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Multiboson Measurements - Motivation |

Multiboson physics probes the nature of Electroweak Symmetry Breaking
Wide range of processes: diboson, triboson, vector boson scattering
Portal to BSM physics through interpretations: EFT, resonant searches
Encompasses a broad range of measurements and searches
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A wealth of measurements...

Diboson Cross Section Measurements Status: October 2023
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VBF, VBS, and Triboson Cross Section Measurements  sius: october 2023
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ATLAS summary multiboson measurements (10/23) - Also available from CMS (11/23)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Related Presentations This Week

Friday, June 7, 2024

— 12:48 Electroweak Physics 9 ISEC Room 138

Conveners: Davide Napoletano (Universita & INFN, Milano-Bicocca (IT)), Francesca Cavallari (Sapienza Universita e INFN, Roma | (IT)), Garvita Agarwal
(University of Notre Dame (US)), Oldrich Kepka (Czech Academy of Sciences (CZ))

Diboson and polarization measurements in ATLAS ®18m

Speaker: Prajita Bhattarai (SLAC National Accelerator Laboratory (US))

Dibosons and polarization measurements in CMS ®18m

Speaker: Giulia Sorrentino (Kansas State University (US))

Theory of diboson production ©®©18m

Speaker: Diana Mareen Hoppe (Technische Universitaet Dresden (DE))

Experimental overview of VBS/VBF measurements at the LHC ®18m

Speaker: Pietro Govoni (Universita & INFN, Milano-Bicocca (IT))

Theory overview of EFT in the electroweak sector ®18m

Speaker: Raquel Gomez Ambrosio

Experimental overview of EFT, including global fit (EWK+Higgs+Top) ®18m

Speaker: Aram Apyan (Brandeis University (US))
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arXiv:i2404.02711, submitted JHEP

CMS ZZ+jets @ 13 TeV [138 fb1] [ fs

e Differential distributions & normalised differential cross-sections g
e Fully leptonic final state (e, y), unfolding w/ iterative D'/Agostini
® 40<myz <120 GeV, 4 <myz <120 GeV, On-shell req.: 60 < mz; 7z <120 GeV
e Discrepancyin 1 jet bin
e Discrepancyin N >= 3 jets due to need for NNLO and higher order corrections
CMS 138 b (13 TeV) CMS 138 1o (13 TeV)
[ T T T c r—rt1r+r "1~ "~ T 1 "
é —O—D_ata é C -o—D_ata ]
Systematic source my, withalljets Ojet  1ljet 2jets 3 and more jets % Eg‘g‘jiﬁ % o EEZ:Z 3
Electron efficiency 0.42% 0.38% 0.66% 0.36% 0.26% e Bl 27 + 2 jets EW Q C B 27 + 2 jots EW ]
Muon efficiency 0.05% 0.06% 0.07% 0.09% 0.08% wer . v -Qf;:""’ W oE gz ]
Jet energy resolution — 0.07% 1.72% 1.65% 0.80% HEE Syst. unc. L gs;st unc. ]
JES correction — 017% 1.77% 1.95% 0.97% r ]
Reducible background 0.18% 0.18% 0.32% 0.33% 0.96% 200~ ]
Pileup 0.02% 0.05% 0.11% 0.13% 0.35% B Events with 1 jet 7
Luminosity 0.01% 0.01% 0.02% 0.02% 0.05% ]
qq — ZZ MC choice 0.35% 0.65% 0.94% 0.48% 0.35% 100 7
gg — ZZ cross section 0.02% 0.03% 0.09% 0.06% 0.09% ]
QCD scales 0.15% 0.16% 0.58% 0.54% 0.62% “ _ ]
PDF 0.05% 0.05% 0.15% 0.15% 0.21% £ B
PDF ag 0.02% 0.01% 0.05% 0.03% 0.02% = =
8 (0] 1 2 >3 g

Number of jets
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-001/index.html

arXiv:2404.02711, submitted JHEP
CMS ZZ+jets @ 13 TeV [138 fb1] T U
60 < Mzq 22 < 120 GeV . © “
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-001/index.html

arxiv:i2402.16365, submitted to Phys. Rev. Lett.

ATLAS high-p:“ WZ @ 13 TeV [140 fb]

e Study of polarisation states sensitive to

Electroweak Symmetry Breaki
e BDT (7 variables) trained to measure polarisation

tractions fWZ: f@o, fOT+TO & f‘|—|'

e Fractions measured in high pt¢ and low pW2

ng

yields 20-30% enhancement of fyo
e 5.20(4.30) obs. (exp.) for 100 < pt£ < 200 GeV
o 1.60(2.50) obs. (exp.) for p2> 200 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/

arxiv:i2402.16365, submitted to Phys. Rev. Lett.

ATLAS high-p:“ WZ @ 13 TeV [140 fb]

e Radiation Amplitude Zero Effect: drop at 0 in AY(WZ) and AY(lwZ) for TT events
Scattering angle of the W in the WZ frame ~90° w.r.t. incoming antiquark
e First observation of RAZ effect in WZ production (previously seen in Wy by CMS)
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Challenges due to longitudinally-polarised W and NLO QCD corrections
diluting effect (hadronic activity reduced by pt" requirement)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/

See talk by P. Govoni, June 7

Vector Boson Scattering

qf Complementary probe to direct Higgs measurements
Gauge structure of SM EWSB
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https://indico.cern.ch/event/1253590/contributions/5843984/

arXiv:2403.02809, submitted to EPJC

Events

Data / Pred.

ATLAS Wyjj VBS @ 13 TeV [140 fb™

e Observation of EW Wyjj with 6.30

e NN (13 variables) to enhance EW Wyjj (inclusive)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/

arXiv:2403.02809, submitted to EPJC

ATLAS Wyijj VBS @ 13 TeV [140 fb]

o Particle-level fiducial and differential cross-sections as a function of my, p+,
Agiir P1 My, and Ay, corrected for detector effects (efficiency and resolution)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/

arXiv:2403.02809, submitted to EPJC

(8)
ATLAS Wyjj VBS @ 13 TeV [140 fb-1] , _ . . Z Jj Lo

e EFT Interpretation
o Pure dim-8 terms have higher impact than interference

IM|? = [Msm|? + 2Re(MiMp_s) +IMp_s|* |

<'lr—' 15 L T T T T T T T T T T T T T T T T T T T T _T1]
EJ B ATLAS ] Cofficients [TeV—4] Observable Myy,, cut-off [TeV]  Expected [TeV—4] Observed [TeV 4]

=, N _ A+ fro/AY py 1.4 [2.5,2.6] [-1.9, 1.9]
b2 10| Vs = 13 TeV, 140 fo] Fri/A* pi{ 1.9 [-1.6, 1.6] [-1.1,1.2]
~ - ] Fra/A* Py 1.6 [-4.9,5.3] [-3.6, 4.0]
= 5 1 /At py 1.9 [-3.4,3.6] [-2.5,2.7]
- - Fral A* py 22 [-3.1,3.1] [-2.2,2.3]
C _ frs/ At ry 1.8 [-1.8, 1.8] [-1.3,1.3]
) S 1 fre/A? ry 2.1 [-1.5,1.5] [-1.1, 1.1]
- - fr/At py 2.1 [-4.0,4.1] [-2.9,3.0]
” ] Faro/A* Pl 1.1 [-45, 44] [-32, 31]
- . Fun/A* p7 14 [-60, 62] [-43, 44]
_5__ ] Fua/A* pT 1.4 [-15, 15] [-11, 11]
C . Fars /A p7 1.8 [-22,22] [-16, 16]
L —— Exp. 95% CL Limit _ fM4/A4 pT 15 [-28, 27] [-20, 20]
-10 __ —— Obs. 95% CL Limit fus/A* p§ 1.9 [-21, 23] [-14, 17]
- — Unitarity Bound i Surr /A Pt L5 [-100, 99] [-73.71]

_1 5 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1L I 1 1 1 1 I 1 1

—
\}
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/

arxiv:2403.15296, submitted to JHEP "\\ﬁ;(f - e
®oe - w* w*
ATLAS WZjj VBS @ 13 TeV [140 fb1]
s z 4 z
e Simultaneous extraction of EW and strong WZjj : v
o InNjet=2and =3 & m;in [500, 1300, 2000] v
e Enhanced sensitivity using BDT discriminant “ s
e Adverserial NN to separate EW and QCD w/o m; bias z
o 60:'A'Tl.'A's' TR e ':2180;',{1’1.',4'3' R e .
; 50:— {§=1..3Tev'140 L :]wiggvcvoum _- ; 1602_ {5:1.3 i gy :Iwg:gvcvmlm E IW2jj—EW
:1&; E \;\iftj_ijR, Nie!s =2 =ﬁzisid_ leptons E g 140 \;\iftj_ijR, Niels 23 =ﬁ|zisid_ leptons - Measured 0.368 + 0.037 (stat.) £ 0.059 (syst.) = 0.003 (lumi.) fb
D 40f a0 120F oy 3 MADGRAPHAPYTHIAS 0.370 +0.001 (stat.) +0.006 (PDF)*{8% (scale) fb
E 444 Tot. unc. 500 E i Tot. unc. - OW 2jj—strong
0E soF 1 Measured 1.093 F 0.066 (stat.) =+ 0.131 (syst.) £ 0.009 (lumi.) fb
” - - 3 ] MADGRAPH+PYTHIAS | 1.537 4 0.009 (stat.) = 0.016 (PDF) (057 (scale) fb
of : 1 0.7 factor between data and MG
: 2 1 - within 1.80 given unc. on MG
% 15 % 1.5 ]
g 18 w4 Also observed in W*W=jj and previous
st t ot e F WZjj and WZ measurements by ATLAS
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
}\. roudliiiidliius — LI‘I\_I’L\?ELSCO"G BDT score 14


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/

arXiv:i2403.15296, submitted to JHEP

ATLAS WZjj VBS @ 13 TeV [140 fb]

° ° — 1 8 N L l L) I L A B | I L l LI B B | l | [ Il 1 | Bl
e Simultaneous extraction of e C ATLAS ]
.o — 1.6F i =
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o " 2
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§ 1.2F .
q Aayy ~BEW AOw 2 —stron ) : :
Source SpasbL (%) Suammmss () © =
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WZjji—QCD thcor\ modelling 0.8 = =
77— EW anc 11— QUD mterterence .30 0.0 [= ol
PDF's 1.0 0.06 0.6 =
Jets 2.3 59 C ® Data 5l
Pile-up | 0.6 0.4 A MadGraph+Pythia8 =l
Electrons 0.8 0.8 - Vv Sherpa22.12 51
Muons 0.9 0.9 0.2[~ = 68% Confidence Level =]
b-tagging 0.10 0.11 [ seen 95% Confidence Level .
-\[(‘ St;\tisti(‘s l -9 l "2 C L =] l Ll T l g - l il L l 1 Rosj—xp l Ll 1 L =
Misid. lepton background 23 2.3 00 0.1 0.2 0.3 0.4 0.5 0.6
Other backgrounds 0.9 0.23 UWZ]j-EW [fb]
Luminosity 0.7 0.9
All systematics l(_i li_?
| Statistics 10 6 |

| Total 19 13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/

arXiv:2403.15296, submitted to JHEP Expected Observed

ATLAS WZzjj VBS @ 13 TeV [140 fb] L

fri/A* 11,100 [-0.7, 0.6]

. . . . . 4
e Differential cross-sections and EFT interpretation fmid  F15,6] 24,1
2 fMO/A [—60, 60] [—12, 12]
Asm + Z ciAil = |Asm]* + Z ci 2Re(ALy Al + Z AA + Z cic; 2Re(A:A%) fMl/Aj -32,32]  [-15, 15]
i i i ij,i%] co = f(8) /A4 fM7/A4 [-30, 30] [-15, 15]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/

aXiv:2403.04869, submitted to JHEP

ATLAS OS WWij VBS @ 13 TeV [138 fb-1]

}2 :III\‘IIIIlIIII|III\|IIII|IIII|I\\I|IIII|I1II|IIII:
§ T ATLAS @ Data CJewkwwij 1
w Vs =13TeV, 140 fo''---- Ewk W'wijj [] §
10*E 2jets SR M singietop [ Strong WWj
£ Post-Fit W Z+jets [ Multibosons ]
i B W+jets 7/ Uncertainty
10° E
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5 1F
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& 1.25f
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Events

Data / Pred.

10*

10°
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e Observation of EW WWHjj
o 7.10(6.20) obs. (exp.) in 2&3 jets
e 2 NNs trained to separate signal from top and QCD WWj;j

L B L L B L B B R BB IR L R

- ATLAS ® Data [JeEwk w'wijj

= Vs =13 TeV, 140 fb™ - ewk w'wijj [t =
E 3jets SR [ single top  []Strong W*Wj 3
- Post-Fit W Z+jets [ Multibosons |
i [ Wets 7/ Uncertainty |

Lol

—— Pre-fit/Post-fit
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NN output

OPOWHEG

00OBS

2.65"
2.207

0.49

0.46
0.14

0.13

fb
fb

V(a2 -(ap)? [%]

Sources m
MC statistical uncertainty 7.7
Top quark theoretical uncertainties 6.3
Signal theoretical uncertainties 5.8
Jet experimental uncertainties 4.9
Strong W*W~ j j theoretical uncertainties 1.3
Luminosity 0.8
Misidentified lepton uncertainty 0.5
b-tagging 0.4
Lepton experimental uncertainties 0.1
Others 0.3
Data statistical uncertainty 12.3
op quark normalisation uncertainty 49
Strong W*W~ j j normalisation uncertainty 2.2
| Total uncertainty | 18.5
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arxivi2312.00420, JHEP 04 (2024) 026

Events/50 GeV

Data/SM

ATLAS (SS) W:W:jj VBS @ 13 TeV [139 fb]

e Integrated EW and total W*Ws4jj fiducial Source

Impact [%]

. : Experimental 4.5
cross-sections (most precise to date)
Electron calibration 04
Muon calibration 0.5
Jet energy scale and resolution 1.7
T 1T | LI I L | T 1T I LI | T V// % T E%‘nss S.Cale. and r.eSOIUtion 0'1
R ATLAS ---- This measurement / b-tagging inefficiency 0.7
60 ® Data B WAWHj EW (bin 1) lIW*W*jj EW (bin 2) - ) K d isid. 1
.WWJ] EW (bin 3).W1VthJ EW (bin 4).W‘!W'—*” EW (bin 5) ] E: 13T9V, 139 fb-1 %Statistical Uncertainty BaC groun ’ misid. eptOnS 3'5
501 mwweij E (oin 6) BW-WHii Int WEWHj QCD E EW WW Total Uncertainty Background, charge misrec. 0.8
40 .é\lz QC[? .gl; EW t %:\—Ior-srom:t E — Predictions Plleup modelling 0.1
onversions er promp 7 Tot. Uncert. 1 Thi . .
; ] 2925022 r(igte?l 0.19 (syst.) fo Luminosity 1.8
ATLAS -
30 ) ] MGS5_aMG+Herwig7 Modelling 3.2
20 Vs=13TeV, 139 fb’ E 253 +0.04 (PDF) {2 (scale) fb
SR ] MGS_aC+Pythiad 7 W*W=jj shower, scale, PDF & a, 0.4
10 3 2.53+0.04 (PDF) " (scale) fb EW W#W#*;j, QCD corrections 2.1
. . gr:ggaozdi.: ! oF) 9% iy / EW W*W=*;j, EW corrections 0.4
—— T T 027 CD W*W=jj, QCD corrections 0.0
1.4 Sherpa 2.2.11® NLO EW Q 7J:Q
1.2 2.10+ 0.03 (PDF) *** (scale) fb —te—— Background, WZ scale, PDF & a; 0.3
- -0.2: . N
0 g € Powheg+Pythias o Background, WZ reweighting 1.2
0B6E. . . 1y 2,64 1b '/ Background, other 1.3
500 1000 1500 2000 2500 3000 Model statistical 1.6
11 1 1 1111 11 1 | 111 1 L1 11 1 A 1
0 015 % 115 i‘ 215 3/6
m; [GeV] ' " Integrated fiducial cross section [fb] Experimental and modelling 5.5
Data statistical 6.6
Total 8.5
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arxivi2312.00420, JHEP 04 (2024) 026
ATLAS (SS) W:Wtjj VBS @ 13 TeV [139 fb-1]
e Differential measurement with binned signal strength
e EFT dim-8 & GM H#* interpretations

10 S A R S
- TT TTTT TTT1T TTrTT TTrTIT TTrTT TTTT TTTT TTTT TTTT % 8:7 ATLAS
S FrT ! I I I T T T T ] = O Vs =13 TeV, 139 b
8 0.2 ATLAS e Data = = &
' - MG5_aMC+Herwig7 ] <r< F —_ T T T T T T T T T T T T T T T T T T
© 0.18F (s = 13 TeV, 139 fo! * V>~ "9 = S, 4 2 ! ‘ !
= E PR o MG5_aMC+Pythia8 g SO b = 4| ATLAS — Obs. 95% CL upper limit
£ 0.16F EW W"Wjj Powheg+Pythia8 = 2 100 =
= o g+Pyt ; c B - _
‘T'\O 14: » Sherpa 2.2.11 ] ok z F Vs=13TeV, 139 fb —— Exp. 95% CL upper limit
<0.14 — r = C 7
e C v Sherpa 2.2.11 ® NLO EW 3 —2F - Expected limit (+10) -
20120 Total Uncertainty E b T r = 7
S 0.1F 7 Systematic Uncertainty 3 65 P 1 Yo T [ ] Expected limit (+20) -
7 . o o E &
0.0S% %2% %f%/ | 8 =i % 10 E
0.065— H’ . —f —10; R 1o 7
F s E o ]
0.04F LR E k- 50— Ll & .
0.02F Ll L e ATLAS © r b
: 1 ! | ! ! | LT = 1or VS =13TeV, 139"
0 11 1111 1111 1111 I - 1111 1111 1111 1111 11 11 :‘ E 10 — —
E 1 5:| T l TTTT ‘ TTTT ‘ TTTT | TTrTT I TTrTT I TTTT | TTTT [ TTTT I TTTT <T: 5; E E 1
[ ro ]y = L -
o E b L
> e oF 3 B
o E - [ Obs. 95% CL limit oo b b b e b oy
2 0.5¢ 5L -~ B 5% oL lmi ; 500 1000 1500 2000 2500 3000
= Eeo b by by b b by by bvw i bvg [ W= Expected (+10) mt[GeV]
50 100 150 200 250 300 350 400 450 500 —10f  Expected (x20) . Hs
[ __ Unitarity bound
r myy<1.5TeV
m.,[GeV] R T 1
fro/A* [1/TeV*

K. Potamianos - LHCP2024 19


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
https://link.springer.com/article/10.1007/JHEP04(2024)026

CMS-PAS-SMP-22-008 ! "
CMS (SS) W*W:jj VBS with t, @ 13 TeV [138 fb-1] .

e First study of VBS with a t lepton decaying hadronically g
o Mew =1.44+0.63-0.56,i.e.2.70(1.90) obs. (exp.)
e DNN (9 variables) trained to separate signal from background

138 b (13 TeV) 138 1" (13 TeV)
m1o1;--'|vv.uluuvul-.--l--.n|-- g F T T |‘[;t| I-IQCD\INWVBSI
E . CMS ¢ Data Nonprompt leptons: 2 el f(’:r:#gnary s oco =
o 10 Preliminary | i dilep. 0S + (Ziy + jets) 16 ,. pt, o gs*m -

10° | n+T, Other bkgs. I QCDssww VBS i Signal Region ey aien. Nonprompt Leptans.
. E ss! W Stat. + . Une.
10° —— EWssWWVBS %% Stat Unc. ok W Ewsewwves U S Sye U
R
3 ;. M
.o, 3
gy o (/,
o
9 2 —4=
& — EE:
; g —Q—‘:*:, + b * a
_8)15 ; g" OF = Pre-fit Unc. [& Postfit Unc. ) 4
28] 1 q 2 .
S— - =
© 0.5 E * a0 — - ]
5 . . . , . ]
o 0 500 1000 1500 2000 2500 0 07 02 03 04 05 06 07 08 00
M, [GeV] SM DNN output
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CMS-PAS-SMP-22-008 !

e Simultaneous extraction of dim-6 and dim-8 EFT operators ¢
o Dim-6: linear, BSM and mixed contributions
o Dim-8: linear and BSM contributions

Wilson coefficient 68% CL interval(s) 95% CL interval CMS Preliminary L=138fb" (13 TeV)
EXpeCted Observed EXpeCted Observed é = Expected (68%) === Expected (95%) === Observed (68%) === Observed (95%) < SM
3 P p
Cl\[l) [712.9, 78.03} U [72.95, 1.91] [711-6, 0.045] [714.6, 3.53] [713.5/ 2.11} OI 60 T TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
o [—0.501,0.576] [—0.341,0.416] [—0.742,0.818] [—0.605,0.681] - ]
w [—0.681,0.669] [~0.513,0.481] [—0.987,0974] [—0.842,0.818] sl i T 1
Cow [—7.00,6.09] [-5.48,431]  [-9.99,9.05]  [—8.68,7.60] B e, 1
CHWE [—41.7,69.6] [30.7,89.2] [—66.6,96.4] [—49.7,110) N Tt i
dim-6 (.0 [-16.6,18.1] [-12.0,140]  [-247,263]  [-209,22.7] S ]
CHD [—24.6,34.7] [-15.3,315]  [-382,488]  [—314,455] C \ 2 Tw\ 1
) [—28.8,29.9] [-382,395]  [-494,49.7]  [—69.3,683] oF 5N N ™ ]
) [~1.43,2.23] U [5.88,954]  [—0.045,858] [-2.64,10.8]  [—1.59,9.94] C < / ) \ ]
cﬁé [~4.53,4.42] [-327,344]  [~656,644]  [-555,5.60] —20r I N ]
A —2.39,1.37 —1.88,0.705]  [~3.24,2.16 —2.82,1.61 aol e \\ ) \ .
fro [—1.02,1.08] [-0.774,0.842]  [-152,158]  [—1.32,1.38] C \ ) LR
fri [—0.426,0.480] [~0.319,0.381] [—0.640,0.695] [—0.552,0.613] _sof [
fr [—1.15,1.37] [-0.851,1.12]  [-1.75,198]  [~1.51,1.76] r 1
Fato [—9.89,9.74] [-8.07,7.70]  [~14.6,145]  [~13.1,12.8] sof !
S [—12.5,13.3] [-9.54,11.15]  [~18.7,19.6]  [~164,17.7] . - i
Fatr [—20.3,19.2] [-17.6,153]  [-29.9,288]  [—27.6,258] C e ]
fSU [_1161 120] [_9601982} [_174/ 179] [_1591161} _1004 N T T Y T A O O A O A B B O =
fs1 [—37.4,38.8] [—40.9,41.3] [—57.2,58.6] [-60.9,61.8] -150 -100 -50 0 50 100 150 200 250
fo [—37.4,38.8] [—409,413]  [-57.2,586]  [—609,61.8] Crws
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arXiv:i2310.05164, Phys. Rev. Lett. 132 (2024) 121901

CMS WWy @ 13 TeV [138 fb-]

e Observation of WWYy: 5.60 (4.70) obs. (exp.) & search for Hy
o Hyfiton AR, [0.5, 1.8, 2.0, 2.3) and mWW [0, 10, 40, 70, 110, ) [initiated by light quarks]

o = 5.9 £ 0.8 (stat) = 0.8 (syst) = 0.7 (modeling) fb = 5.9 £1.3fb
MADGRAPH5_ aMC@NLO ¢ = 5.33 £ 0.34 (scale) + 0.05 (PDF) fb

. CMS 138 b (13 TeV) B} CMS 138 fb' (13 TeV)
150 ~ ~ T~~~ T T T T T T — T T T T T T T T T T ' T
o) B : V WW o) B ) : V' WW

2 Ipostfit WWy SR! Wy Ewwy S [postitwwysr: MVy EIwwy
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200 -
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- o s
s et
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50 Z : E
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o o
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CMS Experiment at the LHC, CERN
o §| Data recorded: 2022-Sep-30 08:36:07.584192 GMT
Run/Event/LS: 359612 / 7743753 / 11
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CMS-PAS-SMP-24-001 Uncertainty source Ap

CMS W*W- @ 13.6 TeV [34.8 fb-') e o
Jet experimental 0.008

. +\A /- b taggin 0.012
e First measurement of W*W-at 13.6 TeV w/2022 data Nonigroriptbackgmmd 0.010

125.7 + 2.3 (stat) & 4.8 (syst) &= 1.8 (lumi) pb = 125.7 £ 5.6pb  Limited sample size 0.017

Background normalization 0.018

e Ingood agreement w/ SM: 125.8 £ 3.7 pb (MATRIXV2.1.0)  Theory 0.011

Statistical 0.018
Total 0.044
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CMS-PAS-SMP-24-001

CMS W*W- @ 13.6 TeV [34.8 fb]

e Comparison of normalised fiducial cross-sections using MiNNLO
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arxXivi2311.09715, submitted to Phys. Lett. B 11%ource Relative uncertainty (%)
_1] ata statistical uncertainty 4.2 |
AT LAS zz @ 1 3'6 Tev [29 fb MC statistical uncertainty 0.3
. . . Luminosity 2.2
e Fiducial and total ZZ cross-sections Lepton momentumn 0.9
o First measurement of ZZ at 13.6 TeV [Cepton efficiency 3.7 ]
w/2022 data Background 1.6
Theoretical uncertainty 1.0
R Foramaaessssnieess b BN per e AeARA AR AR I T 3
Q s=13.6TeV, 29 b " Wlgg —ZZ [ EW ZZj o 160 \5_136TeV,29b"MIgg —2ZZ [ EW ZZj
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arXivi2311.097/15, submitted to Phys. Lett. B

ATLAS ZZ @ 13.6 TeV [29 fb1]

e Differential cross-sections
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Additional (Recent) Results Not Covered Here

ATLAS Wyy @ 13 TeV [140 fb'], arXiv:i2308.03041, Phys. Lett. B 848 (2024) 138400
ATLAS WZy @ 13 TeV [140 fb'], arXiv:i2305.16994, Phys. Rev. Lett. 132 (2024) 021802
CMS Wy @ 13 TeV [138 fb], arXivi2212.12592, Phys. Rev. D 108 (2023) 032017
CMS osWWjj @ 13 TeV [138 tb-1], arXiv:2205.05711, PLB 841 (2023) 137495

ATLAS 7,7, & CP prop. @ 13 TeV [140 fb'], arXiv:2310.04350, /JHEP 12 (2023) 107
ATLAS 4ljj @ 13 TeV [140 tb '], arXiv:2308.12324, JHEP 01 (2024) 004

List of ATLAS results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

List of CMS results:
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021802
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http://dx.doi.org/10.1103/PhysRevD.108.032017
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html
http://dx.doi.org/10.1016/j.physletb.2022.137495
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
https://link.springer.com/article/10.1007/JHEP12(2023)107
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-02/
https://link.springer.com/article/10.1007/JHEP01(2024)004
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html

Summary and Outlook
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e Rich potential from Multiboson EXPERIMENT |[£F/—

Measurements & Searches/Probes
o Precision multiboson (diboson, VBS) measurements
o Observation of triboson processes

o Anomalous couplings, EFT, Higgs properties & extensions
e Lots of opportunities with the Run-3 data coming in!

Stay tuned !
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ADDITIONAL MATERIAL



q g
CMS ZZ+jets @ 13 TeV [138 fb1] " - "
Z s C |z -
g A 000000 8
Particle type Selection +
ZZ base selection Z t e Z £+
Leptons pr(€1) > 20GeV - 0~
pr(fy) > 10GevV a
;I(z) > 5GeV a g
(O] <25 Process eeee eeui W 2020
Z and ZZ 40 < my, < 120GeV, 4 < 1y, < 120GeV 80 < my, < 100 GeV
my > 4GeV (any oppositely charged same-flavor pair) Background 46+05+18 155+16+62 228+214+91 43+3+17
Jois pri) > 30Gev Signal 216 +17% 731 +278 8414272 1790 £3M%
AR(E )\ () <s7 Total expected 2201730 747 £3%% 864+3%2 1830 +4M 3
V)= Rdforead Data 194 698 838 1730
On-shell ZZ region 60 < mz z, < 120GeV
7 and 77 22 base selection + 60 < i, < 120GeV Background 229409 j:35.7 46+2+ 18 289+13+£65 98+£2+23
Signal 716 276 1830 £3773 1138 +£378 3680 +£513%)
Full my, range Total expected 739 £27% 1870 £ 4113 1167 £378 3780 +£513%
Zand ZZ ZZ base selection + 1y, > 80 GeV Data 671 1805 1106 3582
Systematic source my, with alljets Ojet  1jet 2jets 3and morejets Systematic source my, with alljets Ojet  1ljet 2jets 3 and more jets
Electron efficiency 0.42% 0.38% 0.66% 0.36% 0.26% Electron efficiency 2.12% 2.55% 2.28% 1.77% 1.46%
Muon efficiency 0.05% 0.06% 0.07% 0.09% 0.08% Muon efficiency 0.71% 0.78% 0.92% 0.79% 0.42%
Jet energy resolution — 0.07% 1.72% 1.65% 0.80% Jet energy resolution — 0.11% 1.73% 2.63% 2.32%
JES correction — 017% 1.77% 1.95% 0.97% JES correction — 0.33% 1.64% 3.01% 2.02%
Reducible background 0.18% 0.18% 0.32% 0.33% 0.96% Reducible background 2.22% 219% 2.88% 3.40% 5.09%
Pileup 0.02% 0.05% 0.11% 0.13% 0.35% Pileup 0.21% 028% 0.19% 0.32% 0.52%
Luminosity 0.01% 0.01% 0.02% 0.02% 0.05% Luminosity 0.12% 0.12% 0.16% 0.17% 0.25%
qq — ZZ MC choice 0.35% 0.65% 0.94% 0.48% 0.35% qq — ZZ MC choice 0.57% 0.48% 1.22% 3.07% 4.21%
gg — ZZ cross section 0.02% 0.03% 0.09% 0.06% 0.09% gg — ZZ cross section 0.10% 0.18% 0.61% 0.80% 0.46%
QCD scales 0.15% 0.16% 0.58% 0.54% 0.62% QCD scales 0.27% 025% 0.67% 1.25% 1.86%
PDF 0.05% 0.05% 0.15% 0.15% 0.21% PDF 0.07% 0.09% 0.20% 0.23% 0.28%
PDF ag 0.02% 0.01% 0.05% 0.03% 0.02% PDF ag 0.08% 0.08% 0.15% 0.20% 0.28%
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ATLAS high-p:“ WZ @ 13 TeV [140 fb]
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arxiv:i2402.16365, submitted to Phys. Rev. Lett.

ATLAS high-p:“ WZ @ 13 TeV [140 fb]
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ATLAS WYjj

VBS @ 13 TeV [140 fb-1]

Object

Selection requirements

Dressed muons
Dressed electrons
Isolated photons
Jets

Missing transverse momentum

pr > 30GeV and |n] < 2.5

P > 30 GeV and |n7| < 2.47 (excluding 1.37 < [p| < 1.52)

EY > 22 GeV and |n| < 2.37 (excluding 1.37 < |p| < 1.52) and EX° < 0.2E7
At least two jets with p, > 50 GeV and |y| < 4.4, b—jet veto

E%‘iss > 30 GeV and m}'v > 30 GeV

VBS topology

Ne=1,N, > 1, [mgy, —mz| > 10 GeV

ARmin(€, j) > 0.4, ARnin(y,j) > 0.4, ARnin(¢,7y) > 0.4
ARmin(j1,j2) > 04, Apmin(EF™, j) > 0.4

Niews = 2, pll, pI? > 50 Gev

m;; > 500 GeV, |Ay;;| >2

Fiducial measurement

Differential measurement

VBS topology
VBS topology & (m;; > 1000 GeV, Njiif =0, and éw,, < 0.35)

N. TuLaliiialivud — LI Il £av4L-t
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ATLAS WZjj VBS @ 13 TeV [140 fb]

o
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ATLAS W*Wjj VBS @ 13 TeV [139 fb-1]

e Most precise fiducial and differential cross-section "
measurements

q2

Vs

Vi

(©)

e Limits on dim-8 EFT operators to probe aQGC

Source Impact [%]
e Limits on H** decaying to pair of W* (GM model)  Zrime a
Electron calibration 0.4
Muon calibration 0.5
Process ee eu e LU Combined Jet energy scale and resolution 1.9
T ET" scale and resolution 0.2
W=w JJ] EwW 329 + 34 81 +8 73 +7 90 +9 277 +26 b-tagging inefficiency 0.7
WEW*j;QCD 1.7 = 0.5 8.0 =24 7.1 £2.1 97 +29 27 +8 Background, misid. leptons 34
WEW=j; Int 1.00+ 0.22 24 +05 21 =04 27 06 82 =17 Background, charge misrec. 1.0
W*Zjj QCD 55 = 0.7 182 =+2.1 182 +£22 140 =+1.7 56 +6 Pile-up modelling 0.1
W*Zjj EW 1.69+ 0.14 49 04 41 +04 42 04 149 +1.2 Luminosity 1.9
Non-prompt 84 + 1.6 149 +24 102 =+16 21 +5 55 +9 Modelling 4.5
V'y 1.5 = 07 6.1 +24 55 +2.8 — 13 +5 EW W:tw:t]-j, shower, Scale, PDF & @ 0.7
Charge misid. 43 + 20 54 =£12 14 +04 — 11 +4 EW W*W#jj, QCD corrections 1.9
Other prompt 099+ 0.25 25 05 1.9 =+05 14 +14 6.8 2.1 EW W*W*,j, EW corrections 0.9
Int WEW#* j, shower, scale, PDF & a 0.6
Total 58 =+ 4 143 +7 123 +6 143 +8 468 +21 QCD W*W* /. shower, scale, PDF & a 26
Data 52 149 127 147 475 QCD W*W#jj, QCD corrections 0.8
Background, WZ scale, PDF & a 0.3
Background, WZ reweighting 1.5
Background, other 1.3
Model statistical 1.8
Experimental and modelling 6.4
Data statistical 7.4
K. Potamianos - LHCP2024 Total 9.8
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CMS-PAS-SMP-22-008

CMS (SS) W*W:ijj VBS with t,, @ 13 TeV [138 fb1]

e First study of VBS with a t lepton decaying hadronically
o Mew =1.44+0.63-0.56,i.e.2.70(1.90) obs. (exp.)
e DNN (9 variables) trained to separate signal from background

138 fb™' (13 TeV

g 10° CMS ¢ Data Nonprompt leptons _J]
> P tt dilep. OS +(Ziy +jets) 3
T P::,-I/m/nary Other bkgs. I QCD ssWw =
JE M —— EWssWWVBS ——f,=1.0Tev* 3
10 —c,, =1.0Tev? W Stat. Unc. E
10° —
......... E
107 bpeencn R ... =

10

215 F i
m 1’ .

®05 L

©
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M2 _ T l miss 2_ - T =1
ol = \PrtpPr+pT pr +pr +PT
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CMS VBS W*Wijj with t, @ 13 TeV [138 fb-1]

Input variable

SM DNN dim-6 DNN dim-8 DNN

Th Pr
t pr
T
ty
leading VBS jet p
subleading VBS jet pt
leading VBS jet mass
subleading VBS jet mass
VBS jet pair A¢
M
Myt
Mol .
Mr(ty, pr)
My (£, pr)
M (€, Ty, PT™)
P ()
P (L 2)
P (Th 1)
P (T o)
Ap(L, ji)
AP(L, ]r)
AP(Ty, 1)
AP(Th,ja)
PT,leading T/, track / PT, 7,

K_Pésepaida sagiableqCP2024

v
v

ANEN

AN NENE

v

AN N N N N N N N N N N N N NENENENEN

v
v
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q

2 . \2 ol i |2
My = (VM2 + 7+ pp)” = | 4

MZ _ T l miss 2_ = T — | | —miss 2
o1 = \Prtprtrr pr +pr +pPr 7| -

q"

4

My (£, piss) ~ \/2p§p¥‘iss [1—cos Ag],

The DNN implemented is optimized to
discriminate signals from the main sources of
background. It consists of one hidden layer
with 200 neurons. The training is implemented
with Adam Optimizer [32], and early stopping,
dropout, and L2 regularization [33] techniques
are used to avoid overfitting.
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CMS WWy @ 13 TeV [138 fb]

e Observation of WWYy: 5.60 (4.70) obs. (exp.) & search for Hy

o = 59 £ 0.8(stat) = 0.8 (syst) £ 0.7 (modeling) tb = 59 £1.31b
MADGRAPH5 aMC@NLO ¢ =5.33 4 0.34 (scale) + 0.05 (PDF) fb

CMS 138 b (13 TeV) CMS 138 b’ (13 TeV) ) )
5 150 st "NW SR; my g ' T Process SR (0 jet) SR (>1 jet) SR (total) SSWWy CR  Topy CR
'2 C:tseg:ory OZet : wW Nonprompt 1 .2 atocory > 1 lof w Nonprompt 7 WWy 122 +23 132 £27 254 4+ 47 1.0+£0.2 12.8+2.7
s BWTop  Nonprompty 8 9oy =TIt mlTop  Nonprompty QCD Vy 720+£64 947493 167 + 14 122422 126412
u : —+Data Stat ® Syst w 200 i —+ Data 7/ Stat ® Syst \AY 151+1.4 21.6+24 36.7+3.5 249+1.7 20+0.3
(20,150] | m,, € (150250] | m,, € (250:) €(20,150] |m, < (150,250] | m,, (250,) ] 1OP 56.6+65  271+£26  328+32 24+06 243485
50 7 ) i Nonprompt ¢ 45.7+4.0 772+6.5 122.94+9.7 197 +14 40+ 11
Nonprompty  109.1£9.0 301 +24 410+32 199+1.6 793 £ 62
Total 420+ 20 898 + 29 1318 +43 257 + 14 3294 +57
Data 414 916 1330 259 3287
g 15 [}
g 0 ]
8 s = 3 3 = 2 2 3 =2 =2 3 3 =
: ] IEIFEBIFERI:C

2 £<£%
e =2 3 WW 124 i 00
my GeV] mp = \/ 2py pR[1 — cos A(py , PT)]

Process o upper limits obs. (exp.) [fb] x4 limits obs. (exp.) at 95% CL &, limits obs. (exp.) at 95% CL
utt — H+7 — epver,y 85 (67) [, | < 16000 (13000) [K,| <7.5(6.1)
dd - H+v9 — euv, v WY 72 (58) |xq4| < 17000 (14000) |%4| < 16.6 (14.7)
5§ — H+ 7 — euvev,y 68 (49) x| < 1700 (1300) %, | <32.8(25.2)
cc > H+y —epuvy,y 87 (67) |x.| <200 (110) |x.| <454 (25.0)
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