 pT g CMS, all jets, 7 TeV et 173.49 + 1.39 (0.69 = 1.21) 35" [13]
CMS, l+jets, 8 TeV e 172.35 + 0.51 (0.16 = 0.48) 19.7 b [14]
JHEP 01 (2022) 036 80354 + 32 | 3 | PDF 44 28 CMS, dilepton, 8 TeV —tot— 172.22 g (0.18 *%) 19.7 fo! [15]
CMS, all jets, 8 TeV e 172.32 = 0.64 (0.25 = 0.59) 19.7 fo™! [13]
ATLAS Nonprompt background 3.2 1.7 CMS, single top, 8 TeV e 72852122077 55 107 o
. 80366.5 + 15.9 B . . CMS comb. (Feb 2024), 7+8 TeV  H¥ 172.52 = 0.42 (0.14 = 0.39) <19.7 o [1]
arXiv:2403.15085 Integrated 1um1n051ty 0.1 0.1 CMS, all jets, 13 TeV - 17234 2.0.73 (0.20 %) 35.010° (17
C M S CMS, dilepton, 13 TeV et 172.33 + 0.70 (0.14 = 0.69) 35.9b" [18]
80360.2 + 9.9 g 1 CMS, single top, 13 TeV e 17243 177 (0.32 %)) 35.9 17 [19]
ThiS WOI’/( |- MC Sample S1Z¢€ 1 5 38 CMS, boosted, 13 TeV e+ 173.06 = 0.84 (0.24) 138 fb™! [20]
. CMS, l+jets, 13 TeV HH 171.77 = 0.37 (0.04) 36.3 b [21]
i | | | I | | | Data Sample Slze 2.4 6.0 : [1] PRL 132 (2024) 261902 [8] JHEP 06 (2023) 019 [15] PRD 93 (2016) 072004
: [2] arXiv:1403.4427 [9] ATLAS-CONF-2022-058  [16] EPJC 77 (2017) 354
= E [3] EPJC 75 (2015) 330 [10] arXiv:2502.18216 [17] EPJC 79 (2019) 313
80300 80350 80400 80450 Total uncertainty 9.9 99 + Preliminar | mepmme meemace ecna
y E [e} JHEP 09 ((2017)) 118 Ews} EPJC 74 ?2014; 2758 Eza JEF’JC 83 228233 560
[7] EPJC 79 (2019) 290 [14] PRD 93 (2016) 072004  [21] EPJC 83 (2023) 963
mW(MeV) ||| |||§||||||||||||
. 165 170 175 180 185
Higgs mass Mop [GeV]
A = —_
- 68% and 95% probability contours -
CMs a8 N Fit with IOt M ’ d =
| I | | | | | | | | | | I | | | | | | | | | | | I | | I WI ou W’ mt’ a mH l\
Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™' (8 TeV) —— Total Stat. Only i % wi N
2016: 35.9 fb™' (13 TeV) ATLAS e+ Total Stat. only | Combination Fit without MW and I~
Total (Stat. Only) Run1: /5=7-8 TeV, 25, Run 2: /5 = 13 TeV, 140 fo~! i Full Fit i
Run 1 H—yy —_ 124.70 + 0.34 ( + 0.31) GeV Total (Stat. only) ] Experimental measurements g
Runi1 H — ~y I ® i 126.02 + 0.51 (x 0.43) GeV 8
Run 1 H— ZZ— 4l — 125.59 £ 0.46 (£ 0.42) GeV Runi H — 4/ i ° i 124.51 + 0.52 (+ 0.52) GeV ;- 200 ;
D @\l
Run 1 Combined — 125.07 + 0.28 ( + 0.26) GeV Run2 H — 7y H—ll 125.17 +£ 0.14 (+ 0.11) GeV O] i | | —
Run 2 H — 4/ —e— 124.99 + 0.19 (+ 0.18) GeV - | s
2016 H—yy L — 125.78 £ 0.26 ( £ 0.18) GeV E - ]
Run 142 H — vy 125.22 + 0.14 (+ 0.11) GeV X
V4 Q
2016 H— ZZ— 4l ——— 125.26 £ 0.21 (£ 0.19) GeV Run1+2 H — 4/ 124.94 + 0.18 (= 0.17) GeV - Y,
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV S
2016 Combined ———t 125.46 + 0.16 ( + 0.13) GeV | = =
Run 2 Combined |—o|—| 125.10 + 0.11 (+ 0.09) GeV A
Run 1 + 2016 —.—t 125.38 £ 0.14 ( £ 0.11) GeV i - .
I ( ) Run 1+2 Combined I—r 125.11 + 0.1 (+ 0.09) GeV 150 m fit
cao v v v b b b v b by gy T SN R TN S T S (A T TSN AN T SO SN AN N SN M N T S S TR IS S S S S | I N1 I
122 123 124 125 126 127 128 129 123 124 125 126 127 128 80.3 80.4 80.5
my, (GeV) my [GeV]
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Production cross section, o (fb)
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mom 13 TeV (L<138fb") -
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v 7TeV(L<5fb")
B 5.02 TeV (L<302pb~") _
01 2.76 TeV (L<231nb™ 1)

95% CL limit at -
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Theory prediction ]
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https://arxiv.org/abs/2405.18661

CMS

Diboson production — Motivation

Manifestation of gauge boson couplings at the LHC: production of final states with boson pairs (W,Z,y)

Vl I %%\—\r\l\ﬂ\‘v
> L

:

2
9 s-channel v - channe/ u-channel gluonic-channel
CMS Preliminary January 2026
| I _‘ _‘ . | S PLB 861 (2025) 139231 | i o ] ] ]
Theory prediction a PR 10262001 (2020 o Prediction of the non-abelian SM gauge structure:
WW - 136 TeV (LS62fb 1) VA EPJC73E2013;2610 AV
men 13 TeV (L<138fb! PRL 127 (2021) 191801 .
o 8o (L 19600 T E); :_ Couplings between gauge bosons
wzl v 7TeV (L<5fbT) A EPJC 77 (2017) 236 A . .
mm 502TeV (L<302pb") ¥ comanze || Measuring the coupling between the gauge bosons tests a
v PRD 89 (2014) 092005 v
s S central part of the SM
7z : i - . .
e o 12 o 60 e — Deviations could hint to new physics
\"4 PRD 89 (2014) 092005 v
“ . e N S Complementary to direct search for new physics
10° 10% 10° 1 2 y y

Production cross section, o (fb) Data/Theory
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Production cross section, o (fb)
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https://arxiv.org/abs/2405.18661
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Triboson production — Motivation

 Direct measurement of gauge boson self-coupling and precision test of SM

CMS
q
%
%
—/ ";
CMS Preliminary January 2026
VVV L " EON  PRL 125 (2020) 151802
WWW =N 13.6 TeV (L<62 fb_1) o PRL 125 151802 (2020)
WW/Z el 13 TeV (L <138 fb—1) o PRL 135 (2025) 091802
WWZ ° .. o PRL 125 151802 (2020)
WZZ| 95{; (i/L :I_n!lt at - o PRL 125 151802 (2020)
77 13 TeV (L<1381b™") oo PRL 125 151802 (2020)
| pAan 8TeV (L 19.6fb_1) o JHEP 10 (2021) 174 |
WYY Theory prediction A JHEP 10 (2017) 072
« A JHEP 10 (2017) 072 |
Zyy ) JHEP 10 (2021) 174
WWy o PRL 132 (2024) 121901
WZy | o PRD 112 (2025) 012009
L2y « o SMP-24-014
102 1071 109 10’ 10° 103 104

Production cross section, o (fb)

* Finely balanced cancellations between QGC, TGC;
Higgs amplitudes is needed to preserve unitarity at
high CM energies

* Any anomalous HVV, QGC and TGC coupling can
disturb the balance and create large cross-sections
at high energies

 Complementary to vector boson scattering
measurements
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Triboson production — Introduction

 Direct measurement of gauge boson self-coupling and precision test of SM
q

\fﬁ

Leptonic final states are proper channels considering background
components and reconstruction efficiency/resolution but with limited statistics

1. SM process that produce multi-leptons but one is lost estimated by
o W/, //Z where a lepton is not detected normalizing MC
W decay mode e Top quark related backgrounds to data
! 2. Vy events where the photon is misidentified as an electron
34.0% /e L o Fully estimated
3. Nonprompt leptons originating from hadronic jets in-situ using

ud

10.6% M
@ 4. Nonprompt photons originating from hadronic jets data

12
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e*v u*v y final states

13

Triboson production — WWy

8 t
ji
b W

e fty andtW

“00000)

e /Yy process e Diboson e Nonprompt bkg
I Wiz e .
quark )_)_)-E -% :7{
T8 —K
q Z .
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Triboson WWYy analysis strategy

e*v u*v y final states

e fty andtW e 7y process e Diboson e Nonprompt bkg
g t v q’ W/Z 0 é/
v quark WE -% :7{
t PN Y q A % -é _ﬂoL
3 E'§ : K_+
b w- q) ‘\/\/\/\Z/\/\/\ ] \\’..

MVA-ID is used to identify the leptons and photon for improving signal to background efficiency

The region full of nonprompt backgroundads, can be used to
constrain the nonprompt background by correlating the
same systematic uncertainty in the SR

sign

In addition to basic requirements:

® mu> 10 GeV
Basic
selection

SSWWy CR

e pTit > 15 GeV

o Ermiss(PF) > 20 GeV
e MWW > 10 GeV

same-sign |opposite-
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Triboson WWYy analysis strategy

e*v u*v y final states

e fty andtW e 7y process e Diboson e Nonprompt bkg
g t v q’ W/Z 0 é/
v quark WE -% :7{
t PN Y q A % -é _ﬂoL
3 E'§ : K_+
b w- q) ‘\/\/\/\Z/\/\/\ ] \\’..

MVA-ID is used to identify the leptons and photon for improving signal to background efficiency

_ccf;) The region full of nonprompt backgroundads, can be used to
In addition to basic requirements: $ SSWWy CR constrain the nonprompt background by correlating the
= same systematic uncertainty in the SR
e My > 10 GeV ' ~
. prit> 15 GeV Basic Ni=0 |
| selection - . SR Qvents fgrz‘heff categorised
o Ermiss(PF) > 20 GeV ks I to Oj and =1|
IN's > N. > 1
e mMWW> 10 GeV of 17 y
a

(7))
)
> Topy CR The region full of top background
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Nonprompt ¢ estimation

1. Build QCD jet-enriched region with requirements of

= o pM < 20 GeVandm, < 20 GeV
'45 ® At least one jet with pr> 30 GeV and AR(Z,))>0.4
>
£ 2. Measure the tight-to-loose rate f = ’f
Nr T+ Np
§ : ® N1 the number of leptons passing tight £ ID in QCD jet-enriched region
% | ® nr the number of leptons passing fakeable £ ID in QCD jet-enriched region
'q I
I
! 3. Build nonprompt ¢ data-driven CR with fakeable ¢ ID and apply to
SR with weights f/(1 — f)
Yes No ) )
. W 1j 1)
p%lss & mp < 20 GeV SR B i i f
M onprompt £ = Z (dataCR X ) Z (prompt 7 MCCR X )

1)

| — fi

1

| — fi



~ N t y estimati template fit
The main strategy of the nonprompt photon estimation is to build an_orthogonal region to the SR
from data with proper weights as functions of interesting variables applied
Denominator
A
a N
predicted — __ __ arunweighted .
n . =N = .
fake—in—SR tot X |€fake—fraction ]\Gake—m—CR X wezghts
\ v J ...............................................................................
/N Numerator EFake photon enriched sample by inverting theé
Truae >;isolation variables in the photon ID in data
—— Fib veSwld
Fal&e Based on the dilepton+jets events
The shape of the
histograms as '
gpdf Template fit Data Remove Oinin cut
Remove Oinin cut
AR(yreco,ygen) < 0.3
> Get shape from simulation
" G Fake Remove Oinin cut
: 5%5 = o) . . -
27 Wi = Tsxs) template Invert the charged isolation variable

Ginin — \

5X%5
Zix Wi

- w0, if Ej > 0.9% of Egxsg

Get shape from data
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Triboson WWY results

e Simultaneous maximum likelihood fit with control regions
 POI of the signal and normalization of the relevant top are float

CMS  wmwmren | CMS  rswiisTey mTWW: [10, 40, 70, 110, ©)
vy Wy ' -Postfit WWy SR vy Wy [20, 150, 250, )

Postfit WWy SR Mgy

N

—_
o)
o

Events /bin
Events /bin
w
o
o

] . VV Nonprompt / o VvV Nonprompt /
“Category 0 jet : "Category =1 jet
100 . I Top Nonprompt vy . I Top Nonprompt y
— Data - Stat @ Syst —+ Data -~ Stat ® Syst

200

TORY | mpww: (10, oo)

my, €(20,150] i m, €(150,250] i m, €(250,)

my,, €(20,150] : m, €(150,250] i m, €(250,)

A - CR
o ke e -
g 10k SSWW
X ASGERER SR SR Y| mpww: [10, 40, 70, 110, <o)
] S - o - - - o~ - - B R CR
o &3 3 z2"3s33z"s3z2h
— = o - = O - = =)
m_\lf_vw [GeV] mTWW [GeV]

e Theoretical cross section from MadGraph at NLO e Observed (Expected) significance is 5.6
QCD accuracy is: (5.1) s.d.

« 6y, = 5.33 £ 0.34 (scale) % 0.05 (PDF) fb . Measured results are:

 u.mp = 1.11 £0.16 (stat) £ 0.15 (syst) £ 0.13 (theo)
¢ 054 = 5.9 £ 0.8(stat) £ 0.8 (syst) £ 0.7 (theo) tb

First ohservation, within uncertainties,
measurements agree with the SM predictions
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35.9-137 fb' (13 TeV)

E>‘> I | | | L | | I LI I | | t
1 -5
7  F CMS Supplementary wZ ¥
) »
B — mH - 125.38 Gev "¢'
E“-|>10_1 = p-value = 44% E
vy : g :
a b e
1072 F T LY =
- C . '¢'é Leptons and neutrinos Quarks .
= .¢ “, :
3| 7 a
0 o -
:xé' _ . -
p Force carriers Higgs boson -
pooE O
EII| ] | IIIIII| ] ] IIIIII| | | IIIIII| ] E
% 1_5:II| | IIIIII| | | IIIIII| | 1 IIIIII| | i
@) N
2 oo e ot
I L | N |
05507 1 10 107

particle mass (GeV)

 H-s Yukawa coupling measurement
IS by H—¢py measurement [1]

» |f translate the results [2] to k , the
|k, | ~ 2.7x 10

[1] https://doi.org/10.1007/JHEPQO7(2018)127

[2] https://doi.org/10.1103/PhysRevD.101.115005

Triboson H(—WW)y — Yukawa coupling interpretation

T~ _— _* Possible to constrain all
q light quarks Yukawa

couplings

Higgs couplings with light fermions: next milestone @ LHC
Several channels to measure c-H coupling

* VH(cc): the most sensitive channel
* ggH(cc): the boosted region explored in CMS

H-c coupling results Exp. (Obs.) results
ATLAS VH(cc) (Z—1£2, Z—=vv, W= Lv)
[EPJC 82 (2022) 717] kel < 8.5 (12.4)
CMS VH(cc) (Z—128, Z—vv, W Lv)
[arXiv:2205.05550] 1.1 < [Ke| < 5.5 (|ke| < 3.4)
CMS ggH(cc) [arXiv:2211.14181] u <47 (39)

19


https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
https://arxiv.org/abs/2205.05550
https://arxiv.org/abs/2211.14181
https://doi.org/10.1007/JHEP07(2018)127
https://doi.org/10.1103/PhysRevD.101.115005

>, 1 Triboson H(—=WW)y — Yukawa coupling interpretation

 Main background from gluon-initiated Hy doesn’t exist at LO
due to Furry’s theorem [1]

 Backgrounds in Hy are sum of signal and backgrounds in the
WWYy measurement

[1] https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125

20


https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125

>, 1 Triboson H(—=WW)y — Yukawa coupling interpretation

 Main background from gluon-initiated Hy doesn’t exist at LO
due to Furry’s theorem [1]

 Backgrounds in Hy are sum of signal and backgrounds in the
WWYy measurement

; W Forqg = u,d, s Forg = c
\‘ " 1. MadGraph 1. MadGraph
""" T v » Model “Higgs effective Lagrangian” » Model: loop_sm_MSbar yb_yc-yc4FS
. e Quark masses in MS scheme * Closely following theory studies

for bbH (1409.5301)

from PDG are used

/q/% « Process: gg — Hy  Process: gg — Hy [QCD]
2. JHU generator 2. JHU generator

« H—> W'W™ = e*u¥y,0, - H—> W'W™ - ey, 0,

[1] https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125
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>, 1 Triboson H(—=WW)y — Yukawa coupling interpretation

Full Wwy | Cut
SR

/-

H W [T
_ <k - '-4----0---->‘].-.-c/'/
V] W— U

1.In the Higgs boson rest frame, the Higgs (spin 0) to
two opposite-sign W bosons, traveling in opposite
direction and with opposite relative spin orientation

2. The weak decay of the oppositely charged W bosons
with opposite spin orientation results in two leptons
that tend to travel in the same direction

2 i — gg — H— WW (130 GeV)
§0.12— — qq—> WW
o — | ammmus gg_)ww
- — qg/gg — tt
8 01— |- gb — Wt
N Yz
©

£ 0.

| .

e)

c
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- Triboson H(—WW)y — Yukawa coupling interpretation

Cross section limits
Flat direction: assuming all other SM couplings are

Process o upper limits obs. (exp.) [{b] | _
utl — H+9 — epv v,y 85 (67) scaled as kH, which is constrained as a function of Kq,
dd — H+ v — epv v,y 72 (58) and Br%vl, so that signal strengths of all other Higgs
58 > Hay = epven,y 68 (49) boson processes in this decay channel are always
cc > H+vy—euvy,y 87 (67) unity 1]
Sy 2 SM 2 Ky limits obs. (exp.) at 95% CL
o 1=BrM \/ (1 = Brg;" )"+ 4Brg; «; k.| < 16000 (13000)
* Ky~ ) k4| < 17000 (14000)
 Hy rate can be scaled with K2 X K}zl | = 170 (1350)
77 (1 — BI’SM)KH 1 Brgcl]\/[Kg k.| <200 (110)

[1] https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.073013
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Production cross section, o (fb)
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13 TeV (L<138fb~") -
8 TeV (L<19.6fb™1)

7 TeV (L<5fb™1)

5.02 TeV (L<302pb~") _
2.76 TeV (L<231nb™")

95% CL limit at -
13 TeV (L<138fb7 1)

Theory prediction

QCD v _

W

lttl

t

WW __ ggH Vv VBF

WZ VBFH
7

V

VH VWV

tX

t(HH

tX HH ewexzx f Vyy ew
Wy WW . WWy VV
2y

24


https://arxiv.org/abs/2405.18661

CMS

g

10°

Data/Theory N
o o1 =
(@) o -

O
o

10

—k
o
o

0‘ q
“
e, I “N _
"' t + q
D W
‘0""'
.\ —_
t b
Ve, IV —
€T H Q‘ W
Q
.\ —
S 7,
o
b
CMS Preliminary January 2026
e B 13.6 TeV (L<62fb7") |
A - Bom 13 TeV (L<138fb71)
v
° o " - Al 8TeV (L<19.61b7")
o v o 1
5 _® - . v 7TeV (L<5fb™) ]
-1 l
= =0 V- R BEm 5.02 TeV (L<302pb )%
> o . Theory prediction |
Q 2) o ]
al F 1
~ N 1
= 53
(o8 |1 _—
= T ES o o i
N ]
3 = A og P |
8(?.5) A I. ]
N o A
& K o l E
O ~N
N & L2 ,
o) a0 o) |
v z 3 O
A E
= SR - S 8 S g
= 5232383533353 88a88 5528 58828 8 o § 58 5 8
ENOoooﬁ@/@,Q‘/Q‘,Q,@goo 2l 8 8 &8 8 3 & 3 oﬁ.ég&g‘—oﬁﬂ
® - © ® © 5 5 5 55 =N %a ol § & © 0 © @ © < S5 T & ® &
S S c g8 gggesg8NNrFEs s _ 8555 &8 885 4,589 985 8 835 5o«
A A - B - B > B > IR SR S I =T R YA i I SV Y Y YU B QYO ISR QYRS BT ST B S Y Bl B R U B S S S S B R R\
oooooooooooo 8 6 o 9 - |o =) » o =~ - 2 o 8 g 8 To) 8 A~ — ~
jogooogggggNNmOv—an—w—w—ooooog‘—ggml\CDOONq.
- o o o © © N p p Vi |l T T o o oo oy o E EE O = o o - ©
b obbbeooooeaagbbsblioy b bOLELSE 55223 3508 2 o
'S 2 $ 5 S o aaaaoaa a S5 S5|5aa I 5555 S5 358 zuw 2z 55 a =&
A I ]
A —]
A |
, o o K ° II A B B
0 A V=g 0~ 10 0 iy g O O AV g AV O A o N

Top couplings — with bosons

The tyq process is observed by ATLAS. CMS so far
only has evidence for tyq, first-ever tyq differential

cross sections and simultaneous tyq+tty cross
section

These processes represent a direct probe of the top-
photon coupling

O Precise measurements provide a stringent test of
SM predictions

O Anomalous top-photon electroweak coupling via
EFT fit to tyg+tty

Simultaneous measurement of the tyg+tty

* Full set of correlations between the two processes
* Possible for a more straightforward EF T interpretation

CMS-PAS-TOP-25-003
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Top couplings — Simultaneous tyq and tty

g b
o“' q |
Sy Signal events (Ne=1, Ny =1, N;=2, Np=1):
} RIS W ) exactly 1 lepton, at least 1 photon, at least 2
w- b jets, of which at least 1 is b-jet

/

1 ) a

Low cross section ~1 pb High cross section ~500 pb _ _
_ Basic selection Basic selection
Separate signal and background: Train BDT to separate exactly St lomet 2 ot exactly 2¢
east 2 jets

tyq, tty and others

- No jetlrequirement
Background estimation/constraint (tty as signal): vy VR T > 0 GeV
 Simulation: V+Jets/Vy+Jets, tW/tWy, TTV, VV

e Data-Driven backgrounds:

pss > 20 GeV

* |—v (nonprompt y), | £ (honprompt £), double nonprompt,
and e—y (mainly in e channel)

* Define proper control regions
 (Constrain normalisations of main and data-driven
backgrounds

20 tty CR

Included In the final fit
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Background estimation — ele misID validation

Disagreement can be cured by normalisation factor derived from m,y, distribution
— Float the misID normalisation in the fit as rateParam

Validation by checking agreement from other kinematic distributions in Vy VR

— No shape mismodeling, agreement can be fixed by the simple normalization factor

000000

Events/hin

800000
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400000
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Data/Pred.

—i

.
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T

0.85

CMS Preliminary

138 fb™' (13 TeV)

+_!1l|lll|lll|
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s-channel tq

tty +jets
tty —21
Total unc.
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T tW(y)

tV
B W(y)+jets
B Zy+jets
- Data

Z+jets

A
Nonprompt vy
Nonprompt |
Double nonprompt

—_—

- —

[ e gy —
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| P —
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CMS Preliminary 138 fb™' (13 TeV)
:§IOOOOOO_— tyq W (y) W Z+jets
= - s-channel tq tV LAY
@ - - .
@i 800000  tty+ets B W(y)+jets Nonprompt vy
- tty =21 B Zy +jets Nonprompt |
- Total unc. -»- Data Double nonprompt
600000
- e channel
400000{— o488
8 ol
e —e—
200000
-~
8 1.2:—
% 13“. _._—0—+—0—+"‘ ++—0—++ ——4¢ __._++ —~ ~—a o +_.-—0— _‘_:
‘a : | 2 2 1 2 PR | I PP |
QO 08373 20 5 60 70 80 90 100 110 120

Photon P, (GeV)
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_— Background estimation — Double Nonprompt
é A
a Nonprompt y Each data-driven sample contains contributions as the left plot. It we use
g Nonprompt ¢ these two data-driven samples simultaneously, the nonprompt £/y, and double
i nonprompt contributions are double counted, especially important for
single lepton channel
Prompt y
N tf
SHPITP + + N, double nonprompt

4 promptnegs
Nonprompt y + Nonprompt £ + Double Nonprompt

Only nonprompt y Nonprompt y + Nonprompt ¢ .
(with overlap removal)
.. - .. :
CMS Ppreliminary 138fb (13 TeV) CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb™' (13 TeV)
< - . = - .
= - Wityg W tW(y) W Z+jets 5 - Wt W tW(y) v S - Mltyg M tW(y) M Z+jets
£ 25000 1 s-channel tq iV A, £ 25000 s-channel g fiv Nonprompt. £ 25000 " s-channeltq =~ ttV Y
i E tty +jets B W(y)+ets Nonprompt vy |.?>j " W rjets B W(y)+jets Nonprompt 7 = -ty B W(y)+jets Nonprompt vy
20000 | tiy—21 B ) +jets ““Total unc. 20000I— _Y -ZYfJetS 20000— = tty—=2i B Zy +jets Nonprompt
N « Data - ty—=2i W Z+jets = Total unc. ~ < Totalunc. --Data Double nonprompt
B — —— Data _ ) B
15000/ Channel: wy +jets 15000/ Channel:wy tjets - 15000/ — Channel:wy +jets =1
- IR b-veto CR - A b-veto CR - SRR b-veto CR
10000— _ 10000~ 10000— _
5000 5000 50001
S 1.2F S 1.2F 8 12
(0] ~4- D - o C
Y L e oy e " e o R T i MR y B o B © e +"T
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BDT training — prefit BDT score

CMS Preliminary 138 fb™ (13 TeV)

c - -

. . . 8 250000} | Others W ty—21 Double Nonprompt
e Simultaneous fit for events in SR and CRs g [Momsmep Ciame e

> i Y Yq ou q

" 200000} Il Wiy )+jets fy—fout  -e Data
- I Zy +jets Nonprompt y - Total unc.
L I Z+jets Nonprompt [ Data/Prefit

29

* Post-fit results: good agreement within uncertainties

150000 Channel: iy +jets

100000

CMS Preliminary CMS-PAS-TOP-25-003 138 fb™' (13 TeV) - ——
- — _ -
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Observed
results:

Theoretical

Cross sections:

CMS-PAS-TOP-25-005

Simultaneous inclusive fit

ety 10 = 1.055 19020 = 1.05570022 (syst) T0057 (stat),
ot tyq = 236.877 17 fb,

mea. _ +80.8
Ttot. tty—14 1445'24—80.8 tb.

Heyq = 1141 5050 = 1141 5566 (syst) g gu (stat),

ATLAS measured fiducial cross section at
stable-particle level

o(tqy) X B(t—£2vb) + o(t—£2vby)q =

30319(stat)f£(syst) fb

o'V =1369.9 +22.8fb (decay photon from LOx1.71)

theo.
attlzo. = 1351.8 £ 23.8 {b (decay photon from NLO)
o7 =207.6 +8.5fb

theo.

ATLAS theoretical cross sections at
stable-particle level:

o(tqy) X B(t—£2vb) +

o(t—evby)q = 21777 fb

ATLAS tyg paper
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tyq do/p_ (fb/GeV)

Pred./Data
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-
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O
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Simultaneous differential fit

e Photon pr, lepton pr, me,, AR(Z,y), Nigntj, Njets are measured at particle level

e AR(te,y) and leptonic top quark charge are measured at parton level

fiy do/p_ (fo/GeV)

CMS Preliminary 138 fb™ (13 TeV)
- 0gy (MG5 NLO prod.+ ® Data
- Powheg+Pythia8 NLO single top decay)
— { Total Unc.
- { CMS-PAS-TOP-25-003
= s
- | | | .
—20-27 ' 27 - 38 ‘ 38- 60 | 60 -

p; (GeV)

Data compared to MG5 NLO prod. y +
Powheg+Pythia8 NLO decay y

Pred./Data

CMS Preliminary 138 fb™' (13 TeV)
100—
B Ogy (MG5 NLO prod.+ ® Data
B Powheg+Pythia8 NLO tt decay)
801" o gy (MG5 NLO prod.+ { Total Unc.
[ 77 1.7 xMG5LO tty decay)
60 W CMS-PAS-TOP-25-003
40—
T e T
20—
B —
0 B | | | ®
1.2
1?vvvv}vvvvv’\’”\’\’”{’\’“’“’\’\’\ :{/ xxxxxxlxxxxxx
0.8 , . .
20-27 27 - 38 38 -60 60 -
pfr (GeV)

Data compared to MG5 NLO prod. y +
1.7xMG5 LO decay y (or Powheg+Pythia8 NLO decay y)
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TGC: Triple gauge couplings

QGC: Quartic gauge couplings

VBS production — Motivation

Multiboson couplings:
e T(Q)GC: WWZ, WWy, WWZ2y, WWyy, etc.
e BSM TGC: ZZ2y, Zyy, etc
e BSM QGC : Z2y, ZZZ2y, Zyyy, etc

M Test SM for the electroweak sector

M Provide platform for anomalous couplings

33



)
]
]
]
2
3
=
<]
3]

TGC: Triple gauge couplings

VBS production — Motivation

QGC: Quartic gauge couplings Multiboson couplings:

: , e T(Q)GC: WWZ, WWy, WWZ2y, WWyy, etc.
e BSM TGC: ZZy, Zyy, etc
e BSM QGC : Z2y, ZZZ2y, Zyyy, etc

M Test SM for the electroweak sector

M Provide platform for anomalous couplings

The Higgs boson contribution cancels exactly the E2
dependance of the cross section at high energy in
massive VBS only

34

Important process to investigate electroweak symmetry
breaking (EWSB)

M Unitarity preservation visible in massive V.V. scattering

™ Probe the nature of EW symmetry breaking




CMS

VBS production — Motivation

TGC: Triple gauge couplings  QGC: Quartic gauge couplings Multiboson couplings:
: : q q e T(QGC: WW/Z, WWy, WWZy, WWyy, etc.
e BSM TGC: ZZy, Zyy, etc

W V
e BSM QGC : Z2y, ZZZ2y, Zyyy, etc
W
V
. M Test SM for the electroweak sector
M Provide platform for anomalous couplings
CMS Preliminar January 2026 . . .
Theorypredicﬁony — + ¥ st —— The Higgs boson contribution cancels exactly the E2
VBFW| mm 13Tev(L<138fo) e 1 e 1 - dependance of the cross section at high energy In
| mAn 8 TeV (L<19.6fb7") 6 EPJC 78 (2018) 589 o -
VBF Z v 7 TeV (Lg5fb—1) A EPJC 75 (2015) 66 A maSSIV9 VBS Only
ew Wy o A e
_ o ooy | Important process to investigate electroweak symmetry
ex - WW A JHEP 08 (2016) 119 A _
ep\\(:l(WiW; o PLB 841 (2023) 137495 o breaklng (EWSB)
ow Wi Wi A PRL 114 051801 (2015) A . . . . . . . .
s € e _— M Unitarity preservation visible in massive VLVL. scattering
i R S i ™ Probe the nature of EW symmetry breaking

Production cross section, o (fb) Data/Theory
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VBS Zy analysis strategy

« EW VBS: six fermions final state at leading order O(a®)

. W * Irreducible background.:
. f e QCD-induced @(a4af) (large)
\ e Interference: between EW and QCD @(aSCxS) (small)
. : e Diboson, tty, tW, etc (small)
EW

* Reducible background: mis-ID of final state particles

o (fo) per bin (m, 1Ay I): o8 o (fb) per bin (m , 1Ay 1): a0 "
5r g g 5. i I o ~—
4.5: 4.5: k % (@] ___________JT,+
E : quar o
350 3.5 =5 @
T e 7
3 3 O 0O
= —= Q p S
E 25 g‘ 2.5 | g T K+
2 2 5 & —
c T~—
1.5 1.5 .
1 1 N .
L J
0.5 0.5
foo 200 300 400 500 600 700 800 © foo 200 300 400 500 600 700 800 ° Nonprompt y background

ITl” (GGV) m” (GeV)

Main background is from corresponding QCD production which can be suppressed by the VBS kinematic
variables like m;>500, An;>2.5, so the cut-based ID is mainly used to identify leptons and photon
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" EW Zy ST, TTy,VV _
B QCD zy -~ Stat ® Syst_|
barrel Nonprompt y =

300

Events /bin
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VBS Zy results

The observed (expected) significance is
9.4 0 (8.50).

. 0o P = 4.34 £ 0.26 (scale) = 0.06 (PDF) fb

o Il = 1.201’8:%% (stat fgz%;‘ (syst)

¢ 0oy = .21 £0.52 (stat) £ 0.56 (syst) tb
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e Extended the SM Lagrangian with higher
dimensional operators maintaining

SU(2)xU(1) gauge symmetry:

¢ i

Events / bin

10

107"

(6) -®)

2 A4

| | |
® Data Nonprompt vy

TEW Zy ST, TTy,VV

BaQcD zy — F 5 =0.47 TeV™
— Fpg=0.91 TeV™

CMS 137 b (13 TeV)

0.15-04 0.4-06 0.6-08 0.8-1.0 1.0-1.2
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VBF y results

38

* The first measurement for VBF y due to challenges on background modelling

* For events of pr(y) > 200 GeV, we have:
O Inclusive and differential cross sections

O Gap rapidity test for Monte Carlo generator modelling

CMS, !
d d
4 Y
W+
U U
CMS 138 fb™' (13 TeV)
S 10° = -
2 TE PewyjetsBlty Yy
%) 1085— . .
E b fake y wiyy Bz v
> 100 .
LLI o°E .W(Iv) Y .QCD v jets ¢ Data
10°
10* B
10°
107
10
%0105 Stat + Syst unc Stat unc
N > 1E----- Q- P @ -------- e - AT @ ----- o --
0.95

o 01 02 03 04 05 06 07 08 09 1

BDT
https://arxiv.org/abs/2512.00502

Gap rapidity fraction / 15 GeV

CMS 138 fb' (13 TeV)
]
] BDT > 0.9
0.8_—
0.6_—
- ¢ + Data
0.4—
- QCD + EWK v + jets
0ol (MG5@NLO + Pythia 8)
G_|III|III|III|III|III|III|I
20 40 60 80 100 120 140

p¥6t0 [G eV

O SMEFT interpretation on operator of cw and chws

CMS 138 fb™' (13 TeV)

+ SM

¢ Best fit
— =+ 1s.d.
--x2s.d.

-0.2 -0.1 0 0.1 0.2
cy [Tev?]


https://arxiv.org/abs/2512.00502

CMS

Compact Muon Solenoid
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Date

LHC status and prospect

High-Luminosity LHC

The Phase2 Upgrade of CMS

X/ i

A remarkable breadth of physics results

=) 2,

Higgs boson discovering Study of Yukawa coupling
Observation 31 generation
Natural SUSY searches Evidence 2nd generation

Exclude large part of parameter space _ o _
Shift to precision physics

Probing QGP Mw, Miop, SiN20y,
Observation of VBS

Heavy flavour physics
Ultra-rare decay Bs—= p"p-

Recent highlights

)

Run-3
Precision physics
Higgs boson physics
top quark physics
Searches

Towards the HL-LHC
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LHC status and prospect
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Summary

SU(3)exSUR)LxU(1)y

Standard Model of EIementary Partlcles

rrrrrrrrrrrrrrrrrrrrrrrrrr

(fermionsy ~  (bosons)

* The SM theory overview “[@[ee e s
 The recent CMS SM results o J{ s s J o
e Tt D || @
* Fundamental mass results summary s ' s IFe
* Diboson and triboson productions cms  Link
] ] §1014 v — ma 136TeV (L<5fb") |
 Top-gauge boson coupling production 3 ™ \W =0T
. § o oo NTop o e
e \/BS prOdUCthn | ® 0 o, |W|I 276 TV (L 230)
. et 4—Wv o e
 The status and prospects of physics from g, = "t | VWL,
.o - ol 5y H ‘
LHC collisions g ttV/tV' ]vss
o 10_1600' vy W & t WW ggH Vy VBF VH VW @X HH X HH ewev>v<w . Vyy e

z WZ VBFH Vv
Y4

Wy WW tt WWy VV
Zy

With the ongoing Run 3 and the future HL-LHC, we are entering an era where precision and rare-process
measurements will play an increasingly central role in particle physics, and where we expect to
achieve a new generation of representative results
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Large hardon collider (LHC)

e Located in the French-Swiss border
e 27 km circumference

e ~71/75m underground

 QOperating since 2008

* Superconducting magnets to
accelerate protons up to 7 TeV

e CMS and ATLAS: Two general purpose experiments
 |LHCb: Flavour (b) physics (main interest)
.+ ALICE: Analysis of ion-ion collisions (main interest)

———————————————————

« Completed two data-taking periods Run 1 and Run 2 at \/_ = 7(8) and 13 TeV
 Run 3 data-taking at \/E = 13.6 TeV is ongoing



—  The Compact Muon Solenoid (CMS)

* The detector can directly detect only “sufficiently stable” particles with lifetimes long enough
to exit the beam pipe and enter the detector: (cT)y > 2 cm, where y = E/m

* The list of “stable” particles are really limited including;:

o ei, “i, v
 Some neutral and charged hadrons ni+,K+, K, n, and p

Om m 2m im
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
-~ = = - Neutral Hadron (e.g. Neutron)
----- Photon £

P —"

N L

Silicon
Tracker

&, TN

...
’’’’’’

Electromagnetic

}l "] Calorimeter

Superconducting

Hadron
Solenoid

Calorimeter

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS



Compact Muen Solenoid

. CMS detector

* Layered structure for different
particle reconstruction
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CMS detector

» |ayered structure for different
particle reconstruction

 Measure momentum and charge of
charged particles

silicon
tracker
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» |ayered structure for different
particle reconstruction

« Measure momentum and charge of
charged particles

e Collect and measure photon and
electron

CMS detector

electromagnetic
calorimeter
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Layered structure for different
particle reconstruction

Measure momentum and charge of
charged particles

Collect and measure photon and
electron

Collect energy of hadrons

CMS detector

/////
hadronic ////// /

calorimeter //
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CMS

CMS detector

O Information from all sub-detectors
combined to reconstruct particles muon

chambers
O The particle-flow (PF) algorithm hits in the cells in the hits in muon
link the single objects with tracker calorimeter detectors
geometrical requirements on the ‘ ‘ +

extrapolated trajectories and tracker tracks| |calorimetric clusters muon tracks

create blocks to reconstruct and _ _ _ _
identify particle candidates PF algorithm is the base of the physics analysis
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SM measurements

T T T T T T T T T T T T T T T T T T

13.6 TeV (L<5fb")
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CMS

energy up to 13.6 TeV

Diboson production - Results

52

Diboson production has been widely measured at the LHC by CMS and ATLAS over a wide range of center-of-mass

The massive diboson (WW, W/Z, ZZ) has accurate predictions including higher-order corrections

® provide stringent tests of the Standard Model
® serving as a precision benchmark for electroweak interactions and background modeling for rare processes

CMS

137 b (13 TeV)

L B e e e
pp — WZ
——@— Unfolded data (stat.unc.)

o MATRIX prediction (stat+scale)
POWHEG, NNPDF3.0NLO: 2 NDOF=2.1
aMC@NLO, NNPDF3.0NLO: v%/NDOF=3.2
Stat.+bgr. unc.

Total unc.
| Theo. unc. on POWHEG prediction
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e low ptV¥ for WZ from soft
and collinear QCD
radiations not well
described

« Differential jet multiplicity
iIn WW is best described
by Powheg MINNLO
v2+Pythia (NNLO in QCD)

e Discrepancies towards
higher ms, in ZZ due to

missing higher order EW
corrections


chatgpt://generic-entity?number=0
chatgpt://generic-entity?number=1

s BDT training )

A BDT is trained in the signal region with tyg production photon as signal and others as backgrounds

e Using simulation events
* Train one model for different lepton channels and years

Feature Importance (Normalized to 100)

Receiver Operating Characteristic (ROC) Curve BDT Score Distribution
noBjet eta 100.00 1.0 , 5 | & TrainSignal [ Train Background
' Test Signal Test Background
noBjet pt
bjet eta 08 >0
toplep_m
g
bjet_pt g 06 >15
(O =
>
Photon eta 5 @
_ 7 )
deltaR ] < Lo
204
mig =
tophad_m 0.5
0.2
N mTW
Y . .
S MET pt R —— Train ROC curve (area = 0.87) 0.0
+—J s PR = :
8 - - PR Test ROC curve (area = 0.87) 0.0 0.2 0.4 0.6 0.8 1.0
. BDT S
W deta lepTopg 0.0 0.2 0.4 0.6 0.8 N core

Lepton_eta False Positive Rate

ncentral_jets

Lepton_pt

 Hyper-parameters tuned by HYPEROPT package

* Total 21 input features checked in partial SR of BDT<0.5
(before unblinding seen backup)

 Train and test matched well with ROC ~ 87%

deta_hadTopg
deltaR Ig
deltaR jg
Photon_pt
tophad_pt

reco W_energy

0 20 40 60 80 100
Normalized Importance



]
D
3
o
§
=
3
=

5

)

Background estimation — Nonprompty

e Under the selection of exactly one lepton and at least one photon N¢=1, Ny =

e The ABCD regions are built by varying the charge isolation and Ginin

e Assuming the nonprompt photon performance in C and D is similar with in A and B, the
nonprompt photon fake rate can be estimated and corrected by the following equations

Ich

1.141
1.051

R . b\ ) Datai(j: — (prompt + ele mis.) MCié
fake rate” = - . T
Datag, — (prompt + ele mis.) MC},
N, =1 N, =1 > measurement region . :;
NES S NE S . nonprompt MCY  nonprompt MC}.
ME nonprompt MCE | nonprompt MCin)
A B
N, =1 N, =1 application region . + T
Ny > 1 Ny > 1 nonprompt contribution = Z (datal X fakerate” X k¢ )
0.01015 0.011 !

Endcaps

Barrel . ] ] \
0.0272 0.028 ¢, . — Z ((prompt + ele mis.) MC}J3 X fake rate” x k;J/I C)
"

J
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Theoretical systematics

1. Renormalisation and factorisation O
PDF — splited ~—— Normalization effect removed
PDF as (if provided) 4
Parton shower (FSR, ISR)

Uncertainty on fraction of production and decay photons for tyg and tty signals

0 — \/O N ft
Otrq T Ot(—tyby)q = Ot(—eyby)q (1 £ X%) + 0thq (1 F Y%). -

 The X% Is determined by calculating their total scale variations and the largest
deviation among all bins is selected. Y% is then solved from the equation

o &~ Wb

6. Cross sections for minor backgrounds — VV, ttV, etc.
e \When the InN XS uncertainty considered, the above theoretical uncertainty is not applied
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Experimental systematics

Luminosity
PU

L1 pre-firing (2016 and 2017) — split to Muon and ECAL parts

Lepton ID/1ISO/reco/HLT P

Photon ID/veto scale factors — photon ID split to syst. (rate+shape) and stat. parts

Pileup Jet ID/Btagging SFs

Jet energy scale and resolution — split JES (LOWESS smooth for some of them)

Uncluster MET energy |
. . New after
Nonprompt photon — introduce next slide ore-approval

Nonprompt lepton — introduce next slide

Shape uncertainty on jet multiplicity — introduce next slide

rateParam for ele misiD
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CMS

 Simultaneous fit for events in SR, b-veto and 2¢

tty CRs

* SR: unrolled 2D of BDT score and AR(%, y)
* b-veto CR: my, distribution

o 28 tty CR: Njets distribution

Simultaneous inclusive fit ”

Table 1: A summary of the selection used in different regions. Particle-level

2¢ CR b-veto CR SR Fiducial region/
Pass the single lepton HLT X
At least one good PV X
Ny , = 2 (opposite-sign) Nreeo =1 Ngen —1
gen __
NZEee > 1 Ny =1
N > 2 Niew 2

» POls are signal strengths of tyq and ¢ty

o Signal events out of fiducial are regarded as
backgrounds but have same uncertainties as the real

signal events

* All systematic uncertainties are considered

pt > 30(35) GeV and || < 2.4(2.5)
pl >20GeV and || < 2.5

pr > 30GeV and |y| < 4.7
AR(4,7v) > 0.4, AR(¥,jets) > 0.4

AR(7y,jets) > 0.4 AR(7y,jets) > 0.1
subleading pf > 15GeV X X X
ijets > 1 ijets =0 ijets > 1 X
pmiss > 20 GeV X

The requirements at parton level are minimal, demanding
the particle promptness and the number of objects
matches the number of generated objects.



> Simultaneous inclusive fit —Post-fit plots

CMS Preliminary 138 fb™' (13 TeV)
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CMS

Theoretical uncertainties:

e PDF and as

e Factorization and renormalization scale

e Parton shower

—X
0 X (g ) = )
L,

VBS Zy systematics and results

Experimental uncertainties:

dxldXZﬁ,p(xl ’ /’tF)f]",p(xza MF)GU

J

Al]—X

-

(X1, Up, Up)

e Particle energy correction and identification

efficiency
e Jet and e/y energy correction

e Lepton ID, isolation efficiency

e Etc.

e Luminosity, pileup, L1prefiring and etc.

* Background modelling

e Nonprompt vy (£) data-driven estimation

Y

(Gaussian constrai
( )

N ~
F (i 0) = H Poisson(y | - 56) + b(6)) - p(@16)

J

e N:the number of bins in the signal and control regions

 u:the signal strength also called POI (parameter of interest)

¢ Ny the number of observed events in data

¢ 5 the expected event yields for the signal

»  b;: the expected event yields for the signal

ned pdf

Events /bin
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