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\ Triboson measurements at LHC INFN

Overview of CMS cross section results

i i Status: June 2024
Standard Model Production Cross Section Measurements sl dune
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\ Triboson measurements at LHC

cms preliminary 3 b1 - 138 0™t (276.5.02,7.8,13.136 Tev)
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Measurement of the cross section of triboson production processes:

valuable precision tests for the electroweak sector of the SM
novel observation of very rare processes

TGCs and QGCs involved
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VVV searches v

- ATLAS VVZ (STDM-2020-08) | and interplay with searches
-CMSWWZ  (SMP-24-015) for VH production

Most recent VH results:
- ATLAS VH (H— bb/cc) (HIGG-2020-20) arXiv:2410.19611 *
-CMS ZZ/ZH — 4b  (HIG-22-011)  EPJC 84 (2024) 712

*presented by G. D'Annibale on Monday



https://arxiv.org/abs/2410.19611
http://dx.doi.org/10.1140/epjc/s10052-024-13021-z
https://conference.ippp.dur.ac.uk/event/1429/contributions/8212/

Previously on these channels...

First evidence of the ewk. production of WWW and WVZ (Nov. 2019)
First observation of the ewk. production of WWW (Aug. 2022)

First observation of the combined electroweak production
of three massive vector bosons VVV (Apr. 2020)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html
https://www.sciencedirect.com/science/article/pii/S0370269319306355?via%3Dihub#fg0060
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.129.061803

Search for VVZ combined (WWZ+WZZ+ZZ7) observation at 13 TeV

VVZ combination

ATLAS Run 2 analysis

o ATLAS Run 2 dataset — 140 fb!
o 3 different final states (3(+jets, 4, >5()

3 + jets N\
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o MVA techniques to enhance the sensitivity
o  BDTs separately optimised per-SR and final states
o  Most discriminant observables region by region
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The ATLAS & CMS Collaborations

SM@LHC2025
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-08/
https://arxiv.org/abs/2412.15123
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\/ \/ Z COI I lblnatlon [ATLAS-STDM-2020-08, arXiv:2412.15123] TORINO
(2] T T T T T T T T T T T
. S | amas ¢ Data WZzZ wzz
ATLAS Run 2 analysis 5 \s = 13 TeV, 140 fo" BWWWZ [WZ+ets  EZZ+jets
10°F  Combined fit Clz+jets @tz WOthers 3
Post-Fit [JFake  Uncertainty
30 required, two of which same-flavour opposite-sign (SFOS),
such that [m,—m | <20 GeV
3 SR 3¢-1j : one jet only
3 SR 3¢-2j-inV: > 2 jets with 60 <m, < 110 GeV
< SR3t2j-outV: =2 jets withm < 60 GeV v m > 110 GeV
- CRs: Z+jets, 3t-ttZ, WZ+jets )
. ;1
4¢ required, 814
with 1 SFOS di-lepton pair (Z Candidate) |
such that |m,—m | <20 GeV o9 777
Qo8
2oty o1 gy s e 3 1 5y Fbiny iy 0 ’SF, "SF SR
Categorisation wrt the flavour of the other 20 (“W-leptons” €, ,): B8 T M‘C‘H 6 G2y S0 Sy g o’ sp SR Zen Cuz gy
0:0 SR 4¢-DF : dlfferént-ﬂavour pair £,¢, CRs 47 SRs > 5¢ SR
< SR 4¢-SF-inZ: SF pair €,C,, [m,, ,—m | <20 GeV
<& SR 4¢-SF-outZ:  SF pair 2324 S |m[3,[4—mz| >20 GeV Observed (expected) si gniﬁcance
- CRs: Z7Z+jets, 4t-ttZ ] .
Simultaneous fit across final states and regions:
Wzz 2.8 (1.6) S.D.
At least 50 required: WWZ 4.4 3.6)S.D.
< SRSt: >2 SFOS di-lepton pairs with [m,—m_| <20 GeV — Combined fit for VVZ,: 6.4 (4.7) S.D.
Treating ZH as bkg.: 5.5 (3.7) S.D.
The ATLAS & CMS Collaborations SM@LHC2025 Cristiano Tarricone



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-08/
https://arxiv.org/abs/2412.15123

L WWZ fully leptonic channel @

CMS Run 2 (2016-2018) - 3 (2022-2023) analysis [CMS-PAS-SMP-24-015]
Measurement of W"WZ and ZH signal strengths individually and together d v d H ‘:C(W
e  Final state selected with 4 charged leptons (e, z) w a w

o 2 charged leptons reconstructing the best Z candidate q z q v4

o  The remaining 2 charged leptons must be opposite-charge,
same-flavor (SF) or opposite-flavor (OF) defining 2 corresponding channels

e  (CRs to normalize the main backgrounds, A “fﬂrggﬁazir A
1e.,ttZ and ZZ i e P candidate)
R R
— JES
e  BDT multiclassifier assigning three different 0 SF SR oo |
scores (summed to 1) > M (pair
©  non-resonant WWZ SF OF Mz candidates)
o ZH, H-WW* The ttZ estimation The ZZ estimation

o  background

e  Scores used to define several SRs
o  8(4) SRs per channel, i.e., SF and OF channels
o  Separately defined SRs per data set,
i.e., Run 2 (13 TeV, 138/fb) and Run 3 (13.6 TeV, 62/fb)


http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-24-015-pas-v5.pdf
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WWZ fully leptonic channel

CMS Run 2 (2016-2018) - 3 (2022-2023) analysis
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o  8(4) SRs per channel, i.e., SF and OF channels
o  Separately defined SRs per data set,
i.e., Run 2 (13 TeV, 138/fb) and Run 3 (13.6 TeV, 62/fb)

0 3
lJ'WWZ
Era Total WWZ ZH
Run2 29(44) 133.1) 2.0(.6)
Run3 3.8(25) 25(1.3) 25(1.7)
Total 4.5(5.0)0 24(3.3) 3.1(3.1)

Observed (expected) significance per era


http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-24-015-pas-v5.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-24-015-pas-v5.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-24-015-pas-v5.pdf

Summary of VVZ LHC analyses INEN

[ATLAS-STDM-2020-08, arXiv:2412.15123] CMS preliminary [CMS-PAS-SMP-24-015]
ATLAS Stat 138 b (13 TeV) 62 b7 (13.6 TeV) 200 fo! (13+13.6 TeV)
vs=13TeV, 140 fb~! Syst Eoid Ll el

SM n stat  sys
Stat. Syst i 0.52 +0.45 +0.12
et uwz) = 1.431933+831 non-resonant WWZ H———— 190 £1.01£0.10
vvz i + +
e U(WZ,no VH) = 1.59+924+0:39 i 0672 0L =011
i 1.01+0.56 £0.11
ZH(H —» WW) l—'—-—i 1.57 £1.00 £ 0.21
I + +
et pwwz) = 1.33%828+822 : 120£0.50 £0.11
wwz 10434027 e 0.75+£0.30 £ 0.09
HE— MWWZ,no VH) = 1.51%536 028 Inclusive i 1.74+0.63 +0.19
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b 2 0 ' z 7 s
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Era Process O, (fD) o (fb)
0 1 2 3 4 5 6 7 8 WWZ only 97171 (stat.) *31 (syst.) 184 [8]
Signal Strength Run 2 (y/s =13 TeV) ZH only 190*100(stat *30(syst) 189 [9]
Inclusive 2807120 (stat.) 30 (syst.) 373
Process | Signal strength Cross section (fb)
220 10
VVZ | 1.43 £0.20(stat.)*2! (syst.) 66075 (stat.)*$5 (syst.) WWZonly  3802(stat.) 1(syst.) 200 [8]
WWZ | 1.3320.28(stat) 7 (syst) 442 + 94(stat.)* “ % (syst.) Run3(/e=136TeV)  Zitonly  3207f(stat) SHleyst)  202[0]
WZZ 2: 13“0 })i(stat )*’% Z‘? (syst.) 200”” (stat. )+ 5 (syst.) Inclusive 7004230 (stat.) 20 (syst.) 402



http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-24-015-pas-v5.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-08/
https://arxiv.org/abs/2412.15123
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VV7y searches

_ATLASWZy  (STDM-2019-17) | and limits on Higgs
-cMS wzy  (sMp-22-018) | couplings with light quarks

- CMS WWy (SMP-22-006)
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WWy

CMS Run 2 analysis

Measurement of WWy with fully leptonic final state
Data-driven method for estimating bkg. processes
containing a prompt lepton/photon

o  Zy
o  ttbarty
o  single-top

Control Regions to validate the bkg. estimations:

o  SSWWy
o Topy

— mTWW > 10 GeV cut not applied in the CR

Measured fiducial cross section:

o = 6.0 + 1.0(stat) £+ 1.0(syst) + 0.9(theo) fb

u=131+0.17(stat } £ 0.21(syst)

5.6(4.7) S.D.
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o upper limits obs. (exp.) [fb]

Kq limits obs. (exp.) at 95% CL

K4 limits obs. (exp.) at 95% CL

[,| < 16000 (13000)
k4] < 17000 (14000)
x| <1700 (1300)
x| <200 (110)

[Kq] <7.5(6.1)
[Rq| < 16.6 (14.7)
%,| <32.8(25.2)
[R.| < 45.4 (25.0)
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The ATLAS & CMS Collaborations

Process
utd - H+v —epvy,y 85 (67)
dd = H+7 — epvey,y 72 (58)
ss > H+v —epvy,y 68 (49)
cc > H+y —euvey,y 87 (67)
SM@LHC2025

Cristiano Tarricone


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-006/index.html
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TL
PRl ATLAS Run 2 analysis [PRL 132 (2024) 021802]
e  Measurement of WZy with fully leptonic final state §—— VWV T g T I WY
w 2 W Z NN Z
e  Fiducial phase-space region requiring ¢ —-—WM{; ,
. 7 ;o —— w
o high-p, leptons and photons & " . " S

o isolated photons
— to enhance the relative contribution of processes with y produced from initial hard-scattering
— to mitigate the relative contribution of final state radiation (FSR)

e  Dominant backgrounds from non-prompt I/y from hadron decay

or jets misidentified as prompt 1/y: S , v ;
o Zy+X ¢ —— ¢ —— 7

o) tty+X «@ (©)
o VZ+X
— Data-driven technique to extract — N™Wm = 37 AN - NETT) 4 3 F](NE - NET™) — 30 FEF (NS — NEST),
the corresponding fake rate factors — ! — P l -
estimate of nonprompt in CR 1loose in CR vy loose in CR 1 loose & 7y loose

bkg. events in SR

ratio of the probability that a leptonlike (photonlike) jet meets the signal
selection criteria to the probability that it meets the loose selection
criteria, determined in bin i (/) of the loose lepton (photon) p..

The ATLAS & CMS Collaborations SM@LHC2025 Cristiano Tarricone


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021802
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[PRL 132 (2024) 021802]
T

ATLAS Run 2 analysis
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6.3 (5.0) S.D.

First observation, observed (expected) significance:

Fitted parameters of interest

“ZZ}' =1.19+0.25
Mzz = 0.98 +0.19,

Mwzy = 1.34 + 0.20(stat) = 0.10(syst) = 0.07(theory)

Measured fiducial cross section:
oM = 1.50 + 0.01(stat) + 0.02(PDF+ay) + 0.06(scale) fb

NLO correction [Cheng and Wackeroth, PRD 105 (2022) 096009 ]:

NLOEW, LO _
fid fid = 1.05

Kgw =0 /o

Resulting production cross section:

Owzy = Uwzy Opy = 2.01 £ 0.30(stat) + 0.16(syst) fb

The ATLAS & CMS Collaborations

SM@LHC2025

Cristiano Tarricone
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https://dx.doi.org/10.1103/PhysRevD.105.096009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021802
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WZy

CMS Run 2 analysis

Measurement of WZy with fully leptonic final state

CMS observation of the WZy production
process at 13 TeV

Observed (expected) significance: 5.4 (3.8) S.D.

Credit to Fake Lepton study team
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WZy

CMS Run 2 analysis

BSM interpretation using a specific model

— neutral gauge bosons production (Zy) from the decay of a

photophobic Axion-like particle (ALP)
o BSM process searched is pp — Wa, a —Zy

o Invariant mass m as an observable for ALPs search

ALP Cand.
o the SM WZy contribution as a background whose
normalization is determined in the simultaneous fit
No significant excess observed — limits extracted via CLs criterion
o single free parameter f, — ALPs—vector bosons couplings
o This directly affects the cross section — (o x B) o« 1/f2
Results
o some of the most stringent constraints for

m _ in the range [200, 400] GeV
o first interpretation for m  in the range 110 — 200 GeV

o(pp— Wa)B(W—> iv)B(a— Zy)B(Z— I'T) [pb]
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Small fluctuation
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bin boundaries in
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calculation
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Stairway to discovery

The most of the recent results achieved by the ATLAS and CMS Collaboration on

S [Physics Reports (2024)]
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VVV
e ATLAS VVZ(STDM-2020-08)
e CMSWWZ (SMP-24-015)

Note:competitive EFT constraints extracted
with triboson analyses.

— not covered by this talk,

but already shown by T. Fitschen on Monday

ATLAS WZy
CMS WZy
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VV+y

(STDM-2019-17)
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https://conference.ippp.dur.ac.uk/event/1429/contributions/8184/

\ Triboson measurements at LHC

CMS [Physics Reports (2024)]

Standard Model Production Cross Section Measurements

Status: June 2024
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The most of the recent results achieved by the ATLAS and CMS Collaboration on

triboson production push further our knowledge of the electroweak sector beyond

Standard Model Total Production Cross Section Measurements
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The most of the recent results achieved by the ATLAS and CMS Collaboration on

triboson production push further our knowledge of the electroweak sector

The triboson measurements carried
out at LHC, overall, seem to confirm
the Standard Model predictions.
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Wzz o PRL 125 151802 (2020) | Err— ’ investigated, performing more precise
777 | FAL 125181600 (2020) | - measurements of multiple gauge
o JHEP 10 (2021) 174 q . . .
Wy - i Y couplings e}ffectmg triboson
5 i JHEP 10 (@017) 072 i ! production processes,
Y 8 JHEP 10 (2021) 174 9 C
WWy o PRL 132 (2024) 121901 - The stage for Run 3 and HL-LHC
‘ ' ' i : analyses is settled...
i 102 10° 10° 10° 100 0 5 : Y
Production cross section, o (fb) Data/Theory
\Lauian 5 TR i 57 T TR UNT O 2 SREre TNEOY THEsryY
o= dm;ﬁ (data) = a
www o stat @ syst 139 PRL 129 (2022) 061803
WWZ o= SRR _ 0,13 pb (cata) l 79.8  PLB 798 (2019) 134913
tEE 7= 2‘3‘5 i 35'; ¥(maél’u,;)5'5 S [ - | | : : | 140 EPJC83 (2023) 496

- - -3 10-2 10-1 2 3 6
1021071073102 10 1 1p' 10 16* 10* 10 10° 10'* 0510152025 Status: June 2024
o [pb] data/theory
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\ Triboson measurements at LHC

e The ATLAS and CMS collaborations have a rich program of multi-boson analyses
e Many triboson processes have been studied with at least a photon in final state

((((((

i) =11
258 5 LB stat
Wyy : . stat @
%’ - e— j—
s —}
y — L o

1 1 1 1 1 1 1 ] 1

1

06 08 10 12 14 16 18 20 22 24 26 28 30

olvw) = 1e+03 fo il

13TV PRL 125 151802 {2020)

www 13TeV  PRL125 151802 (2020) o(WWW) = 5.9e+02 b il

wwz 13TeV  PRL 125 151802 (2020) oiwwz) = 3e+02 b (I

wzz 137TeV  PRL125 151802 (2020) atwzz) = 2e+02 to (D
§ 22z 13Tev  PRL 125 151802 (2020) =¢wzzz1 <2e+02fo
8 Wy 8Tev PRD 90 032008 (2014) o(WVy) < 3.1e+02 o
-é wwy 13TeV  SMP-22-006 alvwy) =6fo  efis

Wyy 8TeVv JHEP 10 (2017} 072 olWyy) = 4.9  miiils

Wyy 13TeV  JHEP 10 {2021} 174 oWyl =14 b e

Zyy 8TeV  JHEP 10{2017} 072 olZyy) =13 i

Zyy 13TeV  JHEP 10 (2021) 174 olzyy) =541 i
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\ Triboson measurements at LHC
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Extremely rare processes:
o X BR(to leptons) ~O(1fb)

Observed three massive gauge boson
production and in channels with a photon

VVy and two photons Vyy

BSM effects as both aTGC/aQGCs and

as anomalous Higgs-gauge coupling

The ATLAS & CMS Collaborations SM@LHC2025

Cristiano Tarricone

/-I\ug 2023 . . . . ' . CMS Rreliminary
CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) o+
Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) o
VWV H—e—t 1.02 + Os.tgtli 5.@4 137 fbt
WWW e 1.16 £+0.30 £+ 0.28 137 fb™
WWZ e 0.85+0.31+0.13 137 fb?
wzz 2.18+1.47+049 137fb?
WWy e 1.30+0.22+0.29 138fb*
Wyy e 1.03+0.29+0.34 19.4fb*
Wyy e 0.73+0.10£0.22 137 fb*
Zyy Hee+ 0.98+0.11+0.14 19.4fb*
Zyy He 0.91+0.09+0.11 137 fb?
Allresuls at . ’ Productign Cross Section 6Ratio: c../ 0 °
http://cern.ch/go/pN;j7 exp ' “theo
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Motivation for dim.-6 EFT sensitivity study INEN

e Interpretation of triboson results traditionally in terms of dim-8 SMEFT operators (aQGCs) at the LHC

e e T Fe 1.26+00, 1.26+00 3591 BTV
e However, dim-6 EFT operators e
. . A,
can have an impact on triboson i
[N T
production processes too! =0
H
fTv,‘,IA4 ’i{ i o
. Y . I — { y 1.4
e First LHE sensitivity study of triboson ES " i
— W 1.
1 1 H [ T8 ar A — = VA — 99,910 (K50 L-A A—
[Bellan et al., JI/EP08(2023)158] including Lt o mw o Ty
4 di 4 = = T T |
O(A™) dim-6 EFT terms fra /X — i 50 e T
iy K —— — it e S
— Competitive expected constraints i’ & 2 Hapis B
ik ——— o 7.40400, 7.46+00 203t BTV
L T E | BEReR | B e
@ -20 0 20 40
TL aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV'4]
EXPERIMENT
- Recently: [JHEP10(2021)174] — new stringent EFT constraints from CMS

Vyy analysis (more details in backup)
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https://link.springer.com/article/10.1007/JHEP08(2023)158
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html
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s ’ yy Z(W)
W) Ve Example of BSM
. H CMs 137 b (13 TeV, CMS 137 fbo (13 TeV
Results: SM & aQGCs diagram affected ¢ 1200 e g 4 Data S
! by aQGC 5 1000 Wyy % 1000 Wyy
< [ Misid. electrons e [_] Misid. electrons
E 800 [ Others L“>Ij 800 [ Others
4 ! 002 [ Misid, jets X o [ Misid. jets .
—— fug/A% = 100 TeV' — fyg/A* =100 TeV
400 —
400 7
200 200
g s S 15
Measured cross section: < e ; 3 ;
o 0 50 100 150 200 250 300 o 0 50 100 150 200 250 300
4.04 8 prGeV] 8§ Pl [GeV]
OWyy = 13.631‘}:33 (stat. 402 (syst. )= 0.08(PDF +scale): 3.1S.D o golMs 178ty CMS 137 15 (13 TeV)
5 —— Data 3 —+— Data
S | Zoeom o S jop , Zowiny S
+0.58 ol6d : ‘ac: 60 ] Otlh'ers. g 120) (] Ot'h.ers.
02y = 54170 (stat. Y95 (syst. ) +0.06 (PDF+scale) 48S.D i b T SR B e 5% Teve
30 eo
20 D 40
10E Vi 205
CMS 137 fb' (13 TeV) CMS 137 fb' (13 TeV) S 1sb - - I 5 isE . - ’ +
! o b ¢ o . "
e 1023 %92 (stat) *O% (syst. ——|  0.737218 (stat) *O72 (syst. ® s i ) | % s
Wisvry Zozz (S18L) [y, (SYSt) (el Soi7 (S18L) g g (SySt) ] 50 100 150 200 250 300 & 50100 150 200 250 _ 300
! S P! [GeV] 3 P! [GeV]
W(uv)yy +0.74jgj}](stat.)tg:§§ (syst.) Z(up)yy o 1.06jg:]](stat.)tgzlg (syst.) Wy (TeV?) Zyy (TeV—)
Parameter  Expected Observed Expected Observed
: . . . . /AN [-573,571] [-39.9,39.5] — —
 W(vyy | = 0.73 7070 (stat.) 0% (syst.) Z(lyyy —t 0917000 (stat) *07" (syst.) /Y [-918,92.6] [-63.8, 65.0] _ _
@ PO I RO | b fro/A* [-1.86,1.86] [~1.30,130] [-4.86,4.66] [~5.70,5.46]
= 2 E E . 4
W b ol h fri/A* [-238,238] [-1.70,1.66] [—4.86,4.66] [—5.70,5.46]
Sl Gt gl Etrengin fr2/A*  [-5.16,5.16] [-3.64,3.64] [-9.72,9.32] [—11.4,109]
EXF.’IE-I!TMENST frs/A* [-0.76,0.84] [-0.52,0.60] [-2.44,252] [-2.92,2.92]
4
0, fre/A*  [-092,1.00] [-0.60,0.68] [—3.24,3.24] [-3.80, 3.88]
| JHEP 10 (202]) 174 frr/A* [-1.64,1.72] [-1.16,1.16] [-6.68, 6.60] [-7.88,7.72]
CMS /| frs/ A — — [~0.90, 0.94] [-1.06, 1.10]
fro/ A — — [—1.54,1.54] [-1.82, 1.82]
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Triboson measurements at LHC
CMS preliminary
vw 13 Tev PRL 125 151802 (2020) olVWV) = 1e+03 fo -
www 13TeV  PRL 125 151802 (2020) o(WWW) = 5.9e+02fb ol
wwz 13TeV  PRL 125 151802 (2020) oiwwz) = 3e+02 b (N
®  Measurement of the cross section of o o o —
x Wvy 8 Tev PRD 90 032008 (2014) o(WVy) < 3.1e+02 fo
. . - 13 Tev MP-22-001 alW =6l
triboson production processes Bl VY ow  sememnon W g
Wyy 13TeV  JHEP 10 (2021) 174 oWyl =14 b mifie
. . Zyy 8 Tev JHEP 10{2017) 072 olzyy) = 1310
o  valuable precision tests for the Zv. LW HeEPl0CO1 14 azm=san @
1.0e+00 1.0e+02 1.0e+04
electroweak sector of the SM Aug 2023 , , __CMS Preliminary
o novel observation of very rare processe CMS ImeEaUrATIONSIVe: TSN GAI BN TN (Stag ptokey ) .
Theory 8 TeV CMS measurement (stat,stat+sys) e
o TGCS and QGCS anOlVed 13 TeV CMS measurement (stat,stat+sys) ]
stat sys
VWV ke 1.0240.21+0.14 137 fb"
_ _ WWW e 1.16+0.30+0.28 137 fb"
e Like VBS analyses, tri-boson processes A 08540314043 137 fb"
. ° . - -1
measurements allow to achieve more stringent Wz = a & 218+1.47+049  137fb
. ' WWy e 1.30 £0.22 £0.29 138 fb
limits on aTGCs and aQGC:s interpreted in the Wy (IBLOS8E05 194
SM-EFT context. Wyy e 0.73+0.10+0.22 137 b
Zyy He 0.98+0.11+0.14  19.41b"
Zyy o 0.91+0.09+0.11 137 fb"

| 1 1 1

All ?t t 2 : 8 8 E
results at: i i 10
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Previously on these channels...

First evidence of the combined electroweak production
of WWW and WVZ (Nov. 2019)

First observation of the combined electroweak production
of three massive vector bosons VVV (Apr. 2020)

Observed (expected) significance . ;
WWW (20129 4.0 (17) S.D @) Observed (expected) significance CMS /|
30) 1.0 (2.0) S.D. ATLAS Simultaneous fit with 4 channels:
— Combined fit for WWW: 3.2 (2.4) S.D. EXPERIMENT WWW (2[52q/3£) 33 (3.1) S.D.
WWZ  (40) 3.4 (4.1) S.D.
WVZ  (30) 0.5 (1.0) S.D. WZZ (50 1.7 (0.7) S.D.
(@U40+2q) 3.5 (1.8) S.D. 777 (60) 0.0 (0.9) S.D.
— Combined fit for WVZ: 4.1 (3.1) S.D.
) — Combined fit for VVV: 5.7(5.9) S.D.
— Combined fit for WVV: 4.1 (5.9) S.D. — -
137 b (13 TeV)
s I £ 100] Same-sign/3 leptons 359 4/5/6 leptons Da+taDa?d prlettiictionn o
ATLA s=13TeV,79.8 fb™ WWW (2£+2q) 6.6 (4 0) S.D @ . . . 30. . - g ata £ stat. uncertainty
— T T T T T T U U o= ] N\ Background + systematics
::;-L 2= Combined o e 30 4.8 (3.8) S.D. Triboson signals
Comb. tot. - @ e — Combined fit: 8.0 (5.0) S.D.
www 2¢ o w=213 L5 loms
WWw 3¢ o1 u=0.47 ig:i; ig:ﬁ ATLAS f5 =13 Tev, 135 1" Bkg. in same-sign / 3 leptons
—Total Stat. [DLost/ three leptons
WVZ 3¢ e u=0.42 fg:gg jg::? Total Stat. erargenmiﬁmeasurement
et H—e—t u=1.75 (£0.30 +0.22) mnwmgin/pt:\f\e:ptons
WVZ 4¢ o4 m=244 5% 0 @Y - lepton
....................................................... e e e 1 =1.32 (+0.37 +0.35) ceepppeeepppecent 2 1 0 A B 123 45 oo |packgrounds in 4/5/6 leptons
Combined ' =140 9% oz VOV . W mpout  mpin #SFOS  aotbes ZeenBDTHns £ 8 | mzz gz [other
i (1) i 2| i G z;. i é i 8| i Combinad - L=1.61 (0.25+0.19) Same-sign dilepton 3 leptons 4 leptons @ e @iz @wz
best it 1 = MW/l T DU RS TS SRS OO | | [PRL125 (2020) 1518021 |
| |

[PLB 798 (2019) 134913 ]
[

= GWWW/Glww 35
| [PRL129 2022) 0618037 |2 C



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html
https://www.sciencedirect.com/science/article/pii/S0370269319306355?via%3Dihub#fg0060
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.129.061803

\ Vector Boson Sqattering in CMS

X
P

CMS — SMP—21 - 001 |

Plethora of results achieved with
full Run-2 dataset and still coming out:

o Observation of leptonic OS-WW VBS 5.6 (5.2) S.D.
o  Evidence of semi-leptonic WV VBS 4.4 (5.1) S.D. |
9.4 (8.5) S.D.
6.0 (6.8) S.D.
4.0 (3.5) S.D.

CMS — SMP—20-013 |

CMS —SMP—20-016 |

o Observation of Zy
o Observation of Wy VBS

CMS—SMP-21-011 |

o  Evidence of fully leptonic ZZ CMS — SMP—20-001 |

. many results already out and more are coming.

Several VBS channels are now well established
and enable stringent constraints on BSM
theories — Effective Field Theory (EFT)

VBS cross sections:

ciirscinn trend o, exp> Ziheo,
CMS (not yet significant)

Aug 2023
T

CMS Preliminary

qqW

CMS EW measurements vs.
Theory 8TeV CMS

—.— 0.84£0.08 £0.18
0.91+0.02+£0.09 35.9 fb"
0.93+0.14+0.32 501"
0.84+0.07+0.19  19.7 fo"
0.98+0.04 +0.10

T T T
7 TeV CMS measurement (stat,stat+sys)
1t (stat,stat+sys)
13 TeV CMS measurement (stat stat+sys)

— =

— e

19.3 fb!

35.9 fb”!
085+012+018 1 !

1.74+0.00+£0.74 19.7 fb"
1.77+0.67+0.56 19.7 fb’
0.89+0.11+0.15 138 fb"
1.12+0.15+0.17 138 fb"
0.69+0.38+0.18  19.4 fb"
1.20+0.11£0.08 137 fb"
1.48+0.65+0.48 19.7 b’
1.20+0.12+0.13 137 fb"
1.46 £0.31 £0.11 137 fb!
1.19+0.38+0.13 137 fb"
0 2 3 ry
hnp;)g;ﬁ]s.ggfggypw Production Cross Section Ratio: 6, / Gy,
Aug 2023 CMS Prellmlnary
CMS measurements 5 02,7,8,13 TeV CMS measurements (stat, stai+sys)
vs. NNLO (NLo) theory Bl  GSeE B b
T = 1.06£0.01+012 50"
Wy, (NLO th) —— 1.16+0.03+0.13 5.0fb"
Wy, (NLO th) . 1.01+£0.00£0.05 137 fb!
Zy, (NLO th)) HH 0.98+0.01+0.05 5.0fb"’
Zy, (NLOth) e 0.98+0.01+0.05 19.5fb"
WW+WZ 1 1.01£0.13+£0.14 491"
ww " “ 1.24+0.18+0.09 0.302 fb™!
wWw o 1.07+0.04+£0.09 49fb"
ww — 1.00+0.02+0.08 19.4fb"
ww e 1.00+0.01+0.06 359fb"’
wz —o—i 0.57+0.20+0.04  0.302 b’
wz o 1.05+0.07+0.06 4.9 fb"
Wz Hor 1.02+£0.04+0.07 19.6 b
wz - 1.00+£0.02+0.03 137 b
7z ————— 1.36+0.59+0.12  0.302fb"
zz —g 0.97+0.13+0.07 4.9fb"
77 ey 0.97+0.06+0.08 19.6 fo
77 - 1.04+0.02+0.04 137 fb"
0 1 2 3 4
All rosuls at: Production Cross Section Ratio: 6,,,/c

http://cern.ch/go/pNj7
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\ Vector Boson Scattering in CMS

Constraints on anomalous quartic gauge couplings (aQGCs)

Events / bin

CMS 137 fb (13 TeV)

f I T
0% ¢ Data Nonprompt Y E
MEW Zy |ST,TTy, WV 3
WQaCDZy  _f sa*- 047 Tev* |

107

—Fg/A*=0.91 TeV* 3

Zy analysis:
Strongest limits

for dim.8
operators T8-9

0.15-0.4 0.4-06 06-0.8 0810 1.0-1.2 12

onstralmng on aQGCs: typical procedure
Dimension-8 EFT op.s

mg,, sensitive to deviations from SM
Maximume-likelihood fit profiling the N3

syst. unc.

CMS 138 tb! (13 TeV)
C
Syt —— Data Wewwy
g B op. WV, 2y QCD Wy
Muon events "
S '
cMs 138 o (13 Tev) 2 I isioproton [l Double MisiD
4 MisID lepton 7 Stat ® syst
z ——— Obs. 2ANLL 7
&2 — Fy/A*=8Tev*
10 - —— Obs. 95% CL interval

CMS - SMP-20-016

m,, [TeV]

Coupling Exp. lower Exp.upper Obs.lower Obs. upper Unitarity bound
Fvo/A* —125 12.8 —15.8 16.0 13
Fur/ A —28.1 27.0 —35.0 34.7 15
R/ A -5.21 5.12 —6.55 6.49 15
Fus/ A -10.2 10.3 -13.0 13.0 1.8
Fua/ A -10.2 10.2 -13.0 12.7 1.7
Fus/ A -17.6 16.8 -222 21.3 17
Fvz/A* —44.7 45.0 —56.6 55.9 16
Fro/A* —0.52 0.44 —0.64 0.57 1.9
Fri/A* —0.65 0.63 —-0.81 0.90 2.0
Fra/ A* —~1.36 1.21 ~1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 22
Fre/ A* —-1.02 1.07 -1.30 1.33 2.0
Fr7/A* -1.67 1.97 -2.15 2.43 2.2
Frg/A* —0.36 0.36 —0.47 0.47 1.8
Fro/ A* —0.72 0.72 —0.91 091 1.9

F U
" 1 " h fl L PR
0 0

4 2

2 4
F /A% [TeV]

CMS - SMP -21 -011

Expected limit Observed limit Upound

5.1 < fM,O/A4 <5.1 —5.6 < fM,O/A4 <55 1.7
7L< frua /A <74 —78< fu/A* <81 2.1
18 < fup /AP <18 —19< fy,/A* <19 2.0
25 < fys/A <25 =27 < fys/A <27 2.7
B33 < fya/A <33 =37 < fya/A* <36 23
BA< fys/A <36 —39< fys/A* <39 2.7
-13 < far/A* < 13 —14 < fyr/A* < 14 2.2
043 < fro/A* <051 —047 < fro/A* <051 19
027 < fr1/A* <031 —031< fr;/A* <034 25
072 < fry/A* <092 —085< fr,/A* <10 23
029 < frs/A* <031 —031< fr5/A* <033 26
023 < fre/A* <025 —025< frs/A* <027 29
0.60 < fry/A* <068 —0.67 < fr,/A* <073 3.1

[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5]
my, [TeV]

Wy analysis:
Among the best

limits for fM
4
fT,5—7/ A °
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_ , - CMS 137 fo' (13 TeV)
_ c e
N ! el 160; Z(>unyy Data
; 140? L ZYY )
V W w g 12087 I Others
Z(W) ! w Ve w Ve > 100—_"_ % [ Misid. jets
]/V . & — fr/A* =10 Tev*
, ! 60F
Y E
a ) q S , 40F 4
. 20F
e  Measurement of Vyy fully leptonic channels T , , ) : :
o Wyy can be produced via QGC . ; 8 5 . \
. . o v '
o Zyy does not involve QGCs (in the SM) =~ 05¢
Z(wW) g 0 50100 150 200 250 300
Z(W) v, o Wy (Tev—) , (?rTV[?)eV]
; 7y (TeV™ 7y (TeV ™
b Y can also be prOduced via ISR/FSR Parameter  Expected Observed Expected Observed
v fme/ AT [-57.3,57.1] [-39.9,39.5] — —
. . . . fus/A* [-91.8,92.6] [—63.8, 65.0] — —
e  Data-driven method for major bkg.s estimation . , fro/A* [-186,186] [-130,130] [-486,4.66] [-570,5.46]
Fri/A* [-2.38,238] [-1.70,1.66] [-4.86,4.66] [—570, 5.46]
fra/A*  [-5.16,516] [-3.64,3.64] [—9.72,9.32] [-114,109]
. . . ; JA* [~076,0.84] [~052,0.60] [-2.44,252] [-2.92,292
e  Systematics from data-driven background estimated if:grf;;nitfle";eisbhy/l e N {_0,92, 1_00% %_0_60, 0‘68% %_3_24, 3_24} {_3.30, 3,88}
: . . . . Frr/A* [-164,172] [-1.16,116] [—668, 6.60] [—7.88,7.72]
by inverting lepton isolation and applying same 2QGC oA ~ > (090,094] [-106.1.10]
strategy fro/ A — — [-154, 1.54] [-1.82, 1.82]
CMS 137 o' (13 TeV) CMS 137 o' (13 TeV)
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: 3 —el0.73 +0:10 o2z ; oL 0.91+010 o1 :
Q 07y = 541703 (stat. ) 5 (syst. ) +0.06 (PDF+scale) 4.8S.D et | 73 Zoo (Stat) Ly (SY5t) Zlry “ag (stat) T, (syst)
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