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Introduction

Multiboson measurements span several order of magnitudes in SM cross sections, from inclusive production
(~ 10 — 100 pb) to rare VBS processes (~ 1 fb), and both the ATLAS and CMS collaborations have covered a wide
range of physics results in this sector
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<% Physics motivation
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« WTW~™ production is sensitive to EW boson self-interaction terms, provides a powerful test of perturbative
corrections in QCD and is one of the main background in Higgs boson searches and tt analyses, therefore it is

extremely important to precisely measure this process at hadron colliders, which must be well modeled by
event generators CMS

e The CMS collaboration has recently published the first
measurement at /s = 13.6 TeV of the inclusive and
differential W W~ —>eivu$v production cross section
sections, adding another point to the center-of-mass
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<R Analysis strategy
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3

* Events are categorized as a function of the number of e T I 1 e e e RS

c c
Ke) 4 - CMS " Nonprompt o\Daia S CMS = Nonprompt o\Daia
reconstructed jets, and the dominant background % | TN B mix
process is tt, followed by non-prompt leptons and § s =™ Higgs boson moekvn | £ [ Z0%OR  iggsboson mpmian
’ . Lﬁ - mzz Lﬁ mzz
Z — 17 productions , ; 50 1
— dedicated control regions (CRs) are included in the L ;
fit procedure to constrain their normalizations B - __ — . ]
= g = F E
b 1F 2= =
,@ R S N\
Quantity Ww One/twobtags Z — 7T Same-sign a 0.5; S \\\%\\\\\\\\\\k\\\\\ X a 0.; 3 \\%\W\\\\\W\\\\\\\\\\\%
Number of tight leptons Strictly 2 0 i 3 % 1 .
Additional loose leptons 0 , . N \ ) N
Lepton charges Opposite Same ¢ <10 AP e e— -3‘2-8;;;13;5@? I= AL — ——— ?'4'?;;;13.‘“9\-'
pf}m"”‘ >25GeV L el CMS -}r‘VW S Totalune. s - CMS -vap " \\(\ml unc.
¢{mi I X vark 1 —~ mtVx i
Zlemn -85 GeV =85 Ge>VZO GeV<85 GeV  >85GeV % - One btag CR nggs boson =.[I;w?z£||?v:nk ‘% 40'_Two btag CR :}fggs bason =.[I;w§lﬁ$:nk ]
44 i I
pT _ _ <30 GeV _ Lu B - ™ 1 Lu ....... " PR
Number of b-tagged jets 0 1/2 0 0 : : I ]
Nj 0/1/2/ >3 [ | 20 P
20 e - - I ]
e Additional CRs with 3 and 4 leptons are added to . = -
. . . . C1E 3 o
estimate minor background contributions such as WZ  § ihesssemnend R e
. 09 3 0.9
and ZZ productions E 1 5 — 5 : 5 —
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<R Fit strategy
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Events / bin

Data/SM

Inclusive and normalized differential cross sections are simultaneously extracted from the fit, where
contributions from different generator-level bins (Njets) are predicted by individual signal templates (signal
extraction and unfolding embedded in the maximum likelihood fit)

. — 11—, .—g— Uy.=
GRECO _ Hnj=0 cen n Hnj=1 GGEN Hnj=0 = Hn;=1 GGEN
[ _ ] i,nj=0 ] i,nj—l ] i,anZ
U fid U fi U fid
x10° - ('54.|8fl‘3‘1('13‘.6'll'e\'l) . fi hni .
T CMS o Nompromet e Data Improved fit strategy and techniques to reduce systematic
VvV » Total unc. o e . . ere —
: = tVx Sww e uncertainties lead to a 25% increase in sensitivity to W*W
= Vy Top quark | . .
401" ww sr Higgs boson g Drell-Yan production with respect to the CMS Run 2 measurement
i mwz i
mzZz | Uncertainty source (%)
. Statistical 1.2 Uncertainty source Ap
[ @ ] tt normalization 2.0 . .
Drell-Yan normalization 14 Integrated luminosity 0.014
20 | ‘[/\Tvgr:pr:‘glr’ll:;]iz;ttfgs normalization (135 Lepton e*perimental 0.019
1 Lepton efficiencies 21 ]et experlmental 0.008
~~~~~~ S b tagging (b/c) 04 .
- . Misey e (a/g) “ Run2toRun3 b tagging 0.012
lllll . | {;e; energy scale and resolution 32 > Nonprompt background 0.010
; : Sra— 9 — Simui’ition and data control regions sample size 10 Limited Sample size 0.017
F 3 Total experimental systematic 46 Background normalization 0.018
1.1 3 = QCD factorization and renormalization scales 0.4
1 ;-“*"“‘0*“**‘\*“**ﬂ\o**\\*-\-‘v-\\\*\\\"v\\\\*\x\\x\\\gk\\\\—\% Higher-order QCD corrections and py'W distribution 1.4 Theory 0.011
: ] PDF and &5 04 Statistical 0.018
0.9 — = Underlying event modeling 0.5
g . . . ‘ E Total theoretical i 16
0 i 5 3 Integrated luminostty 27 Total 0.044
N. Total 57

]
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vt Inclusive and differential results

Istituto Nazionale di Fisica Nucleare

B CMS — wawa3eTey * The Powheg MINNLO prediction gives the best agreement
=z [ _ . . . . .
S o8| ﬁ;%g%t%gmpwm - with data, showing a sizeable improvement with respect to
E . . T ~ MiNNLO+PYTHIA ’ other event generators
04 - E Fiducial volume definition
N : ’ Variable Requirement
021~ S Lepton origin Direct decay of a prompt W boson
i | | ; f_‘ Lepton definition Dressed leptons (e )
— . . — ; {
g S — t E Lea.d.lng lepton pt p};z‘l: > 25GeV
%E .1 Eee:w\\\\\\\q\\i\\w\\\\\%\\\%\\\y&\\\\\e\\\\\w&\\\\\\\\\\\\\\\\\\\\ \g Tralh.rfg lepton Pt PT > 20GeV
T 08 3 Additional leptons 0
1.4 ;_ Theoretical uncertainty : _2 |17| Of 1ept0nS ‘ql < 25
B R R R - AMANY E Dilepton mass myy > 85GeV
08 E- \ N Jet pr pr > 30GeV
9 © ::g ?: Theoretical uncertainty |17| Of jetS |17]| < 2'5
2 B S rttosieiiod S b Jet-lepton removal AR(j,0) > 04
0.8 E , ,
- 0 1 =2
Number of jets
. . Observable Expected Observed
Inclusive cross section Cross section (fb) 812 & 34 (31, 15) 813 & 35 (32, 15)
_ : 0-jet fraction 0.648 4 0.015 (0.012,0.009)  0.640 + 0.016 (0.013,0.009)
Oine = 125.7 + 2.3(stat) + 4.8(syst) + 1.8(Jlumi) pb 1-jet fraction 0.256 + 0.013 (0.008,0.010)  0.243 + 0.013 (0.009, 0.010)
= 125.7+ 5.6 pb >2-jet fraction  0.096 & 0.011 (0.008,0.008)  0.119 4 0.011 (0.008, 0.008)
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/7 — 4L @13.6 TeV
(ATLAS)

Phys. Lett. B 855 (2024) 138764
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https://www.sciencedirect.com/science/article/pii/S0370269324003228

<% Physics motivation
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* Despite being the rarest diboson process, the production of two on-shell Z bosons is interesting to study
because of its high signal-to-background ratio and sensitivity to anomalous neutral TGCs

* The ATLAS collaboration reports the first measurement of

— 25
i = idi i i Qo | LHC Data 2022 Vs=13.6 TeV
ZZ production at /s = 13.6 TeV, providing inclusive and L i A A
differential cross section sections as a function of two key = gy [ LHCDatafs-13Tev | ATLAS
i 44 © L. g'ArALSAéZZEJJIM(ﬂrSOGEEP 1%%{3)\})3(376&1) i
variables (ma,, pr’) " LHC Data Vs = 8 TeV
m CMS ZZ- lll (m 60-120 GeV) 19.6 fo" H
o o ATLAS ZZ— II( II/W m 66-116 GeV) 20.3 fb''
* Analyzed data are taken from pp collisions recorded by the 15/—LHC Data Vs = 7 TeV
. . . | = CMS ZZ— [l (m 60-120 GeV)Sbe

ATLAS experiment in 2022, which corresponds to an - AILASDZf—:j "/:\fgen; G116 GeV) 4.6 b

. . . — — levatron Lata e

integrated luminosity of L = 29 fb~?! - m CDF 2Z- II(I/vv) (on-shell) 9.7 fb”

10[— e DO ZZ- li(ll/vv) (m, 60-120 GeV) 8.6 fb'

* Events are selected from the ZZ — 4f channel by
considering all possible production modes:

MATRIX CT14 NNLO

w
IIII|II|I

— 2Z (pp)
/ — ZZ (pP)
0 47~ 22
© 99 =122 (s [TeV]
o g9~ (H" -)ZZ
o EWqq = ZZ + 2j
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<R Analysis strategy
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* Inclusive and differential cross sections are extracted from a pure signal region, where backgrounds give less
than 5% of the total yield

* Irreducible contributions, namely ttZ and triboson production, are evaluated from MC simulation, whereas
non-prompt leptons are estimated with a data driven technique ("fakeable-object method") and they are
assigned a 30% conservative uncertainty

Fiducial ph Total lept h . . . .
— Bore pe S E eV E]‘TT; e e e * The non-prompt leptons contribution in bins of
Electron selection Dressed, pr > 7 GeV, || < 2.47 Born the reco-level observable suffer from large
Four-lepton signature > 2 SFOC pairs > 2 SFOC pairs . . .
Lepton kinematics pr > 27/10 GeV statistical uncertainties
Lepton separation AR({;,45) > 0.05
Low-mass ¢/~ veto m;; > 5 GeV m;; > 5 GeV . .
Z mass window 66 < sy mpgs < 116 GeV 66 < 1y mygs < 116 GeV — Smoothing procedure is employed to
ZZ on-shell my > 180 GeV’ reduce their impact in the result and get a
N,.—N Neig & reco more robust estimation
Opiq = —2 P Cpz = L2220 — 0,555 + 0.022
L X Czy Nfig
Measurement MC prediction | MATRIX prediction

Ofid Nfid Fiducial | 36.7 £+ 1.6(stat) + 1.5(syst) = 0.8(lumi) fb 36.8 i§;§’ th 36.5+ 0.7 fb

Otot = BR(ZZ — 4€)A,, Azz = Niot = 0.482 £ 0.003 C Total | 16.8 4+ 0.7(stat) = 0.7(syst) = 0.4(lumi) pb | 17.0 T{§ pb 16.7 + 0.5 pb
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https://doi.org/10.2307/2683591

<z Differential results
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= T = B ™ T T T T E
E ‘AIT;J‘lSI o ;ID;1; a Iit;lql—;izl ‘_: 3 10% ATLAS ﬁ?g:zpaquLOofggLOﬂJ(—)ZZ) ") E -(3 E ATLAS yfg:;arpaquL0+ggLOx1.7(—>ZZ) 8] E
8 (s =13.6 TeV, 29 fb'1.gg — ZZ EW ZZjj ] g - Vs=136 TeV, 29 fo' @ Sherpa qq[NLOXNLO EW]+ggLOx1.7(= Z2) (*) = g 10 Vs=136 TeV, 29 f5' @ Sherpa qqINLOXNLO EWj+gglOX1.765 22) ()|
> ZZ - 4l M Irreducible [ ]Reducible | E:r - ZZ -4l ¥ MATRIX qgNNLO+ggNLO(— Z2) (*) ] - E ZZ -4l ¥ MATRIX ggNNLO+ggNLO(— 22) (*) =
_g ) % Uncertainty 1 = 1 A MATRIX qq[NNLOXNLO EW]+ggNLO(- ZZ) (*) — ] F A MATRIX qq[NNLOXNLO EW]+ggNLO(— Z2) () o
Lﬁ ] g = (*) + Powheg qgNLO- ZZjj) = _8 : (") + Powheg qqNLO(- ZZjj) :
] E s 3 Ome~
] ;VAQ %%%.g 9 1§— Vbgge¥oh E
E 107 Cfa - - O -
. E % VA § B VWX 7
. B o o ] 107 —
] . s - g 5
1 0t ,gqF,e, E : %gg :
_i E OIS E 1 0_2 é_ % _é
. : 1% e ot + e s .
SN BAYESIAN : E Lo | e
I i : 107 PR
s 07 / UNFOLDING g 15 g 15
200 300 400 500 600 700 Q vA f Q !
> L L I I B § #A § * ++?++YA
& ?TLAS eDaa  Wlqq>2Z | kS 2 , 3 i " .
2 s=136TeV, 200" Moy 22 WEWZZj U202 3x10? 4x10? 10° = "7 67 10 20 3040 102 2x10°
% 27 > 4l ,//E;e;u;?rl:ylj Reducible _; m,, [GeV] p4TI [GeV]
1 « Bayesian unfolding (two iterations) is performed to  _Sowee __ Relative uncertainty (%)
. ] . . Data statistical uncertainty 4.2
] evaluate the response matrix, and the total bias is ¢ statistical uncertainty 0.3
] found to be below 1% Luminosity 2.2
-~ Lepton momentum 0.2
] . . . Lepton efficiency 3.7
1+ Each uncertainty in the signal process leads to a
5 Background 1.6
< /W ﬁ{ ? modification of the response matrix, the largest  Tieoretical uncertainty 1.0
‘O" 1 . . . « .
ot S contribution being the lepton efficiency Total 6.3
P [GeV]
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VBS measurements
@13 TeV




¢vv \/BS analyses —where do we stand
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full Run2 data, covering a lot of

production modes
W (= €v)yjj

WVjj - fvqqjj

Both the ATLAS and CMS
collaborations have published a
wide array of VBS results with

| will be presenting the latest
VBS measurements, trying to
highlight common choices or
differences whenever possible

WEiwtjj - 1,6vjj

Non-exhaustive talk, don’t have

Z(= 20)yjj

(= 20)yjj time to go into the detail of
Z(= 2v)yjj every result
ZZjj - 4tjj

11/07/2024 LHC EW WG MEETING
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<% VBS topology
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* VBS processes share a similar kinematic topology, regardless of what is the considered final state, which mainly
affects the background contamination and trigger requirement

* The typical VBS configuration is often enough to suppress most of background processes, although sometimes
machine learning techniques help in achieving a better sensitivty
£}

VBS jet
| @

decay products

¢

Vv

1 VBS jet

'z = beam line
SIGNAL TOPOLOGY:

- 2 VBS jets with large pseudorapidity gap (An]-]-) and invariant mass (mjj)
- V = {W, Z} decay products emitted centrally with respect to VBS jets

- Little QCD activity between VBS jets VBS jet

- Missing transverse energy due to the escaping neutrinos (if any)

11/07/2024 LHC EW WG MEETING 14




W(— &v)yjj

ATLAS: Submitted to EPJC

CMS: Phys. Rev. D 108 (2023) 032017
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https://arxiv.org/abs/2403.02809
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017
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EW Wy

QCD Wy

« VBS Wyjj fiducial + differential cross
section measurements and aQGCs
interpetretation using Run 2 data

* QCD Wyjj production is the dominant

e The signal reconstruction is based on:

» 2 VBS jets

» 1 high-p and well-isolated lepton
(either e or u) + 1 high-pr and well-
isolated photon (y)

> Imbalance on the total transverse

momentum (pJ'***)

11/07/2024

background of the analysis (interference
with EWK Wyjj taken into account)

Jets mis-identified as either photons or leptons constitute another
source of background (W + jets and top quark processes)

\ 4

The fraction of fake objects entering the signal region is
estimated with a data-driven technique

LHC EW WG MEETING 16




(N Fiducial volume
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CMS ATLAS
pT > 35 GeV, pT > 25 GeV, . pT > 30 GeV, pT > 22 GeV,
pl. > 50 GeV, EF*'SS > 30 GeV ps. > 50 GeV, EF*'S > 30 GeV
AR(j,?) > 0.5, AR(y,j) > 0.5,AR(j,j) > 0.5  AR(j,?) > 0.2, AR(¥,j) > 0.4, AR(y,?/j) > 0.4
my = \/Zp EMSs(1 — cos Agp) > 30 GeV e m¥f = \/Zp EMSs(1 — cos Agp) > 30 GeV

|my, —my| > 10 GeV
|An;;| > 2.5, m;; > 500 GeV
* |Ay;;| > 2, mj; > 500 GeV
EVENT SELECTION

My, > 100 GeV, ‘YZ)/ _ (y]-lzyj'z) <12 DIFFERENTIAL CROSS SECTION
|¢WY B ¢jj| > 2, |meV - mZ' > Lbkey ‘( __(yj1+yjz)->
. = - < 0.35
aQGC LIMITS 5y Vi Via
mj; > 800 GeV T
My, > 150 GeV, p} > 100 GeV © mhy e LIew, M =1

11/07/2024 LHC EW WG MEETING 17
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CMS

* m;j; vs my, distribution is fit to data in both the SR and CR
— 6.0 0 observed (6.8 o expected)

Events / bin
4
Events / bin

100

CMS 138 fb' (13 TeV) CMS 138 fb™ (13 TeV)
1000 ‘_' o —— Data B EW Wy in fiducial ] 350 :—' T T L bam I EW Wy in fiducial
= I Ew Wy out fiducial [l Top, vV, Zy E I ew wy out fiducial [l Top. vV, Zy
[ Barrel photons Qco wy [ MisID photon 300 - Endeap photons QCD Wy [I MisID photon
800/~ [ Double MisiD MisID lepton J5oE- B Double MisiD MisID lepton

C 7 Stat @ syst E 777 Stat @ syst
600—m, =[30,80) Gev E my, <[80, 130) GeV E m, =[130, =) GeV — 200 :_m|V <[30, 80) GeV E m, =[80, 130) GeV E m,, =[130, =) GeV

,,,,,,,,,, 50
0
g3 $13
- - /, S
S IE + 2 L 14 L i W 24 ( 1 i T
@ 09 2 T 2 i O e @ 09 el v v v T T e
E 0:7 < -E!' 0:7 i) 7 //f// P Vo ) A
0 o5 0 05
g N g 2 g K g 2 ¥ K g 2 & N g 2 § § g 2 g K g 2
S 8 - 3 2 9 = { 9 o = Y © o - J o o = J o o = Y
g9~ g9~ WG~ G g~ w9~ GG~
e e s s & s s s = s s = s = s s e =
m; [TeV] m; [TeV]

ofid — 235 £ 2.8 (stat) ™| (theo) "3 (syst) fb

fid

CEW+QCD = (theo)T13 (syst) fb

= 113 4+ 2.0 (stat) 23
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ATLAS
s =13 TeV, 140 fi'
EW W(—Iv)yj

Data (syst) ll (total)
132+ 251

Sherpa 2.2. 12 —o—

89" 06 (scale) (stat+PDF+<15) fb

MadGraph5+PythiaB

130" 0, (scale) (stat+PDF+oc5) fb

Inclusive fiducial cross section

ATLAS

* NN output to extract the signal for the observation
— >> 6 0 observed (6.3 o expected)

0O 2 4 6 8

ol % =13.2+2.5fb

fid
GEW W(—Iv)yif

10 12 14 16 18

[fb]

Events

Data / Pred.

18004LIIIIIIII‘III"‘Illl"IlllIIIIIIII‘IIII“IlllHIL
E ATLAS & Data :
1600/~ 5 = 13 TeV, 140 fb” mEW Wy ]
rEW W(—Iv)yj Strong Wjj 1
1400~ SR™ [ Non-prompt—|
[ Post-Fit Il Top Bkg.
1200F~ —
- 77 Uncertainty
1000 7 y

800}

600F

T b W%/M
0.9
0807 02 03 04 05 06 07 08 0.9 1

NN score
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. o, . . = B 1 =
and A¢;; observables, which are sensitive to CP-odd couplings |1t % &« &+ L5 i
E 7‘3 7‘2 7'1 6 :I 2I 3‘ § Q 260 400 560 860 10‘00 12
Alﬂh‘ [rad] m, 1GeV]

* CMS measures both the EW and EW+QCD WYy jj productions
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EFT interpretation (CMS)

* VBS processes are particularly sensitive to aQCGs, therefore the EW WYyjj signal is suitable to constrain EFT
dimension-8 operators (SM-BSM interference term included in the signal definition)

* Because BSM physics is expected to enhance the VBS production in the high-energy regime, the invariant mass
of the Wy system (mwy) is used to extract limits on EFT operators

CMS 138 fb' (13 TeV)
104 —— Data B ewwy

- B Top, WV, Zy QCD Wy

Muon events . MisiD photon [l Double MisID
10° MisID lepton % Stat @ syst

e Fpy /A% = 8 TV

Events / bin

Expected limit

Observed limit

Ubound

-
o
N

10

[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5]
my,, [TeV]
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5.1 < fyo/A* < 5.1
~T1 < fy /A <74
—1.8 < fuy,/A* <138
—25< fus/A* <25
—33 < fya/AN* <33
=34 < fus/A* <36
—13 < fy7/A* <13
043 < fro/A* <0.51
—-0.27 < fr1/A* <0.31
—0.72 < fr2/A* <0.92
—0.29 < fr5/A* <0.31
-0.23 < fr6/A* <0.25
—0.60 < f77/A* <0.68

—5.6 < fyo/A* <55
—7.8 < fu1/A* <8.1
—1.9 < fyo/A* < 1.9
—2.7 < fus/A* <27
—3.7 < fua/A* <36
-39 < fus/A* <39
~14 < fug/A* < 14
047 < fro/A* <0.51
—-0.31 < fr/A* <0.34
—0.85 < fro/A* < 1.0
—0.31 < f75/A* <0.33
—-0.25 < fr6/A* <0.27
—-0.67 < fr;/A* <0.73

1.7
2.1
2.0
2.7
2.3
2.7
2.2
1.9
2.5
2.3
2.6
29
3.1

LHC EW WG MEETING

Unitarity bound limit
derived for each operator
(following the formulation
discussed here)

Most stringent limits to
date on aQGCs parameters



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017

<5 EFT interpretation (ATLAS)
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* Limits on aQGCs are extracted by fitting either the p%j or p# distribution to data and with or without the clipping
technique described here

e Although CMS reports more stringent limits on mixed scalar operators, ATLAS measures the very first limits on
tensor-type operators fr3 and fr4

Cofficients [TeV 4] Observable My, cut-off [TeV] Expected [TeV~—4] Observed [TeV 4]

fro/A* Py 1.4 [-2.5, 2.6] [-1.9, 1.9]

5 r L S B L B s R 4 Ji . .
RN ATLAS ] fﬂ//\4 ry 1.9 [-1.6, 1.6] [-1.1, 1.2]
e - 1 fra/A pi 1.6 [-4.9,5.3] [-3.6, 4.0]
S Vs=13Tev, 140065 /at i 1.9 [-3.4, 3.6] [-2.5,2.7]
P - 1 fra/A? py 22 [-3.1,3.1] [-2.2, 2.3]
2 - frs/A py 1.8 [-1.8, 1.8] [-1.3, 1.3]
I 1 fre/AY py 2.1 [-1.5,1.5] [-1.1, 1.1]
Op ER LS Y 2.1 [-4.0, 4.1] [-2.9, 3.0]
oF E fuo/A* p;r 1.1 [-45, 44] [-32, 31]
- 1 S /AP Py 14 [-60, 62] [-43, 44]
4 — Exp.95%CLLimit —| fua /A p? 1.4 [-15, 15] [-11, 11]
C —— Obs.95% CL Limit Juz/A* P;r 1.8 [-22, 22] [-16, 16]
-6 C —— Unitarity Bound ] fM4/A4 p;r 1.5 [-28, 27] [-20, 20]
b LT s /AT Py 1.9 [-21, 23] [-14, 17]
Faar /A Py 1.5 [-100, 99] [-73, 71]

My, cut-off [TeV]
Most stringent limits to

date on aQGCs parameters
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003

N,
- S
a INFN
A Y
) Istituto Nazionale di Fisica Nucleare

WIWZjj - 282vjj

ATLAS: JHEP 04 (2024) 026
CMS: PLB 809 (2020) 135710, Eur Phys J C 81 (2021) 723
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https://link.springer.com/article/10.1007/JHEP04(2024)026
https://doi.org/10.1016/j.physletb.2020.135710
http://dx.doi.org/10.1140/epjc/s10052-021-09472-3
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<% WEIW=Tjj - 2£2vjj

« The EW WEXW2jj process is often referred to as the golden channel where to measure VBS properties, for its
extremely favourable signal-to-background ratio

* This process is where the first VBS observation was claimed by both collaborations [ATLAS: Phys. Rev. Lett. 123
(2019) 161801, CMS: PRL 120 (2018) 081801], and now more interpretations have been added to this channel,
leveraging on new analysis techniques and improved background modeling

Differential (and fiducial) cross section measurements (CIVIS: simultaneous fit with EW WZjj process)

EFT interpretations

Polarizations (CIVIS only)

BSM (Doubly-charged Higgs boson H**)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
http://dx.doi.org/10.1103/PhysRevLett.120.081801
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Analysis strategy

* Signal regions are very similar to each other in terms of phase space definitions, therefore the two analyses
mainly differ in the MC modeling and object definitions

CMS Signal Region

ATLAS Signal Region

ps, (ps,) > 25 (20) GeV

my, > 20 GeV, |m,, — my| > 15 GeV
pr e > 30 GeV

Njets = 2, p]Tl, 10]772 > 50 GeV, no bjets

m;; > 500 GeV, |An;;| > 2.5

11/07/2024

Ps,» Dy, > 27 GeV
mpp > 20 GeV, |m,, — my| > 15 GeV
pl .o > 30 GeV

Njers = 2, pjTl(pfz) > 65 (35) GeV,
no bjets

LHC EW WG MEETING

process | Aassn | cwssn_
W=y | 27830 | |B0EE8N
acowswsy | a7%7  [ia7ERRN
mewsw | 81207 87228
vz e [asEes
y 1ags 165236
Charge misid _—
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and the variable of interest (m;;) [CMS: m;; vs m /]

Istituto Nazionale di Fisica Nucleare

Fiducial cross sections

* [ATLAS] Fiducial differential cross sections are extracted from the fit of a 2D template built out of m;; (m,,)

CMS - FIDUCIAL CROSS SECTIONS

Process o B (fb) Theoretical prediction Theoretical prediction
without NLO corrections (fb)  with NLO corrections (fb)
N

EW W™W 3.98 £0.45

0.37 (stat) + 0.25 (syst) 3.93+£0.57 3.31+£0.47

0t

EW+QCD W~W 4.42 4+0.47 434 4 0.69 3.724+0.59

0.39(stat) &= 0.25(syst)

m,.[GeV]

CMS 137 o' (13 TeV —_ CMS 137 b (13 TeV)
= = I N N B S L L L Y N R
(o) Data 8 0.008 - —e—— pata -
g 004 MA _aMC@NLO+Pythiag without NLO corr. _| o) | MADGRAPHS5_aMC@NLO+Pythia8 without NLO corr. |
é. il IO MADGRAPHS._aMC@NLO#Pythias with NLO cor. &=, ooos | MAD! ,_aMC@NLO+Pythia8 with NLO corr.
= =0 R —
€ = |
2| 3
B -
© T o004 —
] 1 ]
0.002 [— —
RN BT P R R A I L1 11 L1l L1 L1l
T T T 1 r T T T
1 zgsf -
B 1 E 3| 1F 1 m‘-m‘ | 1
g I e o  SES—
' ) E 05 ! ! ! ! E
200 300 400 500 500 1000 1500 2000 2500 3000
m, [GeV] m; [GeV]
S04 T T T T T T T i~ R T
3 0.22 ATLAS ® Data 3 (‘B 0.6~ ATLAS «Data -
) _ -1 = MG5_aMC+Herwig? 3 o _ -1 = MG5_aMC+Herwig? ]
s 02 fa- 13 TeV, 13967 e aMCPyinias E S ost fa- 1376V, 139107 2 e amo-Pytias E
£ 0.18F Inclusive WWj o Powheg+ Pythia8 EW * 3 S F Inclusive WWj o Powheg+Pythia8 EW *

20.16 & Sherpa 2.2.11 EW ™ 3 E » Sherpa 2.2.11 EW " ]
E‘-O 14 v Sherpa 2.2.11 EW ® NLOEW * 3 £ ¥ Sherpa 2.2.11 EW @ NLOEW * 7]
ol Total Uncertainty E o I Total Uncertainty ]
S0.12 # Systematic Uncertainty E ) 0.3F # Systematic Uncertainty 3

* plus Sherpa 2.2.2 QCD - r * plus Sherpa 2.2.2 QCD

E [1ge

E 0.2f- E

E : gl e

B L #50)

= 0.1 t -

F W .
G-I | IR | - T

© « A —
© ® 1.5
S s 7k
= S —
2 a E 0
@ ] Feaody L& -E‘*
= E 0.5

B o b L Lo Ly sy
500 1000 1500 2000 2500 3000 3500

m; [GeV]

ATLAS - FIDUCIAL CROSS SECTIONS

a_ﬁE(}V+Int+QCD [ fb]
3.38 = 0.22 (stat.) = 0.19 (syst.)
2.92 +0.05 (PDF) *%3% (scale)
2.90 = 0.05 (PDF) 04 (scale)

Description O'E‘(}N [fb]
2.92 +0.22 (stat.) = 0.19 (syst.)
2.53 + 0.04 (PDF) *%:22 (scale)

2.53 + 0.04 (PDF) 58-529 (scale)

Measured cross section
MG5_aMC+HerwiG7
MG5_AMC+PyTHIAS

0.1 -0.26
SHERPA 2.48 +£0.04 (PDF) T4 (scale)  2.92 +0.03 (PDF) % (scale)
Suerpa ® NLO EW 2.10 = 0.03 (PDF) *;3 (scale) ~ 2.54 = 0.03 (PDF) * {38 (scale)
PowHEG Box+PyTHIA 2.64 -

e ATLAS shows several comparisons to theoretical predictions:
» MG+P8 and MG+H7 @LO
» SHERPA w/ and SHERPA w/o EW corrections @NLO
> POWHEG + P8

11/07/2024
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and the variable of interest (m;;) [CMS: m;; vs m /]

Fiducial cross sections

* [ATLAS] Fiducial differential cross sections are extracted from the fit of a 2D template built out of m;; (m,,)

CMS - FIDUCIAL CROSS SECTIONS

Source of uncertainty

WEWT (%) WZ (%)

Integrated luminosity
Lepton measurement

Jet energy scale and resolution
Pileup

btagging

Nonprompt rate

Trigger

Limited sample size

Theory

Total systematic uncertainty
Statistical uncertainty

Total uncertainty

1.5
1.8
1.5
0.1
1.0
3.5
1.1
2.6
1.9
57
8.9
11

Process o B (fb) Theoretical prediction Theoretical prediction
without NLO corrections (fb)  with NLO corrections (fb)
o4t
EW W™W 3.98 £0.45
0.37 (stat) + 0.25 (syst) 3.93 +0.57 3.31+0.47
=
EW+QCD W~W 4.42 4+0.47 434 4 0.69 3.724+0.59
0.39(stat) &= 0.25(syst)
ATLAS - FIDUCIAL CROSS SECTIONS
;g Description O'EE}V [fb] O'E?‘JWIMQCD [fb]
4:3 Measured cross section  2.92 + 0.22 (stat.) + 0.19 (syst.) 3.38 £ 0.22 (stat.) + 0.19 (syst.)
0.4 MGS5_aMC+Herwic7  2.53 = 0.04 (PDF) * ‘é;ﬁg (scale) 2.92 +0.05 (PDF) t‘é?} (scale)
1.0 MG5_aMC+PyTtHia8  2.53 + 0.04 (PDF) t()..lg (scale)  2.90 +0.05 (PDF) *'+7 (scale)
1.4 SHERPA 2.48 £ 0.04 (PDF) *540 (scale)  2.92 +0.03 (PDF) * 50 (scale)
1.1 Suerpa ® NLOEW  2.10 £ 0.03 (PDF) *(;3} (scale)  2.54 =0.03 (PDF) * {3} (scale)
3.7 PowHEG Box+PyTHIA 2.64 -
79
22
23

Source Impact [Y]
Experimental 4.6
Electron calibration 0.4
Muon calibration 0.5
Jet energy scale and resolution 1.9
E¥'iss scale and resolution 0.2
b-tagging inefliciency 0.7
Background, misid. leptons 34
Background, charge misrec. 1.0
Pile-up modelling 0.1
Luminosity 1.9
Modelling 4.5
EW W*W#j, shower, scale, PDF & 0.7
EW W*W#*jj. QCD corrections 1.9
EW W*W*jj, EW corrections 0.9
Int WEW=j j, shower, scale, PDF & a 0.6
QCD W*W#*j j, shower, scale, PDF & ay 2.6
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
Total 9.8
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<R EFT Interpretation
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137 fy '(13TeV)

== < 1[CMS] D8 EFT operators are ATLAS (Tev—4) cms (Tev-4)
[ Wrong sign wWew*
o mEww: colr;ls;tralned by fitting the ¢ /)4
— £/ A* =20 Tev* 2z o e .
e Bl ton of sah a0 20 s win 2
1 channel (WW™ ot WZ) e (o307 [ISOA908SIN unitarity bounds on pair
o orect Joese 10 M fu' [ fanadl |[[F3687] . of EFT operators of the
1072
O/ SAICSTNEPIOS [ e6870] | [[saga) . same group are derivec
L 1 L n " 1 L L i
2 “ : e /A (effect. in EW W=*Zjj
R 1 [ ——— f /A4 taken into account)
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é,—-100_ —T T 1 T T T T T T T T ;-15_"|"-- LI A L B = N LRI LA B B L
3 i ATLAS - ATLAS 1 2 ,:=F ATLAS E
£ 75 Vs=13TeV,139°* 7 E qoF VS=13Tev,130° 3 & 15 VS =13TeV, 139 o1 1
~ 50F ix 1% 10f E
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% 1'51? . . %7///5 _5.0:-- Exzected(iw} —_ [ - Exgected(iw) ] _10:_- Exgected(iw) _:
a # 4 Expected (+20 i L Expected (+20] h F xpected (+20) ]
T ////ﬁ//////% -75F Unri)t:ritybsnund) - _10:_ Unzaritybs:)und] ] _15:__ En';arit;dbs:)u:d) 3
0 200 400 600 800 1000 1200 1400 F T mw<15Tev R P mwsLSTV N\ ] E mw<15TeV . . . E
s [GeV] -10.05 50 5 0 WYTToo s 0 5 10 75 50 25 00 25 50 75
fro/\* [1/TeV4) fro/A* [1/TeV4] fra/A* [1/TeV?]
11/07/2024 LHC EW WG MEETING 27



https://arxiv.org/pdf/2004.05174.pdf
https://arxiv.org/pdf/2004.05174.pdf

aw  Limitson HY/H™™ production

Istituto Nazionale di Fisica Nucleare
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WHW=jj > 202vjj
ATLAS: Submitted to JHEP
CMS: PLB 841 (2023) 137495
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https://arxiv.org/abs/2403.04869
http://dx.doi.org/10.1016/j.physletb.2022.137495

< WIW~jj - 2£2vjj

Istituto Nazionale di Fisica Nucleare

« The EW W*W ~jj production plays a special role among VBS processes, as the Higgs boson prevents unitarity
violation of W, W, — W, W, scattering

* Nevertheless, this process poses several experimental challenges, mainly because of the large tt background
contamination that enters the signal selection

* The ATLAS and CMS collaboration have found the first observation of this process in the fully leptonic final state
(Run 2 data), although two different strategies have been pursued

EWW* W~ QCD WW~

| * The signal reconstruction is based on
the presence of:
> 2 VBS jets

» 2 opposite-charged leptons
(either e or u)

> Imbalance on the total
transverse momentum (pJ*s)
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Istituto Nazionale di Fisica Nucleare

S APCT Event selection

» Signal regions are substantially diverse from each other in terms of phase space definitions, and, therefore,
difficult to compare — aside from differences in the objects definition

CMS Signal Region

* pp, >25GeV, p;, > 13 GeV, p;. < 10 GeV

« myp > 50GeV, pj, > 30 GeV, mT > 60 GeV
o pl..o>20GeV

* Mjers = 2, p]Tl, pJT2 > 30 GeV, no bjets

* m;; > 300 GeV, |An;;| > 2.5

ATLAS Signal Region

p;., Dy, > 27 GeV, p; < 10 GeV
Mg, > 80 GeV

pl .. > 15 GeV

Njets = 2 0T 3, pJT > 25 GeV, no bjets

{>05

mT = \/2p$€p;rniss (1 —cosA¢ (’P?e' pz;u’ss))
Zop = %lzfl + Zle = %l(nl’l + nfz) - (77]1 + 7]]z)l

( — min{[min(nfﬂnfz) - min(nh’nfz)]’ }
~ ([max(nj,,mj,) — max(ae,, e, )]
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M5 . .
~ QN Ignal extraction
: : , _ eu/ue ee
* Signal candidates are selected in two SRs: oems /. _wewleatey)  ows /.ﬂﬂ. 138 10" (13 TeV)
» e final state (dominated by tt pair production) E WE e e w15 i ol e e
> ee/puu final state (DY + jets events suppressed o T S O e T
by impOSing mff > 120 Gev) 103; _§ 103%—555 iizémﬂ:mo A:slojj>?:)z0 1500 200[)Gev_é
102% _é . "E‘ ; ; ; ; :
* The 2 jets ATLAS SR shows a better purity in the very o — I - 3
last DNN bin with respect to the CMS DNN ik = = I s o
§ | amaspeimnay o Cmewwi ] E o F e ey B 1 o e bgebed | B DU g 3
i " (s=13TeV, 140 fp" - EWKWWi [Top 1 @ 4'k (s=13Tev, 140 fo! ~ EWKWWij [Top S osE g Rosf —+— * g
10°E Elztﬁ?lfc‘go:: H=S\Tf§s E g ’ [ Strong W'Wj I Z jets 0 0.2 04 -6 0.8 1 208 o 1 2 3 4 5 6 7 3
E 2 jets SR 7/ Uncertainty ! ; © 3jets SR zx::';:;‘:{'; I W+ets DNN output Bins
[ Post-Fit ] " Post-Fi . .
ok Lo Fit variable
ep/ue

10°

|—> DNN

W*W~ VBS SR
et TR Feres bty -
FE S - i ee/uu
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NN output NN output

10

s

Data / Pred.
Data / Pred.

1
Zee =5 |(ne, +1e,) — (nj, +1j,)]
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* Results are extracted to a fiducial phase space where a standard-VBS selection is required on top of the reco-level

Istituto Nazionale di Fisica Nucleare

signal region definition

Fiducial cross sections

Objects

CMS - FIDUCIAL CROSS SECTION

eu + ee + uu
Requirements

Leptons

Jets

miss

Pr

ep, ee, pup (not from 7 decay), opposite charge
pressed £ — pf L S™ i if AR((, ;) < 0.1

p’% > 25 GeV, pf}? > 13 GeV, pET'“* < 10 GeV
In| < 2.5

peTe > 30 GeV, my, > 50 GeV

s> 30 GeV Observed significance of
T > e
AR(j,0) > 0.4 5.6 0 (5.2 0 expected)

At least 2 jets, no b jets eu + ee + pu final states

In| < 4.7
mi > 300 GeV, |AT]JJ| > 2.5

ATLAS - FIDUCIAL CROSS SECTION

Category Requirements

Leptons  pt > 27GeV and || < 2.5
b-jets pr > 20GeV and |n| < 2.5
Jets pr > 25GeV and || < 4.5
Events One electron and one muon with opposite electric charges

No additional lepton
>0.5

Mey > 80 GeV
EF™ > 15GeV
Two or three jets

no b-jet

Observed significance of
7.1 0 (6.2 0 expected)
eu final state

— m;; > 500Gev not present @ reco-level

pRss > 20 GeV

MadGraph: | 6%}5° = 9.1 £ 0.6 fb @LO

POWHEG: |o%}5° = 2.20*)13fb @NLO
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INFN

| Istituto Nazionale di Fisica Nucleare

Final considerations
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¢vvo - \/BS analyses — future directions

Istituto Nazionale di Fisica Nucleare

e With the large amount of data collected so far by both the ATLAS and CMS collaborations, several VBS channels
have been studied and observed
— What are the next steps?

o Hadronic channels: not really explored because of their large background contamination but could potentially
help in constraining EFT parameters

o Run2 + Run 3 analyses: as most of VBS measurements are still statistically limited, leveraging on the full data
delivered by the LHC is how we can further improve results and reduce the largest uncertatinty contribution

o Polarization measurements: the production of longitudinally polarized bosons in VBS processes is very difficult
to observe but it gives direct access to the EWSSB mechanism

o Channel combination: the most difficult yet the most promising direction we have to pursue to go deep down
in the EW sector of the SM — VBS global fits can simultaneously constrain different EFT operators by
exploiting the sensitivity of each channel to such parameters
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(N A common framework

Istituto Nazionale di Fisica Nucleare

* It is evident how comparing different results of the same VBS process is often not trivial and does not allow to
easily interpret and combine results — one could devise a common theoretical framework where to extract
fiducial VBS cross sections

e This was first proposed during the LHC EW WG MB meeting with the aim of providing a shared definition of a
fiducial phase space (a-1a-STXS) where to extract multiboson results — not strictly confined to VBS measurements

A first proposal ®"'® T | * Project currently under development, need to
o i | I ! | | define particle-level bins and observables that
— N T | - 2 2.jet —] | are sensitive to different channels and/or

' QCD VBS | specific EFT parameters
| : | Low Mijj/An High Mjj/An ||
= 0-jet =1jet | | > 2-jet ‘ I i
I i ,
: - — - oy e rou mey . -
l : L°W}””’A” ”'g’; Mysn |BEEEE DR « Allows ATLAS+CMS combinations and facilitate
s ; i comparisons between experimental results
£ — [ [ i and theory predictions
é’ F--=1  r-t- F-L- E
& I N ] I | )
 / - o - — - o - ) [T — ] I

___________________________________________
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https://indico.cern.ch/event/1224582/#1-first-proposal-of-stxscommon

(N Conclusion

Istituto Nazionale di Fisica Nucleare

e ATLAS and CMS collaborations reported several studies in multiboson channels, early Run3 results already
avaialable and many others are about to come out!

* VBS processes give direct access to the EW of the SM and are particularly sensitive to BSM effects in the high-

energy regime, as they might potentially change couplings between vector bosons
— Wide physics program to investigate these mechanism and more data helps to constrain EFT operators

* Because we have a plethora of multiboson analyses, it is necessary to define a shared theoretical framework (like
already done in the Higgs sector), which would greatly improve the capability of combining results and facilitate

their interpretabitily
— positive feedback loop between theorists and the particle physicists community
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