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CLAPP Overview

* Multiboson production at the LHC — an introduction

* Vector boson scattering (VBS)
— Theoretical motivation
— Experimental challenges

* Recent results (and not only)
— First Wzjj differential cross section measurement
— ZZ(vvll)jj observation
— Polarized VBS with WWijj

* Aglance to the future




Standard Model Production Cross Section Measurements
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dAPP Vector Boson Scattering

Electroweak diboson production via Vector Boson Scattering (VBS):
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CUAPP

Vector Boson Scattering

Electroweak diboson production via Vector Boson Scattering (VBS):
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Quartic gauge bosons’ couplings (QGC)

Effect from |,
new physics

Only accessible via the electroweak
diboson (and triboson) production

» Different from SM predictions could
occur in the presence of new physics

v experimentally accessible using
sensitive kinematical variables




CUA\PP EFT for VBS analyses

Anomalous triple and quartic gauge boson couplings on a EFT frame

f(S) Higher order corrections

1) describi dificati db
L=\’ 4+ O\ escribing modifications caused by
SM Z L4 non-SM effects

Gauge boson interactions
as described by the
Standard Model

Operators corresponding to quartic
gauge boson couplings (QGC)

* Avariety of operators exist, covering all types of QGC
* Non zero value for any of their coefficients would be sign of new physics
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Electroweak VVjj production

Electroweak VVjj production:

(including vector boson scattering)
Electroweak

couplings a®
e Characteristic kinematic signature

* Challenging S/B

VVjj-EW

EW and strong

Main background: couplings a*a2

 QCD VVjj production
» Different kinematic signature

e Important criterion for most VBS analysis
strategies

~N




(UA\PP VBS @ NLO (and beyond)

VVijj-EW Interference VVjj-QCD "
z 0(a®) 0(asa® 0(aZa*)
q
NLO EW Qcb
corrections
| 0(a’) O(as O(as a®) O(aia*)
VVjj-EW ? ? VVjj-QCD

Adding higher order corrections makes VVjj-EW and VVjj-QCD separation obsolete

* Currently: include interference into the signal or background

* Alternative solution: make inclusive measurement creating ah high VVjj-EW purity
phase space




dAPP VBS: kinematic signature

boson V;

Characteristics of a typical VBS event:

— ) VBS axe de collision

Two high energy forward jets (tagging jets) — s

Generally central diboson products /

boson V,

Suppressed hadronic activity in between the tagging jets
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: kinematic signature
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CUA\PP VBS (leptonic) channels

considered as
Non exhaustive list of VBS channels: (fb) background

P. Anger thesis: https://cds.cern.ch/record/1753849

EW QCD

canal état final OVVii OV i EW
[WWEjj [ vy | 4.28£0.01 | 1.69+0.02 | 5op =27
Z~77 1755 | 9.24£0.02 | 71.28%0.33
W*Zjj Ulvjj | 2.36+0.01 | 7.19+0.01
ZZ75j 55 | 0.1240.01 | 0.21+0.01

«  W3*WH: first observation in 2018 (PRL 123 (2019) 161801 and PRL 120 (2018) 081801)

J

— 4 Experimental signature:
—» 2 same sign leptons

1 V_VJ“‘ f/"/ g)/ « 2 hadronic jets
o g Challenge: two neutrinos in the final state

>
w
g—»— \ 7
i
— qH
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VBS (leptonic) channels

Non exhaustive list of VBS channels:
P. Anger thesis: https://cds.cern.ch/record/1753849

(fb)

considered as
background

canal état final 05‘% j Jg%?j
WEW=*j5 | Wwivjj | 4.2840.01 | 1.69+0.02
Z~ii Ui | 9.2440.02 | 71.2840.33
W*Zjj Ulvjj | 2.36+0.01 | 7.19+0.01
VAT 55 | 0.1240.01 | 0.21£0.01

EW - 033
QcD =

« WZ: first observationin 2018 (Phys. Lett. B 793 (2019) 469 and PLB 809 (2020) 135710 )

Experimental signature:
~» 2 opposite sign leptons
» 1lepton
2 hadronic jets

Challenge: high QCD background
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https://www.sciencedirect.com/science/article/pii/S0370269319303211
http://dx.doi.org/10.1016/j.physletb.2020.135710
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849

VBS (leptonic) channels

CUAPP

considered as

Non exhaustive list of VBS channels: (fb) background
P. Anger thesis: https://cds.cern.ch/record/1753849
. EW QCD
canal état final OV OVvii
WEW=*j5 | Wwivjj | 4.2840.01 | 1.69+0.02
Zv39 llvgg 9.2440.02 | 71.28+0.33
W*Zjj llvjj | 2.36+0.01 | 7.1940.01
YAAN] [lllg9 0.12+0.01 | 0.2140.01 @ = 0.57

e 7ZZ: first observation in 2021 (Nature Phys. 19 (2023) 237)

Experimental signature:
= 2 opposite sign leptons (can be neutrinos)
L » 2 opposite sign leptons

e 2 hadronic jets

Challenges: very low cross section
possible presence of neutrinos
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https://www.nature.com/articles/s41567-022-01757-y
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CUA\PP The Large Hadron Collider timeline

P LHC HL-LHC
Ls2 LS3 )
13 TeV 13.6 TeV 13.6 - 14 TeV energy
Dlodes Consolldation
splice consollffation cryolimit LIV Installatlon ) ) HL-LHC
8 TeV i i
7Tev_ 8T8V bution coliinfators eracton ot beam Fadation i installation

— R2E projfct regions Civil Eng. P1-P5
XN ETIIETE 2015 2010 | 2010 | 20 EEETEET mlllllllﬁ
ATLAS - CMS
experime! upgrade phase 1 ATLAS - CMS g noming,‘?jhﬁ
|

beam pl . . . . HL upgrade
nominal Lumi 2 ¥ nominal Lumi ALICE - LHCb | 2 ¥ nominal Lumi

75% nominal Lumi I /_ upgrade 1
3000 fb™

EXS EEX 500" RN 1000 1+
ATLAS:36.1 fb™?
CMS: 35.9 fbt

First observation of the electroweak W*W Zjj production by both ATLAS and CMS
e ATLAS : Phys. Rev. Lett. 123 (2019) 161801
 CMS: Phys. Rev. Lett. 120 (2018) 081801

First observation of the electroweak WZjj production by ATLAS
 Phys. Lett. B 793 (2019) 469
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://www.sciencedirect.com/science/article/pii/S0370269319303211

CUA\PP The Large Hadron Collider timeline

/7 \\ LHC HL-LHC

Ls1

13.6 TeV LS3 13.6-14TeV _

13 TeV nergy
Dlodes Consolldation
splice consolldation limit LIU Installatl 8
7 TeV 8 TeV_ htion collimators %?s?rli?ﬁcn neeTeen . inner triplet . HI{ :_IHt(':
— R2E project regions Civll Eng. P1-P5 pilot beam radiation limit Installation
ERESEDEIET 2010 2020 EEIETES mIIIIIII@
ATLAS - CMS ./’/—1
ad 1 5075
gxperlrr:ent A ATHIT_AI'JS -rzgtns x nominal c’Lumi
eam plpes nominal Lumi 2 ¥ nominal Lumi ALICE - LHCb | 2 ¥ nominal Lumi | Pg
75% nominal Lumi /_ upgrade
_ integrated LU fb?
Erd 190 1o ATLAS:140 fb! 500 b U e

CMS: 137 fb?

acces to neutral quartic couplings

First observation of ZZjj-EW production by ATLAS
Nature Phys. 19 (2023) 237 !

zZ

First observation of Zyjj-EW production by CMS and ATLAS Lrs _ By B Bos B

ATLAS: JHEP 07 (2017) 107 Cro— BB B B
CMS: PRD 104 (2021) 072001

Simultaneous measurement of WW and WZ by CMS Focus on the three analyses
PLB 809 (2020) 135710 presented in the following pages
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https://www.nature.com/articles/s41567-022-01757-y
https://link.springer.com/article/10.1007/JHEP07(2017)107
http://dx.doi.org/10.1103/PhysRevD.104.072001
http://dx.doi.org/10.1016/j.physletb.2020.135710

(UA\PP Full Run 2 WZjj analysis results (ATLAS)

Integrated cross section measurement: S Famas T
o 1'6:_\/§=13Tev,140 e B
* Simultaneous WZjj-QCD measurement in a g lApwai-cved o R
typical VBS phase space 5 -2F Q "
13 } 3
0.83— e =
" TEas. 06:_ _:
Region  Parameter  offb] do[%] & ‘Toua- Z o o :
Inclusive owzjj—ew 037 1894 5279 099 10.39 0'45_ . g“:::;;ag_gffgmias E
owzjj—Qcp 1.09 10.65 9.394 0.71 10.78 0.2 — &% Confidence Leve B
haz 107 101 s s
Iy 0.91 14.23 Owzjj-ew [fb]
1t7 1.26  17.54
OWZjj—EW  OWZjj—QCD
Same main source of uncertainty Cross section [pb] 0.32 1.13
Source Relative Uncertainty [%]
WZjj — EW theory modelling 7 1.8
* Guidelines for further WZjj — QCD theory modelling 2.8 2.7
improvement WZjj— EW and WZjj — QCD interference 0.35 0.6
Jets 2.3 5

" Pile-up 1.1 0.6
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Full Run 2 WZjj analysis results (ATLAS)

Differential WZjj-EW cross section

measurement:
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CUA\PP Full Run 2 WZjj analysis results (ATLAS)

aQGC analysis using:

-.g 104 | A:rLA!S - | - é lljatal | | ; PZ-'-\} d VWV | -
¥ W-Z-EW an
E Vs =13 TeV, 140 fb W7 OCDAINT i ch’J; e, 5
.. . fitse B ZZ mmmas T0A4= 5Tev? -
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- T : .
102 g .
10 -
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[TeV % [TeV ™4 ; "
fro/A*  [7.0,7.0] [-1.5, 1.6]
fri/AY 11,10 [-0.7, 0.6] J0”
LEJ 1.4
WF Z()/‘,7 WwF W+ - 12 ;_
ﬂ 1 ua
© =
O 0.8 —
0.6 &=
Q
W Z°/ W W °¥
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JHEP 06 (2024) 192
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https://link.springer.com/article/10.1007/JHEP06(2024)192

CUA\PP Full Run 2 ZZ(llvv)jj analysis results (ATLAS)

, N , § g ATLAS eData MZZQCD -
Inclusive ZZ(llvv)jj measurement in a i [ {s=13TeV,14016"  ZZ EWKIWZ i
- Signal Region Other ~~ Uncertainty -
50:_ Post-fit _:
Z7Z 108 +12 C , ]
40F- 2. 2
WZ 62 +12 -
Z+jets 2.4 + 12 30:_ Z
WW and Top 72+15 -
Other 3.0+0.7 20E
Total prediction 183 +21 105— +
Data 184
3 F O E
S /*V »+ é/
. s WA s ///{7‘
Exploit Z(ll) and Z(vv) back-to-back 5 gg l
topology 22 23 24 25 26 27 28 29 3 31
2miss
A(ET™, 2)

o i =0 9670-1> (stat) + 0.10 (exp) + 0.04 (theory) + 0.01 (lumi) fb.
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Full Run 2 ZZ(llvv)jj analysis results (ATLAS)

Sensitivity to neutral aQGC operators

Wilson Coefficient No cut-off
[Tev—4 Expected Observed
frs/A* [-0.60,0.60] [-0.74, 0.74]
fro/A? [-13,13]  [-1.6, 1.6]
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2511.15569
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https://arxiv.org/abs/2511.15569

dAPP W=*W %jj-EW polarization analysis (ATLAS)

Phys. Rev. Lett. 135 (2025) 111802

Goal:

* Measure polarized W*W %jj-EW
* Use “inclusive DNN” to isolate the electroweak process
* Use different DNNs to isolate W *W *and W *W * (based on kinematics)

[ L L LN DL L L DL L L c L B LN DL L DL L L L A B L LR L AL EL N B
8 [ ATLAS Simulation — WIWEW ] 2 [ ATLAS Simulation — WIWFEW ]
3 020 y5=13TeV, 1407b"} == WFWIjEW 1 3 020l VS=13TeV,140fb! == WFEWSjEW ]
s | Signal region ceer WEWEj-EW - i - Signal region veee WEWZEj-EW T
@ [ Pol. in W=W*-CMF T T IEN B L Pol. in WEW*-CMF T W APEE
o L 77 Stat. uncert. | o r w5 Stat. uncert.
g 0.5 s ] D 0.15

N el N I

Bl :

5 0.10 S5 0.10

2 2 [

0.05 0.05 |

_1.20.00 f——— =000
D r | C ]
3 :C:> 1.5 - g :§ 1.5¢ J_'_,_.—-—
E (€ Lo} 7 E [E 1.0 pmmmammmam, - :
2 =] - T e et a7 4 § S E‘__,_'4'_,_'_,_'_,_’ E
Z os5F . Z 05} ]
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Any Ad’jf
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https://journals.aps.org/prl/abstract/10.1103/bpln-ccql

CUAPP

Events

Data / SM

W*W #jj polarization analysis (ATLAS)

DNN score for Wi Wi+j j

Frorrprred [rerrprreT [rrerprrrrprrrrprr e T e T frrriy
250~ ATLAS ® Data [ | W*w*u EW ]
- Vs=13TeV, 140 fo"' M W:WS5iEW I WiW5i EW
200 W Wi fit B WWHj Int WAWHj QCD_
SR:DNN_ e 0IN2 Ml WZQCD WM WZEW ]

: Post-Fit Non-prompt Conversions |
150 Other prompt 7/ Tot. Uncert. ]

100

50

1.4F

1.2

"y

0.8

0.6

- Predicted W'Wjj EW (10x sM)

0 01 02 03 04 05 06 07 08 09
Signal DNN score

No evidence (as expected)

95% CL upper limit on g*B(Ww: Wi+ j):

0.45 fb (0.70 fb expected)

Events
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7

\IlIHIII\II

2 s WW ///%%
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Signal DNN score

Observed significance: 3.30
o*B(WwtW +jj)=0.88+0.30fb
SM prediction: 1.18 + 0.29 fb
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Ct)APP The Large Hadron Collider further in the future

EYETS 13.6 TeV

13 TeV

136-14 TeV
—— )
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CUAPP

Multiboson production at ee colliders

Inclusive diboson production: VERY high precision on aTGC

l+

Y

Jorge de Blas et al. Global SMEFT Fits at Future Colliders.
arXiv : 2206.08326

Jorge de Blas et al. On the future of Higgs, electroweak and
diboson measurements at lepton colliders.
Journal of High Energy Physics 2019.12

Eugenia Celada et al. Mapping the SMEFT at High-Energy
Colliders : from LEP and the (HL-)LHC to the FCC-ee.
arXiv : 2404.12809

But needs a high center-of-mass energy...
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(LAPP Conclusions

Run 2 has been a very productive period for multiboson analyses

» Vector boson scattering production

* first observed during Run 2 of the LHC into several diboson channels
* allows the quartic gauge boson couplings

* indirect study of the Higgs section through polarized VBS

» Most recent results

 Deeper and more precise measurements using increasing integrated luminosity
* First VBS analyses with polarized boson(s)

e Future: Novel analysis technics could allow to exceed simple prospective

Run 3 results ongoing

These analyses has been the result of long, fruitful collaborations
(COST, Erasmus+, Terascale research network...)
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