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Multi-boson Measurements

q Vs q "

Differential cross-section:
* measurement in validation of current models

A

Vector boson scattering/fusion (VBS/F):

e processes probe the mechanism of electroweak
symmetry breaking

Triple/Quatric Gauge Couplings (T/QGC):
e search for anomalous couplings
 sensitive to new physics

EFT interpretation: ,

(8)
LSMEFT~£ +ZA2 (6)+Z ‘) 0(8) —
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Measured cross sections and exclusion Ii
See here or all cross section summary plots

Overview of CMS cross section results

CMS preliminary

Spb~t-138fb"! (2.76,5.02,7.8,13,13.6 TeV)

e Oly) = 42407 fo
=i  olW) = 3.5e+07 fb
| oiW) = 6.8e+07
b oW} =9.5e+07 o
oV =1llet+0BTH
W otw) = 1.9e+08 Th

8.0e+08 o
a(z) = 26407 1o
4 ol2) = 29e+07 b
4 o) =34des07 o
L] o(Z) = 6e+07 fb
1 o(2) - 62407 o

=afu  o(Wy) = 3.4e+05 fb

»  o(Zy) = 1.9e+05 T
Sl oWW) = 37e+04 b
oY) = 526404 fo
W o(Ww) = 6e+0a o
W oOWW) = 12e+0570
W - o(wZ) = 6.4es03fb
@ oWz = 2c+04af0

W otWZ) - 2.4e+04 0
B o(WZ) = 5.le+04 fo
S o(Z2) - 5.3e+03 >
B8 oiZZ) - 62e+03 >
R oiZZ) = 7Te+03 ™
4 olZZ) = 17e+04a M

wililis  c(WViy) = 6 fb

atvvy) = le+03 b
SIVAWWY) = 5.9e+02 fp

SIWZZ) = 2e+02 fb

SVIVY) = 3.1e+02 fo

W

==
e a(WWZ) = 3e+02 b

ClEW qaWy) = 24 fo
ol C(EW os WV = 10 o
GLEW S5 WW) = 4 Th
—l  C(EWss W) = 4 b
SR o(=V/ qaZy) = 1.9
-l o(EWaazy) =521

—flll CEW QqWZ)=18Tb
S c=WaqZZ) =033

its at 95% C.L.

sl c(fiyy) = 4.9 fb
SWyy) = 14 >
o1Zyy) = 13 ©
Ml oZyy =54m™
wills  C(VEF W) = 42e+02 b
W O(VBF W) = 62e+03 b
mlllles  o(VBF Z) = 15e+02 b
e G(VEF Z) = 1.7e+02 fo
SIVBF Z) = 5.3e+02 fo
S(EW W) = 1.9e+03 fb
glex. yy = WW) = 22 fo
S (W cqWy) = 11

1.0e+01

1.0e+03

1.0e+05 1.0e+07 1.0e+09

o [fb]

outer narrow bars

Inner colored bars statistical uncertainty,
Ugi '8, 13, 13.6 TeV, Black b

ht to Dark colored bars: 2.76, 5.02,

i Y ic u
ars: theary prediction

Run3 of the LHC is ongoing. We expect to have doubled Run2 lumi by mid-2024
| will focus today on new EWK CMS results with full Run2 dataset

CMS Public Results
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Diboson Production
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Analyses presented today:
o 77(4€ +jets)

 ssWW to th (VBS)

* Wy+2jets (VBS)
 osWW (VBS)

. Polhti‘éd WW 4
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Measurement of ZZ production

* Process allows precision studies in the SM
* LO t-channel: s-channel forbitten in SM

* Gluon-gluon fusion via box diagram: 10% contribution

q Z 9 Z

q A g 7

Differential distributions and normalized differential cross sections are measured as a function of:
* Number of jets
* Kinematic variables of jets

« M4¢ ags/?gy&@ction of jet multiplicity


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html

ZZ(4€)+jets analysis

CMS-PAS-SMP-22-001

Selection

* on-shell leptonically decaying Z bosons
* Require 60 GeV < m4f <120 GeV
o 77 2 202¢' (£, ¥'=eorp)

Background extremely suppress by 4-lepton
requirement

e processes with 4 prompt leptons (ttZ,VVV): estimated

with MC

e processes with fakes: jets or non-prompt leptons
misidentified as signal leptons: estimated from the

data

Main systematic uncertainties: jets, QCD scales

8/28/23
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Discrepancy at 1-jet bin

>=3 jets requires NNLO
and even higher order
corrections, thus the
discrepancy at high jets
bin is expected.

Systematic source

my, with all jets

0jet 1jet 2jets | 3 and more jets

Trigger

Electron Efficiency
Muon Efficiency

Jet energy resolution
JES correction
Reducible background
Pileup

Luminosity

Monte Carlo choice
gg cross section
QCD Scales

PDF
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ZZ(4£) +je tS an a/ySIS CMS-PAS-SMP-22-001

* Differential cross sections normalized to the fiducial cross sections
* Theory predictions over-estimate data in some regions
* Large discrepancy at high jet p;region

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb™' (13 TeV)
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ZZ(4€)+jets analysis

CMS-PAS-SMP-22-001
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the modeling at higher jet
multiplicities is not great but it
improved when using
NNNLO+PS MCs instead of NLO
MCs

the EW corrections help with
modeling the high energy
behavior
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Vector (V) Boson (B) Scattering (S)

VBS: scattering between two vector bosons radiated from incoming partons.
Unique topologies:

e two very forward jets, with large eta separation and invariant mass

* low hadronic activity in central region

 possible couplings: WWWW/WWZZ/WWZy/WWyy ...

Why is VBS interesting?
* very rare process (~ fbs), precision test of SM

* VBS with longitudinally polarized massive vector bosons is connected to the Higgs mechanism, help us have a
better understanding on Higgs mechanism

* the SM could be extended with higher operators (dimension-8, typically studied in VBS) standing for
anomalous couplings between vector bosons, model independent search of BSM

Present results from 4 VBS analyses

8/28/23 9



ssWW to Th CMS-PAS-SMP-22-008 NEW

Vector boson scattering (VBS) processes are crucial to understanding EWK symmetry breaking

Possibility to access tau decay channel in ssWW VBS for the first time

Same-charge W pair scattering (ssWW VBS): largest cross-section among the EW-mediated processes

Possible Beyond-SM effects in EW vertices: Indirect search with SM Effective Field Theory (not covered for
this PAS)

aq’ » WWq’q’”’ - Pt tjjvv

+

QCD interactions between partons Pure EWK process
8/28/23 10


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html

NEW

ssWW to Th CMS-PAS-SMP-22-008

* Final state: fxt+jj+ MET (£ =¢e, )

* two very energetic forward-backward jets - VBS jets

large large dijet mass (m;) and large n separation (An; )between the jets

DNN discriminators to enhance signal sensitivity: 9 kinematic quantities describing of the
ssWW VBS process

Main background: no-prompt lepton/tau: jets are mis reconstructed as e,p, or th

138 b (13 TeV)

. ¢ Data
Preliminary tt dilep. OS + (Ziy +jets)

A T 1l’° + 5
| (4 . 1 +T ther bkgs. D ssWW VB!
. 4 k estimated from the data and ' awmees Wi
: validate in a CR close to SR e
215 F
m B 2 S—— ‘ |
So05F L B EREAE Baa!
j_’ T, fake real T, (=] 0 500 1000 1500 2000 nﬁffgev]

4
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ssWWiort,

CMS-PAS-SMP-22-008

NEW

dedicated DNN trained and tested to classify the events in
signal and background categories

ML fit using DNN templates from SR and two enriched
background CRs to control opposite-sign, ZZ and tt rates

ssSWW purely-EW signal strength
Simultaneous EW and QCD ssWW signal strength

Significance o]

Signal Expected Observed
pure EW ssWW VBS 1.94
EW + QCD ssWW VBS 2.04

 Dominant uncertainty: data statistics and theoretical

uncertainties
8/28/23
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CMS-SMP-21-011

Electroweak WYyjj production Phy.Ref.D

Electroweak production of a W boson, a photon (y), and two jets (j)

Final states: evy +2 jets and pvy + 2jets

VBS Signature: Large dijet mass (m;) and large n separation (An;) between the jets

Main results:
e Signal strength and significance
e Fiducial and differential cross-section measurements

o Lirg')'%zgn dimension 8 EFT coefficients 13


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html
https://doi.org/10.1103/PhysRevD.108.032017

CMS-SMP-21-011

Electroweak WYyjj production Phy.Ref.D

Events / bin

Major backgrounds from W+jets and processes where the jet constituents is misidentified as a
photon

Data-driven method for background estimate:
* Template fit: non-prompt (fake) photon

* Tight-loose method: non-prompt lepton

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
1000"_' ' e~ Dan I Ew Wy in fiducial ] 5 30 ' = Dam B Ew Wy in fiducial 7 ° f h I EW W
B I Ew wy out fiducial [l Top, VV, Zy > I Ew wy out fiducial [l Top, VV, Zy ] m e a S u re m e nt O t e tOta V
| Barrel photons QcD Wy MisID photon S 300 Endesp phot QcD Wy MisID photon . . .
800— B Double MisiD MisID lepton Rt 250l B Double MisiD MisID lepton 5 p r‘o d u Ct | O n rate | S p e rfo r m e d W | t h
C 77 Stat @ syst ] C 7/ Stat @ syst ] b d I k I h d f h d
600 _—m,/ [30, 80) GeV m, € [80, 130) GeV m, €[130, =) GeV —_ 200 ;—m.v [30, 80) GeV m,, <[80, 130) GeV m,, [130, =) GeV a i n n e i e i O O it to t e a ta
- Photion barrel y «f Photon Endcap . .
’ ’ - é of the two-dimensional (2D)

distribution in m;, and m,,

S I P B "““V‘ﬁ—

s S * Separated into barrel and endcap
g fadza i Ee to account for differences in

© N~ = 8 9 N = 8
Se5=335¢< photon performance
s S s S 14
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https://doi.org/10.1103/PhysRevD.108.032017

Electroweak WYyjj production

CMS-SMP-21-011

Phy.Ref.D
* Measure EWK-only and EWK+QCD fiducial and s o 3 Ten
differential cross sections and observe good agreement s... = " - oS Lot haTer
With SM g o Obs. result (syst.) i é | Obs. result (syst) ]
g:0.08 - = = :
g == EW(LO) Wy MG5 1 g F —= EW(LO)+ QCD(NLO) Wy MG5 -
N L . < o EWKonly - <, =*—EWKand QCD
* The EWK WYyjj production is observed with 6.03 ¢ (6.79 | ——_, : S E
o expected). ' | E E —— ]
. 2 - 0507 [0710] [1.015 [1.55] ° [05,0.7] [0.7,1.0] [1.0,1.5] [1.5x]
VBS very powerful to study anomalous quartic gauge m, [TeV] m; [TeV]
coupllngs (aQGC) Expected limit Observed limit
5.1 < fyo/A* <51 —5.6 < fyo/A* <55
1< fai /AT <74 —78< fy /AT <81
: O : LB < fpa/ NS =LY < fpa/ A< LY
* Exploration _of dim 8 operators possible due to presence | -° a5 a7 Al 227 BEST
of SM quartic coupling B33 < fya/A* <33 =37 < fy /A <36
* Invariant mass of the Wy system is sensitive to presence  3_ /7 at <13 ta< fur/At <14
of dim-8 operators 043 < fro/AY <051 —047 < fro/A% < 051
. o -0.27 < fr1/A* <031 —031< fr,/A* <034
 Sets most stringent limits on fM,2-4/A* and fT,6-7/\* 072 < fra/ A* <092 —0.85 < fr,/A* <10
faWa Yo WPA s /A4 _ N N1 NnNn1 __ r /AL _ no~Hn
8/29/23 023 < fro/At <025 —025< fro/A* <027 15 BEST

-0.60 < fr,/A* < 0.68

—0.67 < fr,/A* < 0.73
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https://doi.org/10.1103/PhysRevD.108.032017

Observation of opposite Sign WW VBS T

First observation of the electroweak production of a leptonically decaying
W*W~- pair in association with two jets

final state: 2 opposite-sign leptons, 2 jets and
moderate missing p,mss

q »
VBS topology: 2 jets with large pseudorapidity gap
An;; and invariant mass m;

q - Lepton-flavour-based event categories

 eu: background dominated by ttbar
e ee/uu: background mostly dominated by DY

8/28/23 16
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Observation of opposite Sign WW VBS TR

Deep Neural-Network selection based on lepton/jets kinematic variables was used to disentangle

signal from top and QCD induced WW background 2 models implemented:
Variable Description * Zypp<1phase space
My Invariant mass of the two tagging jets pair * Zpp 21 phase space
P pr of the highest pr jet CM 138 fbo! (13 TeV)
\Aiy]-j\ Pseudorapidity separation between the two tagging jets % i ;_ +Data  Hggs | Nomprompt _i
p]% pr of the second-highest p jet i - 1\3\7 'E:fjst? " Esgs Sepnaeed W E
Zy, Zeppenfeld variable of the second-highest pt lepton 10* 3 Z,<1 3
pif pr of the lepton pair 1P L 7
Ay Azimuthal angle between the two leptons - :
Zy, Zeppenfeld variable of the highest pr lepton 10° g E
mf}l Transverse mass of the ( pferl, p%ﬁss) system 10 ;_ e _é
- —
e E
centrality of the dilepton system with respect to the tagging jets is 10_1; N
e =S Y S U=
quantlfled as: (% 15 E— ] Uncertainties 'y Mé
. 1 1 s 1E S T i TSGR SR
Zeppenfeld variable: Z,, = E |1Z, 1+ Zp,|, where Z, = n, — p (Mj1 +7Mj2) Zost g

02 04 0.6 08 1

8/29/23 DNN output 17/

o TTT
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https://www.sciencedirect.com/science/article/pii/S0370269322006293?via%3Dihub

Observation of opposite Sign WW VBS ST

Background estimation
* Non-prompt leptons: data-driven
e DY and ttbar: estimates from CR is the data

* minor backgrounds ( tW and Z->ee/uu) are estimated from CMS 138 fo' (13 TeV)
: : 0w 100 e
S I m u Iat I O n E E —4- Data Nonprompt m Multiboson 3
°>’ C o [ zj | |acD-induced WW [[7] DY no PU jets |
- 10 5_5 [ Ibyi1pPujet| Jtwandt = \/BS —
. . A my > 300 GeV 7, <1 £
Signal Extraction EENCR-0 AN > 35 -
1 1 H 1 1 1 10° =S 2 AZ"E m = 500 750JJ 1000 1500 2000GeV I
* Combined binned maximum likelihood fit of the most SRR A S B e S
discriminating variable distributions with signal and T — i ]
background templates 10 %_z_: : b i
* Lepton-flavour dependent signal extraction oL . .
ep: DNN output S
. : (] S S S
ee/up: bins in my, An; Zeppenfeld variables = 14 & [ Uncortantes ’
. : . : i S 1E 4
* Simultaneously in all signal regions and control regions 898t |
0 1 2 3 4

Largest systematic uncertainties: theory, b-jet veto
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SMP-21-001

Observation of opposite Sigh WW VBS ks

* Observed (expected) significance w.r.t. the background-only hypothesis is 5.6 o (5.2 o)

* The cross section measurement of the W*W- EW production is performed in two fiducial
volumes

Inclusive Volume Exclusive (Tight) volume
Loose reqUirementS Objects  Requirements
D T(q )> 10 GeV ey, ee, jy (not from T decay), opposite charge
o 'S 100 GeV pireed! = pr+ Lipy if AR((,7;) < 0.1
mqq € Leptons 0 - 25Gev, p2 > 13GeV, pl2 < 10GeV more
] <25 signal-like
pfff > 30GeV, my, > 50 GeV
Inclusive: 99 £ 20 fb (theory: 89 £ 5) ol > 30Gev
. . + . + AR(j,£) > 0.4
Tight: 10.2 £ 2.0 fb (theory: 9.1 £ 0.6) s at Tt 2 ot no b jets
| <47

. . . my > 300GeV, |An;| > 2.5

Good agreement with SM predictions! y i
pies pmiss > 20 GeV
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SMP-20-006

Polarized W= I_Wi _ extraction PLB

the first measurements of production cross sections of polarized same-sign
WWwW

gauge boson polarization in VBS production, which can target diagrams
with intermediate Higgs mediation instead of the quadruple gauge
coupling

the analysis uses all data from the Run Il to target doubly polarized final :
states: W W , W.W;, WW; g /

W+

measurements are also provided for W W, and W;W, production W
W+
8/31/23 q 40
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SMP-20-006

° i i °
Polarized W* W* | extraction PLE

Angular variables powerful for polarization components extraction
. 0.45CMS Smuaton (13 Tev)
Tod Toom
Backgrounds: 035 — Ewww; i
e control regions to measure WZ, ZZ, tZq backgrounds 002:
: : “TWW frame ~=E
* Non-prompt data-driven and mis-charge ID 02F Nt
0.15F - E
* Results are reference-frame-dependent: o1 == ;
0.05F = -
%08 1 15 2 25 %
WW frame: based on the center of mass frame of the WW pair Ad,
Parton frame: based on the center of mass frame of the incoming partons 4 CMS Smuston (13 Tey)
3 0a —Ewww Rt
0.35} :Exm& —
Strategy 03
Inclusive BDT to extract WW same-sign signal 025- parton-parton framE“i
0.2 —
specific signal BDT for ( W W  vs W,W- ) and ( W;W;vs W,W, ) 0.15) =
0.1 - _ -
00sf == s
The final signal extraction uses a 2D fit based on a binning of both BDTs S-S R F-R Y-S
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Polarized W* W#* | extraction

SMP-20-006

PLB

* the significance of the measured W W, yield is 3.1 o expected, 2.3 o observed

e exclude >~2 x SM W W, production at 95% confidence-level

 fiducial cross-sections extracted for all the polarizations - agrees with SM within uncertainties

-2AInL

CMS

L ---- Expected bkg. only stat

Expected signal+bkg.
| = Observed

- 95% CL

| o Expected bkg. only stat+syst

______________________________________________________________________

137 b (13 TeV)

WW center of mass reference frame

Process o B (fb) Theoretical prediction (fb)
WrWs 0.327075 0.44 + 0.05
WxWx  3.067034 3.13 £ 0.35
WiW5x  1.207025 1.63 £ 0.18
WiWsr 211709 1.94 £0.21

parton-parton reference frame

O/ L0/ £D

—

Oy w L]

L™'L

Process o B (fb) Theoretical prediction (fb)
WrWs 0247030 0.28 & 0.03
WXWr  3.25702% 3.32 £0.37
WiWy 1407980 1.71 £ 0.19
WiWz  2.037028 1.89 +0.21
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Summary

* Recent results on EW multiboson production were presented from CMS using the full
Run2 dataset

 Differential cross sections on diboson ZZ in association with jets from CMS

* first observation of VBS ssWW to T,

* Wy +2j analysis: sets most stringent limits on some aQGC operators

* first observation of opposite sign WW VBS

* first measurements of production cross sections of polarized same-sign W*W+*
* Run2: many interesting results from Run 2 are yet to come

. increased statistics are promising for new measurements and BSM
interpretations!
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