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Vector Boson Scattering
* Three contributions at LO:
1. Pure EWK O(aew®) — signal

2. QCD-induced O(aew* as®) - irreducible contribution
3. EWK-QCD interference O(aew’as)
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Vector Boson Scattering
* Three contributions at LO:
1. Pure EWK O(aew®) — signal
2. QCD-induced O(uoew’ as?) - irreducible contribution
3. EWK-QCD interference O(aew’os)
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VBS signal

2 VBS jets: Two very energetic
forward-backward QUARK-initiated jets

2 B Large mjj and Ar]jj
=>==/ — ¢

3 signatures depending on the decay of the vector bosons:

2 RN

Fully leptonic: Semilentonic: Fully hadronic: High BR & access
Pure but low BR Belml- ep On!f' % BR to high energy tails but high bkg,
alance purity Run2 results are yet to come!

Main backgrounds: ttbar/top, DY, non-prompt leptons, diboson
£& Fermilab
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Why is VBS interesting?
2 Probes two key aspects of the SM together

2 Gauge interactions: triple and quartic gauge couplings
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why is VBS interesting?
2 Probes two key aspects of the SM together

P Gauge interactions: triple and quartic gauge couplings
2 Couplings between the Higgs and the gauge bosons

2 complementary to direct measurements
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Why is VBS interesting?

Sensitive to BSM physics

2 In a model-independent approach

2
iMyiges = i;;q—gv[ﬁt] (6) 4~ Deviations are hints to new physics and to its scale

2 Beyond the LHC direct reach

#events

A

2 parametrize deviations from the SM in terms of an Effective Field Theory (EFT)

New particle Zerr ~ Lsu +%+$6+‘%+38+”°

l
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VBS results:

First evj
iden
ce and observations for rare proc
esses

PROCESS LUMI [fb-1] RESULTS REFERENCE
VBS in ssWW + WZ | Full Run 2 (137/ib) Ob?er"alt_:'g’}f.‘ XS PLB 809 (2020) 135710
FuIIy + dim-8 imits
eptoni polarized VBS ssWW | Full Run 2 (137/b) W W, measurement PLB 812 (2020) 136018
eptonic
VBS 7Z Full Run 2 (137/fb) Evidence + dim-8 PLB 812 (2021) 135992
VBS osWW Full Run 2 (137/fb) Observation & XS arXiv:2205.05711, sub. PLB
Semi- VBS WV Full Run 2 (137/fb) Evidence PLB 834 (2022) 137438
leptonic { VBS WV/zZV 2016 data (36/fb) Dim-8 EFT limits PLB 798 (2019)134985
Observation, differential XS | PLB 811 (2020) 135988
@ |VBS Wy Full Run 2 (137/tb) + dim-8 EFT limits arXiv:2212.12592, acc. PRD
VBS Zy Full Run 2 (137/fb) Observation PRD 104 (2021) 072001
O VBS PPS yyVV Full Run 2 PPS (100/fb) [ Dim-6 and dim-8 arXiv:2211.16320, sub. JHEP
() See Monika sficients
Mittal talk .- = EFT coe icien
i t limits on i
Stringen - —— 2% Fermilab
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https://arxiv.org/abs/2205.05711
http://dx.doi.org/10.1016/j.physletb.2022.137438
https://doi.org/10.1016/j.physletb.2019.134985
https://doi.org/10.1016/j.physletb.2020.135988
https://arxiv.org/abs/2212.12592
https://doi.org/10.1103/PhysRevD.104.072001
http://arxiv.org/abs/arXiv:2211.16320
http://More%20details%20in%20Monika%20Mittal%20talk%20yesterday
http://More%20details%20in%20Monika%20Mittal%20talk%20yesterday

Highlights on “Firsts”: Observationg|

2 VBS osWW [arXiv:2205.05711] 2 VBS Zy [PRD 104 (2021) 072001]

& Obs. (exp.) significance 5.6 (5.2) B Obs. (exp.) significance 9.4 (8.5)
& Fiducial cross-sections: & Fiducial EW cross-sections:
10.2 £ 2.0 fb (theory: 9.1 + 0.6 pb) 5.21 £ 0.52 (stat) £ 0.56 (syst) fb
; & Provide several unfolded differential xsecs
. CMS . . ‘ .13.8 fb (13 T?V)
"% 10 ; —+—D‘a!a [ \Nolnprompt %Multiboson §
Lﬁ . C g B zj . HQCD-ind-uoedWW EIDY no PU jets |
10 § é% 3 "mv’= m;> 300GeV  Z,<1 § — 10 =CMS . 137 fb” (13 TeV)
10 ;—ig %3: H Any >33 _; > ? { ¢ Data (stat. ® syst.) ?
E 8 : g : m; = 500 750 1000 1500 2000 GeV E % 1 §_ : Z'Y MadGraph _E
ee- l_j_u 102;_ = % §=1 o i I  syst. unc. E
Channel = ] % ? . . | ?6<|Aﬂjj|56.5§
10§ § 102 = — \ - () _t* .
. c\_g L, [25 <lan | <45 i las<pan<s i 3
1= L . — 10 = ii i |
% 12 3 Uncenaintiei —— g 1.5 ; ---------------------------------------------- 7]
% 0_81 3 3 + SOUREERIIE S RSN ] E 1L } ; { ]
06 — 2 3 4 5 6 7 s a 05 L ) S i .................... ]
Bins O.S.Q 0.&7.27,2? 0'5"080.8"7- 7,&2 0,5?
1 1 m. [TeV
Zy = §|Ze1 +Z,|, whereZ, =n, — 5(’7]'1 +13,) i (TeV]
$5 Fermilab
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Highlights on “Firsts”:
> VBS fully leptonic 2 VBS WV semileptonic

& Differential ssSWW xsec measurement [PLB 834 (2022) 137438]
+ observation of VBS WZ & Evidence obs. (exp.) significance 4.4 (5.1)
Obs. (exp.) significance 6.8(5.3) B EWwv xsec obs. (exp.) 1. 9O+0 16 Pb (2.23)
[PLB 809 (2020) 135710] B +0.19
. MEw=0.85+0.12(stat) "'~ (Syst)
& Polarization in ssWW [PLB 812 (2020) 136018] —0.
B obs. (exp.) xsec for Wi=W*: 1.17 (0.88) fb (in WwW RF) CMS 381" (13 ToV)
& obs. (exp.) significance for W *Wx=: 2.3 (3.1) S AR AR AR ARP AP
2.2;— — - 95% CL expected _;
. QMS Slmu/ation e ‘(1‘3"‘I'§V) -g oS ey ' D;ﬁ:;fb (13 TeV_) 2;— __ gg:ﬁ: gt _E
T o L PO L
Oaf T BV . G 10° o ﬁin rompt 7; 1»45— [ ~ —E
0.2 _'_++_|j e 12f | 77 - \:\ =
o1 —_— g 1 \\ .‘11 ;“J}'z‘ e\ \\
0.08:5.:=|£|:=i=='=$£|=*:':='=:§ ogf A\ Gk *. RN
0.06;* +—|—_._ ,; OAG; \\\\\;:’.‘;::""-:;_—“_/__--/"J/j /' —E
0.04f, —+ 3 0.4f ST 7S
0.02f E é b , | E 02k - E
R R TR R F- R R K Aj)" 8 L 0 ' _ = T R T p‘ico
Wy & ZZ: best limits on several dim-8 operators .
2& Fermilab
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Vector Boson Scattering
results* in CMS

Run2 Run3 HL-LHC

Run2 is wrapping up

but is too early for
Run3 results

*and ideas



Jet tagglng ML taggers are improving the identification performance

: ) (13 TeV)
& B-tagging to reduce ttbar background «— 5 T S
. ‘% 0-9;7 Simulation Preliminarjé
& (Boosted) W/Z tagging oo ]
. s : Could be applied to other tasks 2o7E E
& g/g discrimination o QG likelihood ]
Tos) [CMS DP -2016/070] E
) . 04" 0<hi<13, 80<p <100 GeV 3
One example: ParticleNet [PRD 101 (2020) 056019] 03[ 0<hi<13, 40<p, <50 GeV €
* Graph NN with jets as an unordered set of particles 0z 27 <hl<3, 40<p, <50 GeV :
(13 TeV) 01
> 1F T | L B GO-\|\\|\|\\
(6] F CMS 3 01 02 03 04 05 06 07 . 0.8 _0.9. 1
S I [CMS-DP-2020-002] ] gluon-jet rejection
° © | Simulation Preliminary ] 100
2 a X = _1|_ W boson vs. QCD multijet ResNeXt-50 (AUC = 0.8960)
® (0] 1 0 - gen gon f — ~—— P-CNN (AUC = 0.8915)
b o] F 500 < P, < 1000 GeV, In" '1<2.4 q ] _ :Egzﬁ:t;:tg éAzU((]:;OlOﬁQQS)
g |- 65 <mg, <105 GeV ] ~~- P-CNN (w/ PID) (AUC = 0.9002) 7
Particle cloud S | meg+t | 5 | e
artic = , "."/ @ —=-- ParticleNet (w, =0. /»
ticles are intrinsically unordered 310'2—— e E < > g _ 4
particies are Intrinsically unoraere 8 E L 3 : 10-1 quark—gluon tagglng ,/,,/
primary information: m . g benchmark dataset /7
D . . Better — DeepAKS8 1 2 e
coordinates in the n-¢ space - ... DeepAKS-MD E o 4
. 10%F ParticleNet = £ 7
* Plus all other particle F - .-ParticleNet-MD 7
properties as momentum, [ % DeepAK8-DDT (5%) ] 102 /’"
charge, etc. - * DeepAK8-DDT (2%) - v
_al P BT B £l
. 1 0 0 02 04 0-6 0-8_ . 1 o o Trueosositive rg'tﬁe (&) o 1
50% more signal! Signal efficiency . .
3¢ Fermilab
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Polarization

« Challenging measurement: V| V| ->V| VL is ~10% of the total EW WW

scattering cross section

« Still! Significance of ~1 (3) standard deviations for WLWL (WLWX) in Run2

[PLB 812 (2020) 136018]

« Extrapolating it the prediction at HL-LHC are improved wrt previous

estimates

* use of more sophisticated techniques to discriminate between signal

and backgrounds

« Can we improve the sensitivity? Can we use other channels?

(Boosted) hadronic
channel has info
on all final state

objects! — but

. W+ 0.851
Improvements
are needed
13 03/29/2023

Dijets
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| CAR=0.8
L Inl<24

[ 60<mq
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F W ot,/t,<05
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[CMS-PAS-FTR-21-001]

14 TeV
= —— ——
> | CMS
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Tune particle-
SD, t21 & based DNNs
gradient BDT for and permutation-
Wi and W+ invariant algorithms
separately graph NN —
— improves same efficiency

on hadronic
WL and W+t

subjet finding

JEDI-Net [arXiv:1908.05318]
ParticleNet [PRD 101 (2020) 056019]
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© "94 CMS Experiment at the LHC, CERN Real VBS event
Data recorded: 2016-Jul-08 23:47:39.259242 GMT

Run / Event / LS: 276525 / 2665335317 / 1561

\%
« Run2 is wrapping up: \ % | !
PpINg up .\\ 8, ,
 Observed VBS os/ss WW . :

* First polarization

 Some channels are still
uncovered

* New opportunities to get the most
of Run3 & HL-LHC ‘
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Additional material

wj 7Tev
w2j 7Tev
w3 7Tev
waj 7Tev
7 7Tev
2 7Tev
73 7Tev
24 7Tev
wy 7Tev
wy 13 7ev
zy 7Tev
zy 8Tev
ww 7Tev
ww 8Tev
ww 13 Tev
wz 7Tev
wz 8Tev
wz 13Tev
2z 7Tev
2z 8Tev
2z 13Tev
wwv 13 Tev
www 13 Tev
wwz 13Tev
s wzz 13Tev
D ——
a wvy 8Tev
5 wyy 8Tev
wyy 13 Tev
zyy 8Tev
zyy 13 Tev
VBFW  8Tev
VBFW  13Tev
VBFZ 7Tev
VBFZ 8Tev
VBFZ 13 Tev
EWWY 13TV
ex. yy-WWg Tev
EWqqWy  8Tev
EWqqWy 13 Tev
EWosWw 13Tev
EWssWW 8Tev
EWssWW 13 Tev
EWaqqZy 8Tev
EWaqqzy 13Tev
EWqaWz 13Tev
EWqaZZ 13Tev

SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000

PRD 89 (2014) 092005
PRL 126 252002 (2021)
PRD 89 (2014) 092005
JHEP 04 (2015) 164
EPIC 73 (2013) 2610
EPIC 76 (2016) 401
PRD 102 092001 (2020)
EPIC 77 (2017) 236
EPIC 77 (2017) 236
Submitted to JHEP
JHEP 01 (2013) 063
PLB 740 (2015) 250
EPIC 81 (2021) 200

PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRD 90 032008 (2014)
JHEP 10 (2017) 072
JHEP 10 (2021) 174
JHEP 10 (2017) 072
JHEP 10 (2021) 174

JHEP 11 (2016) 147
EPIC 80 (2020) 43

JHEP 10 (2013) 101
EPIC 75 (2015) 66

EPJC 78 (2018) 589
Submitted to PLB

JHEP 08 (2016) 119
JHEP 06 (2017) 106
SMP-21-011

Submitted to PLB

PRL 114 051801 (2015)
PRL 120 081801 (2018)
PLB 770 (2017) 380
PRD 104 072001 (2021)
PLB 809 (2020) 135710
PLB 812 (2020) 135992

CMS p!

Overview of CMS cross section results

18 pb~! - 138 fb~! (7,8,13 TeV)

- o(W4j

- o(W2)) = 2.5e+06 fb

- o(W3)) = 3.9+05 fb
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"
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®  0(Zy) = 19e+05fb
2e+04 fb

6e+04 fb

O(WW) = 12e+05 fo

W 0(WZ)=5.1e+04 b

W 0(z2)=62e+03 b
W 0z2) = 77e+03 fo
4 olz2)=17e+0a b

5 b1
137 fb!
5 b1
20 fb~t
5fb~t
19 fo*
36 fb~t
5 fo~t
20 fbt
137 fb~!
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20 fbt
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ol o(WWW) = 5.9e+02 fb
P oWw2) = 3e+02 fb
0(WZZ) = 2e+02 fb
0(227) < 2e+02 fb
O(WVy) < 3.1e+02 fb

o(VWV) = 1e+03 fb

o(Wyy) = 4.9 fb

o(Wyy) = 14 fb
olzyy) =13 b
olzyy) = 5.4 b

137 fb?
137 fb~*
137 fb~t
137 fb~?
137 fb-?
19 fb~!
19 fb~?
19 fb?
19 fb?
19 fb?

mill=  O(VBF W) = 4.2e+02 fb
O(VBF 2) = 1.5€+02 fb
O(VBF 2) = 17402 fb
B O(VBFZ)=5.3e+021b
will  o(EWWY) = 19e+03 fb

He  O(VBF W)= 62e+03 b

olex. yy=Ww) = 22 fb
G(EW qaWy) = 11 fb
O(EW qqWy) = 19 fb
GEW 05 WW) = 10 fb
G(EW 55 WW) = 4 fb
O(EW 55 WW) = 4 fb
o(EW qaZy) = 1.9 fb
O(EW qaZy) =52 fb
O(EW qaW2) = 1.8 fb

o(EW qgZ2) = 0.33 fb

19 bt
36 fb-?
5 b1
20 fb~!
36 fb!
138 fb~?
20 fb~?
20 fb~t
138 fb~t
138 fb-?
19 fb-?
137 fb-?
20 fb~?
137 fb?
137 fb?
137 fb?

1.0e-01

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots
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L L L
1.0e+01 1.0e+03 1.0e+05

o [fb]
Inner colored bars statistical uncertainty, outer narrow bars statistical +systematic uncertainty
Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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VBS Wy

- Final states: evy + 2jets and uvy + 2jets
« Data-driven method for background

estimate:

— Template fit: non-prompt photon
— Tight-loose method: non-prompt

lepton

* Probs quadratic and triple gauge

couplings

 Fiducial and differential cross section

« Limits setting on EFT dim-8 operators

« Signal extraction with simultaneous 2D
(m; — my,) fit in signal region and 1D (m))

in control region

arXiv:2212.12592

Expected limit

Observed limit

5.1 < fao/A* <5.1
T1< fpur/A* <74
-1.8 < far/A* < 1.8
25 < fps/A* <25
33 < faa/A* <33
34 < fys/A* <36
13 < far/A* <13
-043 < fro/A* <051
027 < fr1/A* <031
-0.72 < fr,/A* <092
-0.29 < frs/A* <031
023 < frg/A* <025
-0.60 < fry/A* < 0.68

—5.6 < fyro/A* <55
—78 < fu1/A* < 8.1
—1.9 < o /A* <19
—2.7 < fua/ At <27
—3.7 < fura/ A* <36
-39 < fys/A* <39
—14 < frp/A* < 14
—047 < fry/A* < 0.51
—0.31 < fr,/A* < 0.34
—0.85 < fr,/A* < 1.0
—0.31 < fr5/A* <033
—0.25 < fre/A* <027
—0.67 < fry/A* <073
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CMS 138 b (13 TeV)
3 08 f_ —— Obs. result (stat® syst.) _:
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= ==_
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VBS Zy

« ¢+¢-yjj final states (¢ = e or )
* Main background QCD-induced Zyjj, from simulation,

» Z+jets with selected photon is not prompt, data-driven

constrained in data

* Cross section in the fiducial volume

17

 EW Zyijj: 5.21+0.52(stat)+0.56(syst) fb

 EW and QCD-induced Zyjj:
14.7+0.80(stat)+1.26(syst) fb

c CMS 137 b (13 TeV)
S WEWZy ST, TTy,W
£ 300 wury Bacbp zy - State Syst_:
g barrel Nonprompt y ; =
w : i ]

200 25<iAn <45 45<IAnI<6  iAn|>E

L1l o

. 0 .
E 1 ¥ + o e $ * % 2 i
S t :
S 0.5 0.5-0.8 0.8-1.2 1.2-- 0.5-0.8 0.8-1.2 1.2-0 0.5-0

03/29

m, [TeVv] oOn 3¢

PRD 104 (2021) 072001

Common selection prft?? > 25 GeV, 12| < 2.5
for electron channel
prfh? > 20 GeV, |n17?| < 2.4
for muon channel
P> 20 GeV, |n7| < 1.442
or 1.566 < |7| < 2.500
P> 30 Gev, |52 < 4.7
70 < my, < 110 GeV, mz, > 100 GeV
ARj, AR, AR, > 0.5, AR,, > 0.7

Common selection,
mi; > 500 GeV, |An;| > 2.5

Fiducial volume

Control region Common selection, 150 < my < 500 GeV

EW signal region Common selection, m;; > 500 GeV,

|An| > 2.5, n* < 2.4, Adz, ;i > 1.9

aQGC search region ~ Common selection, my > 500 GeV,

|An| > 2.5, ph > 120 GeV

Exp. Exp. Obs. Obs. Unitarity
Coupling lower upper lower upper bound
Fyo/A* -12.5 12.8 -15.8 16.0 1.3
Fyu /A -28.1 27.0 -35.0 34.7 1.5
Fryo/A* =521 5.12 —-6.55 6.49 1.5
Fys/A* -10.2 10.3 -13.0 13.0 1.8
Fya/A* -10.2 10.2 -13.0 12.7 1.7
Fus/A* -17.6 16.8 -222 21.3 1.7
Fyr/A* —44.7 45.0 —56.6 55.9 1.6
Fro/A* -0.52 0.44 —-0.64 0.57 1.9
Fr/A* -0.65 0.63 —-0.81 0.90 2.0
Fry/A* -1.36 1.21 -1.68 1.54 1.9
Frs/A* -0.45 0.52 -0.58 0.64 2.2
Fre/A* -1.02 1.07 -1.30 1.33 2.0
Fry/A* -1.67 1.97 -2.15 2.43 2.2 e
Frs/A*  -036 036 —-047 047 18 B t i
Fro/A* -0.72 0.72 -0.91 0.91 1.9 ‘ es b Fermllab
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VBS PPS yyWW/ZZ

CMS + TOTEM

¢ fractional momentum loss of forward proton > 0.05
Standard VV selection and mj1+ mj2 to distinguish

WW from ZZ

Proton-jet matching requirements

Data-driven bkg estimation in 3 SBs

« 2jets (QCD, V+ijets, ttbar)

* Protons from pileup/diffractive collisions or
fake proton tracks from showers/beam bckg

Main uncertainties: jet energy scale, proton &

measurement, proton reconstruction efficiency, and

integrated luminosity

ML fit in 12 bins: 3 years, WW vs ZZ SR and 2 or 1 5°_

signal protons
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Precision Proton

Spectrometer (PPS)

CMS
central detector

arXiv:2211.16320

203.827 m

<= | HC sector 45

—_
o
o

CMS-TOTEM
=— T T

219.55m

Events / bin

90
E —{— Observed data

----- Prefit bkg. + expected signal (a /A?=5*1 0° GeV?)

2076‘ 2076‘ 2076‘ 2076 20’7'4/077'4/1/3’7 2077 2078WV0V’8WW78 ?073
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VBS PPS yyWW/Z2Z
« aQGC limits w/o “clipping” for unitarity

* remove simulated signal above unitarity

violation threshold

CMS + TOTEM

Coupling  Observed (expected)  Observed (expected)
95% CL upper limit 95% CL upper limit . . .
No clipping Clipping at 1.4 TeV First limits on anomalous coupling
lay /A2] 43 (3.9) x 1076GeV~2 52 (5.1) x 1076 GeV 2 : N
o /A2| 1.6 (1.4) x 1075GeV 2 2.0 (2.0) x 1075 GeV 2 Inyy S8
las /A2] 0.9 (1.0) x 1075 GeV 2 —
laZ/A2] 4.0 (45) x 1075 GeV 2 —
 ——
D . 6 Coupling Observed (expected) Observed (expected)
Im- 95% CL upper limit ~ 95% CL upper limit
No clipping Clipping at 1.4 TeV
|fmo/AY 66.0 (60.0) TeV—* 79.8 (78.2) TeV *
Translated fui/AY 2455 (2148)TeV—*  306.8 (306.8) Tev—*
| a2/ A 9.8 (9.0) TeV 11.9 (11.8) TeV*
|fms/ A% 73.0 (64.6) TeV—* 91.3 (92.3) TeV
|fma/ A% 36.0(329) TeV—* 435 (42.9) TeV ™
D | m- 8 |fms/ A% 67.0(589) TeV—* 83.7 (84.1) TeV
|faz/ A% 4909 (429.6) TeV™*  613.7 (613.7) TeV *

19

03/29/2023 Irene Zoi (irene.zoi@cern.ch) | Vector Boson Scattering results in CMS

a%/A?[x 107 GeV?]
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arXiv:2211.16320
CMS-TOTEM 100 fb' (13 TeV)

3 — Expected
7] £10 Expected
|| +20 Expected

* Observed

1(|)0 260 360 460 500
|a§/A2 (x 107 GeV3)
100 fb™' (13 TeV)
——— Observed 95% CL limit
CMS-TOTEM Expected 95% CL limit

B [ Expected 95% CL limit + 1o
Expected 95% CL limit + 20
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VBS ssWW & VBS WZ Fully leptonic

* Background estimation with CR in data & simulation

* Simultaneous fit of WZ and W+xW<+ SR

 data-to-simulation efficiency correction for
charge-misidentified electron

CMS 137 b (13 TeV)
T

> T T T CMS 137 b (13 TeV)
3 I tvx -+ Data < - - 4
- Vy N\ Bkg. unc. < vy -¢- Data
.g I Wrong sign wWw* ® 1 Wrong sign 2\ Bkg. unc.
(=
(4 I Other bkg. B EWK Wz g I Other bkg. B EWK WZ
w mwz w ] g

WW SR oo WZ SR Eees

v e b 1y

PSR S T ST ST ST N S S

15 =
5 5 15
& =k $ e - . 5 .k i } E
D & T T 1 g - - — Q = - 1 .-
E t 1 ) G : + 1
500 1000 1500 2000 2500 ngo -1 -0.5 0 0.5 1
m; [Ge' BDT score
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[PLB 809 (2020) 135710]

Variable wEw* wz
Leptons 2 leptons, pr > 25/20GeV 3 leptons, py > 25/10/20GeV
Pr >50GeV >50GeV
Img, —mg| >15GeV (ee) <15GeV
my, >20GeV -
My, - >100GeV
T >30GeV >30GeV
b quark veto Required Required
max(z;) <0.75 <10
my; >500GeV >500GeV
|An;] =25 >2.5
Table 3
List and description of all the input variables used in the BDT analysis for the WZ SR.
Variable Definition
m; Mass of the leading and trailing jets system
[Ang! Absolute difference in rapidity of the leading and trailing jets
Ag; Absolute difference in azimuthal angles of the leading and trailing jets
T' pry of the leading jet
p’,Z pr of the trailing jet
7' Pseudorapidity of the leading jet
|nw - nZ| Absolute difference between the rapidities of the Z boson and the
charged lepton from the decay of the W boson
z{,(i =1-3) Zeppenfeld variable of the three selected leptons
23 Zeppenfeld variable of the vector sum of the three leptons
ARjy z AR between the leading jet and the Z boson
| p'Tml /¥ p'T Transverse component of the vector sum of the bosons and tagging ,

jets momenta, normalized to their scalar py sum
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[PLB 809 (2020) 135710]

Fully leptonic
VBS SSWW & VBS WZ y p cMS 137 o' (13 TeV CMS 137 b (13 TeV.
%- o I B i e %ooww
(O] [ — 1 (O] e ¥ LO+Pythia8 without NLO corr. :
E, s mc«nns:::xtow;mum:l::m_ g G Wz _ﬁu‘ YthiaS with NLO cor.
. . Y g - £ oot}
EW WZ obs. (exp.) significance 6.8 (5.3) g WW SR | : WZ SR
-  EW W=zWz= signal >> 5 standard deviations : ==
L1l I Ll L1 I Ll ITI Ll [ Ll Ll
5%1.5 l —4 . m1'5 ] T T T T
0.5 ’ = g : § 5
. o . . . " . 169 %0 39 4?% [Ge\%) 0 0.5500 1000 15;00 50002500 3;00
Dim-8 limits (cutting the EFT expansion at the unitarity limit) ' m; [GeV]
Observed (WiW‘) Expected (W‘Wi) Observed (WZ) Expected (WZ) Observed Expected
(Tev™) (Tev™) (Tev™) (Tev™) (Tev™) (Tev™)
fro/A* [-15, 2.3] [-21, 2.7 [-1.6, 1.9] [-2.0, 2.2] [-11, 1.6] [-1.6, 2.0]
fr/A* [-0.81, 1.2 [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69, 0.97) [-0.94, 1.3
fra/A* [-2.1, 44] [-2.7. 5.3] [-2.7, 3.4] (-4.4, 5.5] [-1.6, 3.1] (-2.3, 3.8]
fuo/A? [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12) [-15, 15]
fun /A [-20, 19] [-22, 25] [-19, 20) [-23, 24] [-15, 14] [-18, 20]
fue/A? [-27, 32) [-37, 37] [-34, 33) (-39, 39] [-22, 25] [-31, 30]
far/ A [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
foo/ A [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31)
fo/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]
af rermiap
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PLB 812 (2020) 136018

Polarized VBS ssWW Fully leptonic

Variables Definitions
* Electron charge misidentification in simulation is corrected to A et - o
reproduce the rate measured in data, using Z—ee events: o i A
h . . pr pr of the subleading jet
mis. rate is about 0.01% (0.3%) in the barrel (endcap) o i e
region. Contri [50]. Contribution in OS dilepton final states by Subleading lepton pr
_ Adyg foference in azimuthal angle between the two leptons
from tt, tW, W+W-, and Drell-Yan i s
. . . . T .
* CRs to estimate the normalization of the main backgrounds mg Maisiers W dibosce s
from data: WZ, nonprompt lepton, tZq, and ZZ 2 Zeppentld valble of the subleadinglepton
- 2 fits are performed for the cross-sections on 2D variable o NS i e g |
. . . £y .62 i1 j2 . .
(inclusive + signal BDT) s =
WL+ WL+ and WX=WT= Source of uncertainty WEWE (%) WEWE (%) WEWE (%) WEWE (%)
« WL+ WX+ and WT+WTx+ sl | e ey
Jet energy scale and resolution 11 29 2.5 11
Process o B (fb) Theoretical prediction (fb) Pileup 0.9 01 1.0 0.3
WEWE 0.32+0%2 0.44 + 0.05 . e b tagging 11 12 14 11
wiwe 3.067030 BE0B o obs. (exp.) significance  Nonprompt iepton rate 17 2.7 93 16
Trigger 1.9 11 1.6 0.9
. am% ;?ﬁgg :Zi i g.lzi: - WLtWX+ 2.3 (3.1 ) ;.:r%ﬁed sample size (3388 ;g ‘1;:) g;
TVT 1047 . h eory . . X -
Wiwi 0-24;§§2 0.28 £ 0.03 . . Total systematic uncertainty 44 6.6 18 7.0
Wiwl 315:2::2 332037 Partons ObS (exp) S|gn|f|Cance Statistical uncertainty 123 15 42 22
a%x’; ;;g;ggi :;;ig‘;: RF WL+WX+ 2.6 (29) Total uncertainty 130 16 46 23
£& Fermilab
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Polarization

Fully leptonic

CMS Phase-2 Simulation Preliminary 3 ab™ (14 TeV
. _ o CMS pases Siuon roimney 3t (14 T
Simultaneous fit S 1a00l. — WWEWK(LL) ]
. £ r .
of Dphl JJ q>, r WW EWK(LT+TT) | — i
. . M 1200 — WW(QCD) R
variable in two . — ]
" i F —wz ]
mijj regions 1000 (1 ]
8001 B
: m; > 1100 GeV ]
600 — .
400 .
CERN-LPCC-2018-03] r .
200F -
0: ormrmremrem I e
0 0.5 1 1.5 2 25 3
A
¢ij
7,7 significance
LEL | w/ syst. uncert. | w/o syst. uncert.
HL-LHC 140 1.40
HE-LHC 520 570
CMS Phase-2 Simulation Preliminary (14 Tev)
5 FrorT T T T T T 8 °F
© 350 - s . . .
g with YR18 syst uncert £ .0 ATLAS Simulation Preliminary
kS o CF Vs=14TeV
g ° § .0 PP WW
3 5F
g ] i WWL
T WLWL | S
) e
18 ] ‘} ———— with all sources of uncertainty
o with only statistical uncertainties
1(; ‘10‘06‘ z‘olot‘) '3‘0100 ‘40‘00 50;0 sojoo‘i 07 1066 300030004000 50006060 7o|oEummaoosl?‘3 -
Luminosity(fb™)
23 U3/29/2023

From 3 to 4 sigma
at 3000/fb!
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VBS 2Z

« Main bckg: production of 2Z bosons + QCD-induced jets,
estimated from simulation but further constrained in data

« Other irreducible bckgs: processes with high-pT isolated leptons

ttZ+jets and VVZ4+jets, from simulation

Fully leptonic

» Reducible bckgs: heavy-flavor jets produce secondary leptons
or jets misidentified as leptons as Z+jets, tt+jets and WZ+jets

« Main unc: QCD renormalization and factorization scales (signal)
and jet energy scale ~10%

« signal strength for the EW production,

* L = 0 /0SM, extracted with matrix element discriminant (KD)

Events/0.04

Data/bkgd.

4
3
2

1
0

01 02 03 04 05 0.6 07 08 09 1

[PLB 812 (2021) 135992]

m; > 100 GeV

LI

Ko

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound
fro/A* -0.37 0.35 —0.24 (—0.26) 0.22 (0.24) 24
fri/A4 —0.49 0.49 —0.31 (—0.34) 0.31 (0.34) 26
fra/A4 —0.98 0.95 —0.63 (—0.69) 0.59 (0.65) 2.5
frs/A? —0.68 0.68 —0.43 (—-0.47) 0.43 (0.48) 1.8
fro/A? -1.5 1.5 -0.92 (—1.02) Best 0.92 (1.02) 1.8
i ‘ 3% Fermilab
af rermiia
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VBS osWW Fully leptonic

Inclusive cross section

VBS SR in 3 channels ee, ppy, ep 10

DY & ttbar CR
Dedicated DNN for the ep

channel

Signal strength from fit in SR+CR e

Objects

99 + 20 fb (89 £ 5 fb theory)

Leptons

Fiducial cross section
10.2 £ 2.0 fb (9.1 £ 0.6 fb theory)

25
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Jets

miss

Pr

CMS 138 fb™ (13 TeV) e
g pro———r—— el [grXivi2205.05711]
c 1 05 L —4- Data Higgs Nonprompt
g = | Mutiboson DY QCD-induced WW
w F | Wandti —vVBS
10°
3 Z,<1
101
E —
10 = =
E o T
1 =
0'e, ! o 3
9] E — i E
1.5 F [JUncertainties E
% 1 E treee by —L+%J,-++E
Bosf g
0.4 06 0.8 1
DNN output
Requirements
ey, ee, uy (not from T decay), opposite charge e l_l D N N
polressed € — v BT if AR(L, ;) < 0.1 Variable Description
ph > 25GeV, p > 13GeV, p < 10Gev my Invariant mass of the two tagging jets pair
] <25 An; Pseudorapidity separation between the two tagging jets
17 ;
T > 30GeV, Mgy > 50 GeV p]% pT of the hlghest pT jet
Pl >30Gev fl p of the second—hi'ghest prjet
AR(j,£) > 04 P pr of the lepton pair
At least 2 jets, no b jets Ay Azimuthal angle between the two leptons
| <47 Zy, Zeppenfeld variable of the highest pr lepton
mj; > 300GeV, Ary > 2.5 Zy, Zeppenfeld variable of the second-highest pr lepton
pIRISS 20 GeV m Transverse mass of the (p4, piist) system

Fiducial volume: Requirements at Gen level
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semi-leptonic

VBS WV (SM)

Large BR but large irreducible backgrounds

No public predictions beyond LO accuracy

for semileptonic signatures

Advances in signal modeling of parton-

shower effects (Dipole recoil scheme used

for the first time) [arXiv:1710.00391]

Data-driven bkg estimation for Top and

W-jets backgrounds:

» Top: one free floating parameter per
category in the ML fit

» Wijets: several free floating parameters
per category in the ML fit, to perfect the
modeling of VBS-jets momenta.

Main uncertainties: statistical, theoretical

and b-tagging

26 03/29/2023

Events
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V 9
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7 q
\/ ’\’\/\4
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VBS WV/ZV (dim-8)

semi-leptonic

* Includes also a search for charged Higgs

bosons

* Main bckg V+jets from data is SB region
Fit of the mwv & mzv & obtain transfer

factor

PI'R 798 (2019)134985

CMS 35.9fb" (13 TeV
2 T T T
c — j
g Observed - V +jets ‘I
w - Top quark D Qcp zv ]

D SM EW 2V . Bkg. uncertainty

------------ fr /A = -2.5 TeV4uwn m. = 1000 GeV, s, = o.i

Qo
x
. . . . i
 Unitarity constraints not included z
O A
* First aQGC search in this channel fooo - dsto o zo0 2500
m,, (GeV)
Observed (WV) Expected (WV) Observed (ZV) Expected (ZV) Observed Expected
(Tev—4) (Tev—4) (Tev—4) (Tev—4) (Tev—4) (Tev—4)
fso/A4 [—2.7,2.7] [—4.2,4.2] [—40, 40] [—31,31] [—2.7,2.7] [—4.2,4.2]
fs1/A4 [—3.3,3.4] [-5.2,5.2] [—32,32] [—24, 24] [—3.4,3.4] [-5.2,5.2]
fmo/A? [—0.69, 0.69] [—1.0,1.0] [—7.5.7.5] [—5.3.5.3] [—0.69, 0.70] [—1.0,1.0]
fmr/A? [—-2.0,2.0] [-3.0,3.0] [—22, 23] [—16,16] [—2.0,2.1] [—3.0,3.0]
fme/ A4 [—1.4,1.4] [—2.0,2.0] [—15,15] [—11,11] [-1.3,1.3] [—1.4,1.4]
fumz/A% [—3.4,3.4] [-5.1,5.1] [—35, 36] [—25, 26] [—3.4,3.4] [—-5.1,5.1]
fro/A? [—0.12,0.11] [—0.17,0.16] [—1.4,1.4] [—1.0.1.0] [—0.12,0.11] [—0.17,0.16]
fr1/A% [—0.12,0.13] [—0.18,0.18] [—1.5.1.5] [—1.0,1.0] [—0.12,0.13] [—0.18,0.18]
fra/ A% [—0.28. 0.28] [—0.41,0.41] [—3.4.3.4] [—2.4.2.4] [—0.28, 0.28] [—0.41,0.41]
£& Fermilab
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[JHEP 05 (2014)146]

Softdrop

« Soft drop: reduce the jet contamination from initial state radiation, underlying event
and pileup

. B
Soft drop condition: ™n(PrPr) (A?z) 1. Jet j clustered with CA
Prit P2 2. Decluster last step and obtain j1 and j2
3. Check if soft drop condition is satisfied

CMS Simulation (13 TeV)
00.121
% B ) ----- q/g !ets, PUPPI+soft drop Yes NO
> 0.1— i — a/g jets, ungroomed
@ B i% === W — g, PUPPI+soft drop)
= 0.08- : i —— W — g, ungroomed
— (LU - ;; L
o oo . j is the final decluster jet with higher pr,
Q Lk SD jet remove the other,
N~ - [t
- 02;; i Repeat
0 R £ LY A
QA 07'“" el Lo L P L ST POV WY PPN et s
m 0 20 40 60 80 100 120 140 160 180 200
— Jet mass (GeV)
£& Fermilab
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Nsubjettiness

[arXiv:1011.2268]

« N-subjettiness ntells how likely a jet has N subjets

1 .
N = R Y pri min{ARy, ARy, - - -
P

29

[B2G-17-001]

x10° 35.9 fb (1 3 TeV)
..... B EE R e o e e RRAREERRRRS
1000 — CMS ¢ Data —
- 65 GeV <m <105 GeV Gg, (2.0 TeV) > WW
800l M <25.p; >200 Gev I W-jets ]
o) - m; > 1050 Gev I Z:jets
(=} |AT1,.| <13 QCD Pythia8
8 600 e QCD Herwig++
i) Lo e Qcb Madgraph+Pyth|a8
C gyttt
g _._‘r-.-}"" :,....‘é
w 400~ b el —
{ o
A ™ s ]
200— | A i —
- i i .
L vged b |
L I e i
RE iy -
0.5E """""" e
0 0.2 0.4 0.6 0.8 1
PUPPI 1,,
03/29/2023

,ARN}

dy =Y priR ::l
P

« 7n ~ 0: N subijets likely

= identified subjets
= jet constituents

« 1n>> 0: more than N subjets likely
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QG likelihood [CMS DP -2016/070]

Main differences are: quark
» the particle multiplicity is higher in gluon jets than in light-
] (13 Tev) o (13 TeV) quark jets;
£ cMs B cms . ; : fats | :
osef- Simulation Prelimmary . Simulaton Prelimnary the fragmentation functhn of gluon jets is considerably
émg ; i softer than that of a quark jet; gluon
2oog oo soop i + gluon jets are less collimated than quark jets.
5003} 80<pr<WOOGEV g L 80<py<|OOGeV
= = £ 004~
oo1§ 002
E 0.2 03 04 05 5 B»s 07 o;ﬁ'\o.‘g : 0‘ 5 10 mul%it:)lici(yzs 3‘5 4‘0 (1 3 T V)
! e
(a) e Tey (b) aTen > 1F “l‘M:
E cms cms ©0.9F i i C i S_;
:::i Simulation Preliminary Simulation Preliminary § ’ E Slmulatlon Pfellmlnaf]é
£ £ 0.8 —
% 005F Ogluon  Cquark é; y [Cgluon  [quark 8 E E
R E Rl oud 3 E
%ooaf % . f E E
£ 002k £ © 0.6 =
£ 3 C 3
o.mE . i : ; J U-O 5 :_ _:
2o o8 -u:g(az)' B qua?i:gluon likelinood E ]
g 04F 0<l<13, 80<p <100 GeV =
c - ]
©) (d) . 03F 0<inl<1.3, 40<pT<50GeV =
Quark-gluon discrimination variables from simulation: (a) prD = 322@ 02F 27<hl<3, 40<p_<50 GeV g
(b) multiplicity (c¢) —log(os), where o3 is the ellipse minor axis (d) the Quark- &
. 0.1
Gluon Likelihood. A s
: SEERE T FEETERREE P FTTE PR R T A
0O 01 02 03 04 05 06 07 08 09 1
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10°
ResNeXt-50 (AUC = 0.8960)

ParticleNet [Phys. Rev. D 101 (2020) 056019] EONOLC TSN

—— ParticleNet (AUC = 0.9014)

R . . —- P-CNN (w/ PID) (AUC = 0.9002) 'o
» Customized neural network architecture based on the particle I e R O e
cloud representation — jet as an unordered set of particles o] quark-gluon tagging
o Uses a permutation-invariant graph neural network architecture benchmark dataset g

* In CMS:
o multi-class tagger for t/W/Z/H tagging

False positive rate (&p)

> same inputs as DeepAKS8 (PF candidates/secondary vertices) ol
> significant performance improvement
> Mass decorrelation obtained with training using a dedicated 00 o2 o4 06 08 10

True positive rate (&)

[CMS-DP-2020-002]

signal sample with flat mass spectrum: mx € [15, 250] GeV

(13 TeV)
2 %2 cms | R
0.18 Simulation Preliminary " Inclusive =
\ 0.16 ? Dijet sample * g5 =5% *;
28] 2 P 0.14 [ H-—bb tagging: ParticleNet-MD =gy =1% =
s ;\\:\‘ N T e & () 0.12 -:3.- 500 <! <1000 GeV, Il <2.4 . =05% _;
D5 0.1fe =
- 0.08F "% =
Point cloud Particle cloud OE Ta E
‘ R 006 Ty =
points are intrinsically unordered particles are intrinsically unordered F -o-.-g-._g,ﬁ& E
. . X 0.04 ~gy —
primary information: primary information: 0.02F pe E
TTE gt Y 3
3D coordinates in the xyz space 2D coordinates in the n- space bt I ! ! s -t N
o 14F ]
. . = 1.2 o .
* Plus all other particle properties as momentum, charge, etc. 3 13,._9&-1%&;._.%
Sogf= L
cvor ]
0.6
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DeepJet [JINST 15 (2020) P12012]
* Deepdet: Deep neural network algorithm

* 16(8) properties of up to 25 charged (neutral) particle-flow jet constituents

* 12 properties of up to 4 secondary vertices associated with the jet

q, 1 [ T T T ! T T T | T T T T T T T T T
T = oo : : i
o CQCD multijet events : : A oo 2200040 | rogsio mass oo 1| ,
o 0.9 T T T e e oo = Larger input, deeper NN,
v ~AK4jets (50 GeV > p_>i30 GeV) | : - ' +convolutional, recurrent layers
@ C : T : : = DeepFlavour | DeepJet ]
E T — DeepJet : i i - — 4 1x1 convolutional layers |1 recurrent layer | 1 dense layer [350 nodes]<+—[200 nodes]
a : - NN structur 16 properties | = [150 nodes] | Change existing
ul o SRRTSUIUURRRRRURUOTE SOPRPRRRROY A SO . ucture - 1 — 64/32/32/8 filters only in DeepJet
| — QG likelihood © 25 - 1 —64/32/32/8 - dinss Eaners [100 1 "
- . : : — — 7 dense layers nodes eac
i ?;agg;‘f, I .. 1— 64/32/32/8 DS
8
0 : —— 1 recurrent |. [50] 4 Output classes
(¢ 2541~ 1 —— B2/16/4 — = g ;37._ leptB
~700 = Neutral g ,
input PF cang.!! - ! 32/16/4 :> C uDS
i { variables 17 1 recurrent |. [50] UDSG ’_{ e \
H : s
0 3 RS T T IR RN SES PR PRS PRI RER SRR S RSLITERCTPLTRORPR: e e A Feeeee — 1 1 — 64/32/32/8
e : p : = 1 . 1—|64/32/32/8 =— =4 ‘ight’ [Changes exist.
C ; : : - SEM . 1 eass/50/8 only.n Deebit
02 R 0 S SO - i Vs \|| - V= ga/32/32/8
— = 6 Part not existing in noConv Part existing only in ‘light!
- — , X B approach of DeepFlavour DeepJet
0-1_ / - I ([ global TRENTL
C 1 1 ! I 1 ! 1 | ! 1 1 I T
0 0.2 0.4 0.6 1

0.8
uds-jet efficiency
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« 2 Comparable approches to DeepJet
[CMS-DP-2017-027]

Vs=13 TeV
a 1:HHMHI|I'HI!HH'HHIIII!HHIIIIIIHHH
5 0.9F CMS Simulation Preliminary

&8 "TE QCD events, p_ = 30:50 GeV j;
£ 08 jetp: 30 Ge\ /’ =
= T J 3

_'% 0.7 | — DeepJet 3
3 0_6; --=- recurrent ;
0.5 i_ """" convolutional i
0.4F E
0.3F 5
0.2F ]

E i 3

0'1§ — E
0 01 02 03 04 05 06 07 08 09 1
Light quark efficiency
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Long short-term memory (LSTM)

[ DeepJet ] CMS DP 2017-027

NN approaches compared to DeepJet in Quark/Gluon discrimination [Quark:light']: cds.cem.ch/record/2275226

recurrent [inspired by arXiv:1702.00748]: Input: relative pr/n/¢, and PUPPI (Pileup Per Particle Identification) weight (arXiv:1407.6013)
of charged (fed to one recurrent layer of 100 nodes - LSTM) and neutral PF cand. (fed to identical layer). LSTM output then merged
with global* variables in a dense NN [1 layer of 200 nodes, 5 of 100].

convolutional: Jet treated as image on n — ¢ plane. 3@ dimension - color: (separate study for charged and neutral PF cand.) relative
pr and particle multiplicity within the pixel. This input info fed to a CNN (Convolutional NN) [as in arXiv:1612.01551], then merged with
the global* variables in a dense layer of 128 nodes.
Vs=13 TeV, Phase 1
= ) ¥ T T T T
;CMS Slmulaﬁon Preliminary
E QCD events, p_ = 80-120 GeV
0.8

E jetp;>70 Ge' AK4 jets

misid. probability

- recurrent

convolutional

*Jet variables:

jet pr/m, ‘ Part of figure from arXiv:1612.01551 | o.
#(charged PF cand.), .1
#(neutral PF cand.), i : S L i L L L I
#(SV within the jet) gluon jet misid. (as a light jet) prob. 0 01 02 03 04 05 06 07 08 09

correct light jet identification prob. *~ light quark efficlency

JN (YT PN FYTTY IYTTE FUUTE FUUTS FUUT OPRY P,

[Jets originating from gluon splitting to
bb or cc not considered as gluon jets] > Similar performance among DeepJet and 2 alternative approaches
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* End-to-end jet classification
INIM A 977 (2020) 164304]

125 125
100 100
o 08 715
3 s
50 50¢
25 25
% 25 50 75 100125 % 25 50 75 100125
ip’ i’
(a) Tracks channel. Left: gluon jet, Right: quark jet.
125¢ 125
100 100
_ 75 75
i3 E -
50 50
25 25
% 25 50 75 100125 % 25 50 75 100125
iy’ iy’

(b) ECAL channel. Left: gluon jet, Right: quark jet.

125, 125
100¢ &, 100
75 75 .
= ® = - .
50 T 50, .
25 . 25:"
% 25 50 75 100125 % 25 50 75 100125
i’ ip
() HCAL channel. Left: gluon jet, Right: quark jet.
1257 125
100f « 100
75 =, 75 3
= - = -
50 - 'L 50 =
25 . 25"
%25 50 75 100125 %25 50 75 100125
ip ip

d) Composite jet image. Left: gluon jet, Right: quark jet.
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A, AUC = 0.88
B, AUC = 0.89 k:
C, AUC = 0.89

C-Gen, AUC = 0.91
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