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e Why do we study vector boson scattering (VBS): theory introduction
(from very far in the past)

the first VBS analyses, evidences
and observations

e Legacy VBS results from LHC Run |l: 138 fb™! provide access to a wide
range of VBS final states — plethora of result

e VBS in the future: what do we need and what to expect from LHC Run-Il|
and Run-Ill|
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From weak interactions to
gauge boson scattering




Weak Interactions and Electroweak unification

The experimental evidence of a new “weak” force in the beginning of 20th
century puzzled particle physicists for half a century

e Fermi (1934): interpretation of the L L B B B
.. . 1.20f B ASYMMETRY (AT PULSE -
neutron B-decay as a four-point interaction z HEIGHT 10V)
$ H{ EXGHANGE
1] wiA” IO X GAS| IN ]
/ > 5 l
xlg .X
wl|® 100 * Fy I
. . = X
e Wu (1957): left and right eigenstates of £ :zf
. . . 030 =
the chirality behave differently under the 3|3
weak force, thus maximally violating Pairty v oso -
J-.Z]. 1 1 | ]
| | i
070346 & 6 iz 19 6 e
TIME IN MINUTES
e Lederman, Christenson (1957’ 1964) Fic. 2. Gamma anisotropy and beta asymmetry for
weak interactions violate CP [3’4] polarizing field pointing up and pointing down.
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https://link.springer.com/article/10.1007/BF02959820
https://journals.aps.org/pr/abstract/10.1103/PhysRev.105.1413
https://journals.aps.org/pr/abstract/10.1103/PhysRev.105.1415
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.138

Weak Interactions and Electroweak unification

The form for weak interaction is PROBLEMS
determined from experiment to be V-A: 1)
right-handed fermions do not interact

Weak force acts feebly at a
short distance: mediated by

Juj = 1I_Jvl’)’y(1 — Y5)¢P = ]X — ];;1 massive spin-1 vector
bosons from SU(2)
1231 D3 symmetry group
e ‘LL ve

2) Mass terms break gauge
invariance

—my (I 1g + IRI})
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Weak Interactions and Electroweak unification

The form for weak interaction is PROBLEMS
determined from experiment to be V-A: 1)
right-handed fermions do not interact

Weak force acts feebly at a
short distance: mediated by
Juj = l/_JVl’yy(l — ¥5); = ]X — ];:1 massive spin-1 vector
bosons from SU(2)

! symmetry group

7

2) Mass terms break gauge
invariance

—m; (I lg + IRI})
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Weak Interactions and Electroweak unification

The first theory to describe weak forces within a unified framework with electromagnetism
emerged in the 1960s, with Glashow [5], Weinberg [6], and Salam [7]: Electroweak theory.

Describe weak and electromagnetic interactions with SU(2), X U(1) gauge symmetry

U(1) field Yukawa SU(2) Yukawa SU(2)
1 1 tensor doublets singlets
— HV ya7a % = . -
‘C’g+f — _Zwa W;w - ZBF B],w T IPLZ'YFD;AIPL T lIJRl")’I’lDyl[JR

Neutral and Charged Currents + QED

Vu Vi w N The success of the EW theory relies on the
mechanism with which vector bosons
70 acquire mass:
- - i BEH mechanism [8,9,10]
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https://www.sciencedirect.com/science/article/abs/pii/0029558259901968?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.19.1264
https://www.worldscientific.com/doi/abs/10.1142/9789812795915_0034
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.508
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.321
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.585

Electroweak symmetry breaking

Infinite minima at ¢'\/u2/2A BEH mechanism: generate mass while
retaining gauge symmetry

3.9 — ?=1,A=1  Metastable(?)
201 =0 =1 Introduce complex scalar fields ¢
' — @=-1A=1 Stable transforming as a doublet under SU(2), with
2.5 non-vanishing v.e.v T
2.01 — _ 1[0
=5 Qb — ((Pulqbd) <¢>_\/§(v>
N 1.5 Our vacuum
Lol ¢ is subject to a scalar potential V(¢7¢)
t 2 ot t£\2
0.51 Ly = (Dy‘l’) (D¥¢) ‘|‘£‘ ' — A ‘P)J
0.0 Scalar Lagrangian —V2;+¢)
_-15 -0 ) =05 00 0.5 L0 L5 The Lagrangian is invariant but the vacuum
Higgs vacuum ) . .
is not — Spontaneous Symmetry Breaking
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The Brout-Englert-Higgs Mechanism

Expanding around the minima we find only one physical field: the Higgs field (h)

Local expansion Rotation + gauge choice

efek%( 0/ )N 1 (m(x)+iﬂz(x) )) su@, 1 ( 0 )

plx) = V2 \v+h(x)) ™ /2 \v+h(x)+ins(x " V2 \v+h(x)
(¢) 6= Goldstone mode o= Higgs mode

The scalar potential in unitary gauge shows that the
Higgs field is a massive scalar boson

V(pTp) = —u?h® — Avh® — Akt /4

(¢) (adimens.)

Mass term S N ,

\>____-H \X/
my = vV 2A0 yd RN,
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The Brout-Englert-Higgs Mechanism C%MS L/MLX

The origin of the electroweak gauge boson masses comes from the kinetic term of the
scalar Lagrangian evaluated on the non-vanishing v.e.v: SU(2) x U(1), — U(1),

<O|<P‘O> — <(P>0 < Cosvg?za):tggi(\f;ive Three massive bosons and a massless one
(O)D)) =30 o) (W +8%8,) () |- 2% [0V + 200+ (gl + g5, ]
Mass eigenstates _ -
Wi = (Wi W)y =g B 1os3| 1] 19284
Ly = ﬁ(gwi—g’%): mz = \/g2+g’2§ § 5:*;3'”‘&] A\ JW mn JJILL
1 T AR WSS M 66 W/
Ap = W(glw’?+g3”); ma =0 Phys.Lett.B 122 (19‘8:) 476-485 Phys.Lett.B 126 (1983) 398-410
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https://www.sciencedirect.com/science/article/abs/pii/0370269383916052?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0370269383901880?via%3Dihub

Experimental aspects of EWSB

Laboratoire ool
Leprince-Ringuet @

A major focus of the physics at ATLAS and CMS is to understand how electroweak
symmetry breaking occurs in nature: the Higgs boson is the main character

Discovery [11]

Couplings [12]

Self-Coupling [13]

c CMS Preliminary 138 fb~! (13 TeV) CIIVIS Preliminary . 138 fb™! (13 Tev)
> E>|> 100:—‘ | 't - K =K =Ky =Ky =1
() > - my = 125.38 GeV —e— Observed === 68% expected
(D M C pew=012 A e Median expected :----- 95% expected
- W'Wryy n
Te) 8 10—1 | - Obs. (Exp.): 95 (54)
= 3 bbzZz, 41 B m
-~ 1500 = Llf Obs. (Exp.): 33 (41)
n - e - |
= x 10 2 3 O Observed E Tt
% - T 68%CL(stat@sysyy | O E®):31@0)
> | 95% CL (stat & syst) Multilepton = =1
w4000 102}y = vemoons | | OO
© E B 3 generation fermions E bbW*'W B ]
2 {‘ | | 2M generation flermions ] Obs. (Exp.): 16 (18)
_C Ll Ll Lil . Ll L bBrYY = |
o) I 1 15[ — L (R S
(] ¢ Data t . = .
— = - bbrt
; 500 | — S+B Fit %) i J' B { i Ob:(‘éxp.): 3.4(5.3)
—~ | e B Fit Component L 1.0— \ 10k , = ]
L . O bbbb
? | [ J+1o | .(% - 1 1i i 1 1 obs. (Exp.): 75 4.3)
7)) | +20 ] o i 1 combined
¥ 0 PN N A TN T AN T T TN N NN S AN (Y SNV WO S M A B | | 09 | Obs. (Bxp.): 3.5 (2.5)
2 110 120 130 140 150 0.530 100 107 102 10 ~400
Gev Particle mass (GeV 95% CL limiton o(pp — HH) /o,
Y
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https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://cds.cern.ch/record/2929999?ln=en
https://cds.cern.ch/record/2917252?ln=en
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Experimental aspects of EWSB Z U/fLX

Precisely studying the physical particle of the BEH mechanism only yields a partial picture of
EWSB: A Tale of Goldstone Bosons

The longitudinal W and Z bosons are the “eaten”

Goldstone modes () from the Higgs field.

These modes are not physical particles, but become
q 4 the third polarization state of the massive W and Z

after EWSB.

quantumdiaries.com

At high energies, scattering of longitudinal
W/Z bosons probes the dynamics of EWSB
and the underlying Goldstone structure:
Equivalence Theorem [14,15,16]

AVLVy - ViVr) = A(mm — 7o)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1519
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.1145
https://www.sciencedirect.com/science/article/abs/pii/0550321385905802
https://www.quantumdiaries.org/2011/10/10/who-ate-the-higgs/

Scattering of gauge bosons - unitarization

Before discovering the Higgs boson, we already knew that mass values above ~1 TeV would
violate unitarity for longitudinally polarized gauge boson scattering

WiwW — Benjamin W. Lee et al. (1977) [17]
L VL
2.0 T
81V 2
My S5=—=M5=1(TeV/c?>
1.5 G
| For Higgs boson mass values above M_ ~ 1 TeV:
— 10
(o]
- e Gauge bosons could create a scalar bound state
which serves as a low-mass Higgs boson.
05 M, = 300 GeV/c? 1
e Weak interactions do become strong and begin to
display the attributes exhibited in the GeV energy
O 0 | 5 2 regime by strong interactions

2

s/MH
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.883

Scattering of gauge bosons - unitarization

“pb Denner, Hahn (1998) [18] W[ W, - WZ W The SM Higgs boson (4.5 GeV <m_<~2m,,,)
* h A\

10 ! ' ! ! cancels the energy growth of purely-bosonic
) (a) oo V V,— V|V, scattering, preserving unitarity.
101 - (b) ______ ~S3 - —
" (a)+(b) —-—-— ~S y
T @+m)+© ~S i}
108 | -
10° | -
10% —__';/’/ /_,./—*""//— (b)
102
100 Mg =100 GeV
| ! | | (c)
200 500 1000 2000 5000 10000
V5/GeV
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https://www.sciencedirect.com/science/article/abs/pii/S0550321398002879?via%3Dihub

Scattering of gauge bosons - unitarization

The discovery of a light Higgs at 125 GeV doesn't fully settle the story of longitudinal vector boson scattering

In UV complete models EWSB is not realized solely by a light Higgs boson (2HDM, Little Higgs, ...) —
strong V V, scattering between m,_and UV scale

Cross Section (pb)

10 ¢

100 I

K Cheung et al. [19]
10% = . .

WL WL - WL WL

-
o
w

-t
o
N

. -’

| Nature607(2022)60

”\

T Y

Assume hWW coupling is only a
CMS w:wasrew  fraction (y/8) of its SM value

K R
E wZ..®

W

SM

|44

atioto SM  K;

R

- ;I\ 1 1 Ll 1 3
N N L—
2F  1o0sf ﬂ .
F- === 1.00f == f—
/0.95— ]
i i iy aid L]

2000 30 5000 8_

1 10?
~5% Uncertainty on hVV couplings

The delicate cancellation between
gauge (g) and higgs (h) diagrams does
not happen if §+1

2 2
iME 4+ iMP ~ i 5
4mW 4mW
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https://doi.org/10.1103/PhysRevD.78.051701

LM X

Laboratoire
Leprince-Ringuet @ ems

VBS at the LHC - Run |
and the first observations




VBS signature at hadron colliders

Vector boson scattering (VBS) happens at the LHC when the two incoming
partons radiate electroweak vector bosons that interact with each other

e Final state with 6 fermions (VV) or 4 fermions +y (Vy ): 2

from the initial state partons, the others from the scattered \\i;
bosons decay |
¢ Peculiar kinematical properties: high Ar]jj and m,, low |
additional hadronic activity in the rapidity gap /'/iz
Higgs Endcap Barrel Endcap
4 ) o
e v
ﬁ":“w\ tag-jet
> < (p tag-jet
X< L :
\ J L
Vector bosons TGC / QGC e At LO VBS contributions come from purely-EW processes -
a°, QCD-induced a_*a* and the interference //

12th May 2025 Giacomo Boldrini - CNRS/IN2P3 - LLR, Ecole polytechnique 17



VBS signature at hadron colliders

3 CMS Experiment at the LHC, CERN p 4 .. 4 Lo,
§ Data recorded: 2017-Sep-24 20:50:54.54579 wW Z_]] — € Velh b 7]
Run/ Event/LS: 303832 / 1614954638 / 154

\

VBS “tag” forward jets

Electron energy
deposited in ECAL

Muons detected in
muon chambers

Neutrinos escape detection
and are inferred from
missing momentum in the
final state.
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VBS signature at hadron colliders

Laboratoire i
Leprince-Ringuet @ wearis

VBS processes are among the rarest at the LHC — and separating them by polarization makes the
measurement even more challenging.

Overview of CMS cross section results

wy 77eV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05f =il
Wy 13TeV  PRL 126 252002 (2021) a(Wy) = 1.4e+05 fb
zy 7Tev  PRD 89 (2014) 092005 a{Zy) = 1.6e+05 fb
2Zy 8TeV  JHEP 04 (2015) 164 o(Zy) =1.9e+05f>
ww 5.02 TeV PRL 127 (2021) 191801 oWW) =37e+04 b il
ww 7TeV  EPJC 73 (2013) 2610 o(WW) =52e+04fb o
ww 8TevV  EPJC 76 (2016) 401 a(WW) = 6e+04 fb
ww 13Tev  PRD 102 092001 (2020) o(WW) = 12e+05f
wz 5.02 TeV PRL 127 (2021) 191801 o(Wz) = 6.4e+03 fo N -
wz 7TeV  EPJC77(2017) 236 o(Wz) =2e+04fo i}
wz 8Tev  EPIC 77 (2017) 236 o(WZ) = 2.4e+04 b i
wz 13TeV  JHEP 07 (2022) 032 oWZ) = 5.1e+04f> |
2z 5.02Tev PRL 127 (2021) 191801 0(2Z) = 5.3e+03 fb
2z 7Tev  JHEP 01 (2013) 063 0(zz) =62e+03fo il
zz 8TeV  PLB 740 (2015) 250 0(22) = 7.7e+03 fb
2z 13TV  EPIC 81 (2021) 200 0(22) = 17e+04fb §
VBF W 8TeV  JHEP 11 (2016) 147 o(VBF W) = 42e+02fb  mifie
VBF W 13TeV  EPJC 80 (2020) 43 o(VBF W) = 6.2¢+03fb  mjp
VBF Z 7TeVv  JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 o mifiiiem
VBF Z 8 Tev EPJC 75 (2015) 66 o(VBF 2) = 1.7e+02 b miffe
e & edaadtus T i
EW WV 13Tev  PLB 834 (2022) 137438 OlEWWV) = 1.9e+03fb  mifliim
ex.yy=WW 8TeV  JHEP 08 (2016) 119 olex. yy-ww) =22 <SEEN
EWqqWy 8Tev  JHEP 06 (2017) 106 O(EW qaWy) = 11 fb
EWqqWy 13TeV  PRD 108 032017 oEW qawy) =24 1> e
EWosWW 13TeV  PLB 841 (2023) 137495 olEWosWW) =100 il
EWssWW 8TeV PRL 114 051801 (2015) olEWssww) = 4 b e -
EWssWW 13Tev  PLB 809 (2020) 135710 OEWssWW) = 4o waffl)
EWqqZy 8Tev  PLB 770 (2017) 380 O(EW qazZy) = 1.9 fb
EWQqqZy  13TeV  PRD 104 072001 (2021) olEWqqZy) =52 i}
EWqqWZ 13TeV  PLB 809 (2020) 135710 olEW qqW2Z) = 1810 =il
EWqqZZ 13TeV  PLB 812 (2020) 135992 olEW qazz) = 0.33 7o ([
L L L
1.0e+00 1.0e+02 1.0e+04
o [fb]

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction

5 fb?
137 fb~!
5 fp~1
20 b1
302 pb!
5 fb~1

19 fb-?
36 fb!
302 pb~!
5 fp-1
20 fb?
137 fb~!
302 pb~!
5 fp-1
20 fb~!
137 fb~!

19 fb~?
36 fb—!
5 fb-1
20 fb~!
36 fb!
138 fb~!
20 fb~!
20 fb!
138 fb~!
138 fb~!
19 fb™!
137 fo!
20 fb!
137 fb~!
137 fb~*
137 fo!
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Experimental aspects of EWSB Z U/LX

Laboratoire o
389.4 fb-1

Leprince-Ringuet @ weamis
267.2 fb-1
125.1 fb-1 193.0 fb-! 234.5 fb-

ey
€
[ 61 29.4 fb- i i

Run 1 Run 2 Run 3
2011 | 2014 | 2015 [ 2016 | 2017 | 2018 [ 2019 | 2020 | 2021 [ 2022 | 2023 [ 2024 [ ... ]

\ 7TeV| 8 TeV 13.6 TeV

cMs 19.4 fb™' (8 TeV) cms 19.7 fb™ (8 TeV) > : : | : 197 fb‘l‘ (8Tev) = 197 1 8 TeV]
(= T T a F o 1 a + Data
a - Data 1 S0 + Daa JHEP08(2016)119 3 cMs Dsia 3 10° E Signal region Wiy, )y +ets  E3QCD Wy + jets
) PRL114051801(2015) gy wyewysj B F oy WW A1 5410, A0, A, =500 GeV) s Muon channel = :l?::::« 1 8 mies 1
& I Other Bkgs. 100 71— WW (/A%=2*10%, al¥/A?=0, no form factor) e PLB770(2017)380 [iFake 4 @ mTopquark .
> 10 I Nonprompt - E o = ¥ E EEW Wy - zfats
w Wz | L SMyr>WW [ EWKWWaq g [ QcD Zy+ets E SUncertainty band
| 80| WM Diffractive WW [l W+iets o 5] [ EW Ziy+2jets . §
J [ M Elastic yy - 1t Inclusive diboson I.ﬁ Syslemalic uncertainty |
NN 60 [ W Inelastic yy — tt il Drell-Yan —
5 RN \ r M
\\t\\\\ \\\\\\ % t 777 Stat. uncert. in simulation
AN 1\\\\\\\\\ ,,,,,,,,,
20 o
E = e
0 . S . <
s s P PR N t 1
500 1000 1500 2000 s e E N T 400 600 800 1000 8 o . WA S
m; (GeV) Num. extra tracks M, (GeV) JHEP06(2017)106 m, (GeV)

Run | VBS searches focused on clean signatures exploiting photons to increase statistics (Zy, WY) or central
exclusive production. Limited energy reach for observables due to /s = 8 TeV. First VBS evidences at the LHC
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. CMS/ |
Experimental aspects of EWSB %

(E 125.1 fb-1 193.0 fb-! 234511 220 = \
- | 6.1 204 szt 220
Run 1 Run 2 Run 3
2011 | 2012 | 2013 | 2014 | 2015 | 2016 [ 2017 | 2018 [ 2019 | 2020 | 2021 [ 2022 [ 2023 [ 2024 | ...
\_ 7TeV 8TeV 13 TeV 13.6 TeV -
NG LINT Process Article Comments
194 fb=1 | EW WEW=jj(212vj)) PhysRevLett.114.051801 CMS finds 20
8 TeV 19.7 fb=1 | EW Zvjj(vv/1lyjj) | PhysLettB770(2017)380-402 CMS finds 3¢
19.7 fb1 EW WEqji(loyjj) JHEP06(2017)106 CMS finds 2.70
19.4 fb! EW W=Zjj(3lvjj) PhysRevLett.114.051801 CMS finds 20

Run | VBS searches focused on clean signatures exploiting photons to increase statistics (Zy, WY) or central
exclusive production. Limited energy reach for observables due to /s = 8 TeV. First VBS evidences at the LHC
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Run | VBS Same-sigh WW - ATLAS

B W*Zjj — 30vjj ~90% - undetected lepton . "
W*~jj where v — e*e™ or charge misidentified VBS Same'Sign WW Golden )
B W +jets, tf jet faking lepton channel: the presence of two TV
R i same-signed leptons reduces drastically LW v
© ATLAS . . ; e +
O o2 203fb1 5= 8ToV B g;;’;lior:énamty . the QCD-induced background , ;!
2 ! W*Wjj Electroweak J
€ W*WHjj Strong ] . . . .
2 10 W Prompt | ATLAS measured SSWW (EW+QCD) in an inclusive region and
,ﬁ% — g?t?gfrr\i;r?n;ompt ] SSWW (EW) in a more restrictive region m, > 500 GeV, |Ay,| >
: X h 2.4. EW-QCD interference always part of S|gnal
W
10" First evidence of Vector Boson Scattering
EW+QCD 4.5s.d - EW 3.6 s.d.
2 i e Data/Bkg
3 C : 3 Bkg Uncertainty ] N - -
2 5 :%<S'Q+Bk9>’5k9 - . Fiducial region o measured | o SM@LO
S OM : Inclusive (EW+QCD) | 24+ 0.6fb | 152+ 041 fb
200 400 600 800 1000 1200 1400 1600 1800 2000
° m, [GoV] VBS (EW) 1.3+ 0.4fb | 0.95+ 0.06

Phys. Rev. Lett. 113, 141803 (2014)
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https://doi.org/10.1103/PhysRevLett.113.141803

Run | VBS Same-sign WW - CMS LM X

B W +jets, tf jet faking lepton

— ete™ jet faking lepton or charge misidentified
H
B W*Zjj — 30vjj ~90% - undetected lepton

CMS 19.4 b (8 TeV)
T T 1 T T T T T [ T T T T
-e- Data
WA
i [ Other Bkgs. 1
[ Nonprompt
i N wz

Events / bin

-
o
I

§ o

s BN {

AN

NN |
AR

2000
m; (GeV)

Phys. Rev. Lett. 114, 051801 (2015)

0 n LS | T
500 1000 1500

Labor
Leprince-Ringuet @ ems

CMS performed the same analysis shortly after ATLAS
result: similar selections, slightly different background

composition

Process CMS ATLAS CMS/ATLAS
Prompt (~ W¥Z) | 1.0+ 01 | 83+12 12%
Nonprompt 43+08 | 6.3+11 68%
Total Bkg 57+08 | 159 +19 36%
EW+QCD WEW=jj | 89+ 04 | 152 + 0.8 59%
S/B 1.6 0.9 177%

First VBS analysis in CMS - no evidence
EW+QCD 2.0 s.d - EW 1.9 s.d.

Looser (mjj > 300 GeV) fiducial regions w.rt ATLAS (mjj > 500 GeV)

Fiducial region | o measured o SM
W=W= (EW+QCD) | 4.0725fb | 5.8+ 1.2fb(NLO)
W+Z (EW+QCD) | 10.8 +4.2fb | 4.4+ 4.0 (LO)
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https://doi.org/10.1103/PhysRevLett.114.051801

Run | VBS Same-sigh WW

Laboratoire
Leprince-Ri getﬁ

SSWW VBS at LHC — First time probing VVVV quartic
interactions!

Searches for new physics in terms of
e Indirect (ATLAS m; & CMS m,)): Anomalous quartic gauge couplings (aQGC)
e Direct (CMS): Georgl Machacek Higgs triplet HEE [20]

w0 _I T 1T ] L ] LI | LU I TIT T T TTTT I LI ] TTr T I LU | L l_ CMS 19.4 fb‘1 (8 Tev)
8 = ATLAS - 3 |_|_|lll|III||ITII||III|IIII|IIII
- ] S— 3 t Bt
k5 C 203 fb-1’ ‘rs =8TeV ] : —' VBEH= A0 SZZ?aNne:xpected
0.4 C pp — V_V_ W_Jl o I % | "-‘ Expected + 16
*2p K-matrix unitarization . 200 _ Expected + 26 i
0.2 ] | ‘\ mrmis vev = 35 GeV
C n T =n=u= vev = 25 GeV
O— T | — — vev =16 GeV
E - 1
- . T
~ T N
-0.2[ confidence intervals 7 Ay
- [68% CL ] X
'0.4 I 0, e b
- [1195% CL :
-0.6— —expected 95% CL _
L x Standard Model N
n | T N A N A | o | VS | 1111 | 11 l_ Ll
-O 4 -0 3 -0 2 -0.1 0 01 02 03 04 200 300 400 500 600 700 800
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https://www.sciencedirect.com/science/article/abs/pii/0550321385903256?via%3Dihub

Run | Central exclusive production yy—>WW

Laboratoire —
Leprince-Ringuet @ wears

s 10— T T T 3 . . .
3 ATLAS = oaazoiz Clnciww 3 LHC as a photon collider: each proton radiate a photon probing
S 10°L (s=8TeV, 202" %;“Lﬁw ;:":‘g‘stat = . .
B Bxcl WW signalregon o0 IS PyWW quartic coupling — protons are not detected
§ 10? --- allIA? = 2.0e-4 GeV?, al¥/A” = 0, A = 500 GeV é
Yoo, | ThOAZTEIIL (e noom .
| i U

107 :

10°0°"20 40 60 80 100 120 140 160 180 200
CERN-EP-2016-123 P [GeV]

CMS 19.7 fb" (8 TeV) . .

g F pata e Exclusive: The detector is almost empty, no additional tracks
o N 7Y = WW (@/A21.5"10%, a/A%=0, A ;=500 GeV) . . +1 -

ool A W el associated with 'L vertex

o ST B e Inclusive: additional radiation from UE associated with U*l"

L M Elastic yy - 1t nclusive diboson

60_— [ ] Inelasticytlya 7 Il ID.-;n.Yandb . Vertex

sof /St s - First evidence of Analysis o obs o SM S.D.

201 diboson exclusive ATLAS 6.9 + 2.6 4.4 +03fb, | 3.0

= e production CMS 10.8+45fb | 62+ 05fb | 3.4

1 2 3 4 5 6
JHEP 08 (2016) 119 Num. extra tracks
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https://www.arxiv.org/abs/1607.03745
https://doi.org/10.1007/JHEP08%282016%29119

CMS, |
Run | VBS Wy and Zy LM X

L ATLAS

Events / GeV

~200

15 Vs=8 TeV, 20.2 fb
- aQGC Region

LI [T IREEE SRR [T

—+—Data
B Z(vV)yjj EWK
Z(vv)yjj QCD
B W(ev)tjets
Bl Z(vV)tjets
B y+jets
Wry+jets
Tot. unc.

400 500 600
19.7 o™ (8 TeV
£ T T
a ,| CMS + Data
& 10° £~ Signal region W(—ptv,)y +jets  [mQCD Wy + jets 3
c mJets >y E
u>> W Zy and dibosons
w [ Top quark |
WEW Wy +2jets |
Y Uncertainty band
N\
Q 2
= spy
s 1F ?T- N N\ NN\
©® 05f 1
[=] 0
500 1000 1500 2000 2500
JHEP 06 (2017) 106 m, (GeV)

X

VBS of a massive vector boson (W,Z) + y

e Unique probe of WWyy and WW/Zy vertex
e Highest VBS cross-section ()
e Clean signature: leptons + photon + VBS jets

e Probes SM-forbidden neutral QGC: ZZZy, ZZyy and

Lyyy

Fiducial cross-sections and limits on aQGC show good
agreement with SM. Statistically limited for EW

Analysis | Signal o obs o SM S.D.
MSWY | vac | matart | modoets | o
EW A1+ 0.6f 94 +0af 2.
ATLAS 27 | eweacp ;.4 i%i;fs (Z.Z:: o(:lﬂ? °
RIGIET EWEgCD :—,791(:: :E 15? i 321 :tt)) 3.-0
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VBS at the LHC - Run Il and
precision measurements
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Experimental aspects of EWSB Z U/(LX

Laboratoire
Leprince-Ringuet @ wears

6.1 fb-1

29.4 fb-1

sarme 1531 IZITY

Run 1

Run 2

193.0 fb-!

234.5 fb-!

267.2fp1 3894 fb-

~

Run3

\ 7TeV 8TeV BTV N\ 13.6 TeV ]
. Cws ‘ 137 1" (13 TeV) CMS 137 o' (13 TeV) CcMS L=138 " (13 TeV) 5 138 b (13 TeV)
38 -r -o-:m = oss Expecied bkl ly stat L i Z ok —— I : ' = 3 1 E crlﬁs l ‘0 Data I ' rllonpror;pl Iapllons
2 W = R i 5 1 2 YV 319 40°k [ o dilep. 0S + (2y + jets)

g =¥,'.L.°':";Z" — < 6 - Expected bkg. only statssyst - 2 k I ov I vBFv, vy, vBSZONVG) | g 10 E KT, Other bkgs. N QCD SSWW
o -Vz;z (\ll * + Expected signal+bkg. Z 10 Nonprompt [l Top ‘ § 102 é, — - EW SSww vBs = fry= 1.0 Tev*
155 Nonprompt Observed 10° W+Jets [] vBs-w(w)v(i) -; u" 10 E = fynlae Sl e
e [ syst 3 4 L arXivi2410,04210
PLB809(2020)135710 il ek R— 10° PLB834(2022)137438 s S
: -1 7
2 — e
1 10”
. [ —— e 107
:F . ] |« s /0 3 o
8 N 23 ' — 4 H & 15E &
8 S S ! ! & S fr—y ¥
8 o ] E
500 1000 1500 2000 2500 0 ; 1'sﬂ-; 8 o 2 o o8 - '8 0'5(; 50 100 150 200 250 300 350 400 450 500
% (G PLB812(2020)136018 Sy,w, [fb] BN Esadiad ey e

Run Il VBS searches refined analyses with clean channels, multiple observations and evidences. First time
targeting polarized V V| —»V V,. Vs = 13 TeV allows for stronger constraints on aQGC / EFT parameters.
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Experimental aspects of EWSB

Vector Boson Scattering results with LHC Run-Il statistics

Zyjj VBS
Polarized __ Observation and osSWw SSWW(t,) .
SSWW differential xsec, limits on Observation and xsec xsec, EFT dim6- com b|nat|°n
o e PhEFSTFE%S”D"fM Phys.Lett.B834 CMS-PAS-SMP-22-008 | = CMS-PAS-SMP-24-013
tt.
S.Le l

ZZ to 4%jj . Wyijj .

Evidence and ﬁdl‘!;':ial WV_)z VJJ Observation and ZV_)t VJJ

e, (s o ST E Evidence and xsec differential xsec, Llimits on Search, EFT@dim8
‘Ph < Lett.B812 Phvs.L ett. 8834 EFT@dim8 combined WV
e — e — Phys.Rev.D108 CMS-PAS-SMP-22-011
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Experimental aspects of EWSB

Vector Boson Scattering results with LHC Run-Il statistics

ZZ to 4Ljj
Observation and fiducial
xsec, limits on EFT@dim8

Nature Physics 19

osww

Observation and xsec
Phys.Lett.B834

SSWWwW

xsec, EFT@dim8, H**
JHEP 04 (2024) 026

Laboratoire = retes
Leprince-Ringuet @ wears

Polarized SSWW
Evidence WLW>< limit on WLWL
CERN-EP-2025-048

2023 | 2024

2020 | 2021 | 2022 |
|

Z(w)yijj
Observation and inclusive
xsec, limits on EFT@dim8

Phys.L ett.B846

ATLAS

EXPERIMENT ‘ |

Wyij
Observation and
differential xsec, limits on
EFT@dim8
Eur.Phys.).C84

WZ-3¢8v

. Inclusive, differential xsec,
EFT@dim8
JHEP 06 (2024) 192

2025
-
|

vV—-0,1,2 £
Observation,
EFT@dim8

CERN-EP-2025-050
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Run Il VBS Same-sign WW / WZ - CMS LU X

Dominant Backgrounds

e R i o | ) st rom s
- e WZ: QCD-induced VBS WZ production (~73%)
e EW VBS WZ— 3lv contaminates SSWW: Process | EW-WZ | EW-WW | QCD-WZ | Nonprompt tux
SSWw 17.8 3.9 | 210 =26 | 42.7 = 7.4 193 =+ 40 7.4 £ 2.2
analyze them together Wz 69 + 15 = 17 £ 17 14.4 £+ 6.7 14.3 £ 2.8
e Energy reach extended from 2 to 3 TeV
e Signal extraction: m.:m for SSWW, BDT for WZ e e _
)] W 137 b (13 TeV) : 137 6" (13 TeV)
E [ cms | mmtwx + Data i s cMs | mvy ‘ “+ Data 1
E 1.5 |~ Preliminary -Wron sign \\\\kag l*mc' ‘g Preliminary -gt';'?;rgb?(lgrl ﬁgl\;gKlg\]ch
2 VBS jets s [ 5 Othr bk, EWK WZ g =Wz -
Anj>2.5 . B -ZZ b fl?)nprompt ]
M > 500 GeV B Nonprompt | W tvx
Py > 50 N B
e T R
0.5 :— gi}& { \
v i %m : NN\
R 3teptans Sy SR
ni‘n;szo GGevv |mn:;ln;z1|o<o1é e(i/ev | A_Ie?t%nﬁsv %’]3 : 3 g."'g”
2 <075 METZF3<°1GGV e ¢ EO: ; } : ; J . I 1 } : § ,,,,,,,,,,,,,,,,
0.(;ojo 7000 1500 2000 2500 _ 3000 ' ) 05 1
/ \ / \ v m; [GeV] BDT score
0 b-jets >1b-jets 0 b-jets >1b-jets 0 b-jets a g o
| 7 | | . || 7 | | v | E;’Zl Observed EW SSWW with significance >> 5 s.d.
WW SR WWCR [ | wzsR WZ CR zzcr and EW WZ with 6.8 s.d.
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Run Il VBS Same-sign WW / WZ - CMS % LML X

Differential cross-sections measurements in
VBS-enhanced fiducial regions: first time for VBS

Process o B (fb) Theory prediction (fb) TI}\\]?)(SYCESS‘:;EZI E'Vﬂ:;h
R 3.98 £0.45
EW W=W (0.37 ( (stat)) % 0.25 ( (syst))) 3.93+0.57 3.31+047
SR 4.42 +£0.47
EW+QCD W*W (0.39 ( (stat)) £ 0.25 ( (syst))) 4.34 £0.69 3.72£0.59
1.81 +£041
EWWZ (0.39 ( (stat)) + 0.14 ( (sysY)) 1.41+0.21 1.24+0.18
497 £0.46
EW+QCD WZ (0.40 ( (stat)) % 0.23 ( (syst))) 4.54 +0.90 4.36 +0.88
3.15+04
QCDWZ (0.45 ( (stat)) % 0.18 ( (syst))) 3.12+£0.70 3.12+£0.70
CMS 137 b (13 TeV) CMS 137 b (13 TeV)
;00157\l\\‘I\I\l\\\l‘\\\\‘l\l\4 ; _\\I\‘\\\\II\\I‘\II\‘I\\\_
(O | -e— Data B @O 0.008 - e pata —
Q[ o wemmpemeramaoen | QT —— woose oo,
=N [ D EWwZ b =, o oeemeeenees MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. -
. = R i= 0.006 1
£ o001 - £ g
s 118 1
8 1 8 oom ]
0005 [ ] [ ]
i 1 0.002 —

591.5 5-91.5,— E

218 1 2B 1 :

'_0'5‘”\.‘@‘.‘\””\“? OI57\\|1\\nww|‘ww|\w||\\.\\.€
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

m; [GeV] m; [GeV]

aQGC search carried under EFT framework constraining
dimension-8 operators with m,(VV) and m,

mr(W) = \/(Z ER — 3 p.,)

-1
_ oM wwem)  cws 197" (13 7o
— E E| = T
15 . E I tvx -¢- Data 3 :? 10% ; Vy I -¢- Data l -
.,g 10 E Vy . N\ Bkig. unc. H @ [ Wrong sign N\ Bkg. unc. 3
e .F [l Wrong sign ww E 103 [ Other bkg. I EWK WZ ]
o 10% & [ Other bkg. meEwkwz 2 fiat=20TeVv*  EEWZ E
Eoven, —f,/A%=29Tev*  EEWZ 3 £,/ A =20 TeV™* 22 i
102 5 ¥ — £ A" =20 Tev* ‘zz - 10 Tl ST [ Nonprompt 5
E » - = Nonprompt —= 10 I tvx ]
10E = =
1k *f“; 1
107 = < 107"
102 = = 1072
10 = T
| Il —

500 1000 o0
o [Gev] 0 500 1000

. 1500
miZ [GeV]

No excess of events with respect to the SM is observed
— aQGC limits 2x stronger than Run-|
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. . CMS, | \¢
Run Il VBS Same-sign polarized - CMS % I./MLX

The first ever measurement of production cross sections of polarized Vector Boson Scattering:
Simultaneous fits of W W /W, W_and W W, /W_W_

Polarizations depend on the reference frame Two BDTs to extract signals

e LL fraction in the WW c.m. frame is the largest e Signal BDT: separate LL from TX or LX from TT.
e Lab frame directly tied to observables Different training for each reference frame
CMS Simuiion (18 Te) CMS Simuion wtey | ® Inclusive BDT: unpolarized WW versus backgrounds
30.18;— ewww T 30.18— Tewww: T . . . . .
S T ; o —EwWw, i/ — 2D Fit Signal:Inclusive BDT in SSWW+WZ regions
0.14F T EWWW, 4 0.14f T EWWw; K
012 _._+ E 0.12¢ _._+_+: 137 ' (13 TeV) 137 ™! (13 TeV)
0.1 E 0.1 =t £ ‘ oK. ‘ 7 £ ' ke, j
0.08:* =t—__'::g:=1=+EE_|:=*=:.::*::.E 0.08F —l——l—=’=§_='_ ko E 4 cms !evthvzr bkg &g:;a unc. f 104 cms !\cl\’[“::[r bkg égla(tga unc.
an + == 2 21 W, W, /W W, WLWL ww* 2 W, W, /W, W. WLWL ww*
o8 T E 008" E 5 ST weow! mwz o T wew mwz
0.04f, e 0.04F— E @ 1g° T zz J o 10° T zz
0.02;_ WW frame ] 002 parton-parton frame E [ Nonprompt ] =:I¢;nprompt
T R R § R R R Y-S R ¥R RN R i
Aq)II A(DII

Corrections makes a difference

e The interference between the polarized samples is small
* NLO a, correction applied and equal for all modes

e NLO a small for LL: applied to TT, uncertainty on LL/T

0 0.5 1
BDT score BDT score
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Run Il VBS Same-sign polarized - CMS Z

-2AInL

cms_

137 b (13 TeV)

4} 95%CL

T S S e i e e s s sl S e e S A e e

L === Expected bkg. only stat :
6 | " Expected bkg. only stat+syst
Expected signal+bkg. 5

| = Observed

05 1

Phys. Lett. B 812 (2020) 136018

5
Sy, w, [fb]

W, W, significance of 2.3 s.d., 95% upper limit
on W W, production cross section of 1.17 fb

All measurements statistically dominated

Lab

WW c.m

Theoretical prediction (fb)

Process o8 (fb) NLO QCD+EW
WEWE  0.2473% 0.28 + 0.03
WyWwy  3.257339 3.324+0.37
WEWE 1401580 1.7140.19
WEWE  2.03733% 1.89 £ 0.21
Process o3 (fb) Theoretical prediction (fb)
NLO QCD+EW
WEWE 0321342 0.44 +0.05
WieWy  3.0673%% 3.13+0.35
WEWE 120733 1.63 + 0.18
WFEws 21113 1.94 % 0.21
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Run Il VBS Same-sign Seesaw - CMS > L/MLX

Same-sign WW can be used to test “seesaw” models
involving heavy Majorana neutrinos
Complementarity with neutrinoless double g decays

e Low-energy experiments study m__ upper limit at
90% of 61-165 meV [2/] and 79-180 meV [28]
e Muons heavier and m_ can be studied at LHC

q1

q2

Heavy neutrino

Wi
Von

N

Ve,n
W+

Laboratoire outicitare
Leprince-Ringuet @

Weinberg operator

q1

Ve,

V.

q2

W
——

a

&

2 Zg:
/)/%:\
/

')

50 GeV < m < 25 TeV from |V“N|2

Effective pu Majorana neutrino mass < 10.8 GeV

e 90% upper limit on mL:L of 55 GeV from NAG2 [29]

Same objects and regions of SM SSWW analysis

138 fb=1 (13 TeV)
T T T T T

£ 1 rrrrrrrr 1ttt 1 1 1 171
% 120+ CMS - ¢ Data
‘g Bkg. unc.
Lﬁ 100) [ Heavy Majorana neutrino SR Weinberg operator SR b-tagged CR WZ CR WZbCR 7] Nonprompt
\WE
Adi>2rad. | Ady<2rad. || pre<50Gev | pPss>50 Gev W
8ol 7] wiz
v +tZq
60 ] Other
t-channel my
40~ * ] my =750 GeV (x0.1)
) i S ___ t-channel my
oof s "H} | ' " . my=1.5TeV (x0.1)
i':'_'l s . t—channel my
TR e Y e lerm || == RSN my =5.0 TeV (x0.3)
s =T T 1 T 1 T T T Weinberg op.
s[g!° 4 ) T cf¥=1,A=200 TeV (x6000)
8Ig'9 4 cseespaden ++ S
= 0-5E. I S I N |
RN q/fo £ RN ‘7/’(0 ]
Hr/pr(p1)

Phys. Rev. Lett. 131

|VpN|2

138 fb~' (13 TeV)
——

0.01 | ¥ h

95% CL upper limit

© JHEP 01(2019)122

~ PRL 120(2018)221801

Observed

Expected -
68% expected ]
95% expected ]
CMS same-sign dilepton

CMS trilepton

-
my (GeV)
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Run Il VBS Same-sign WW(z,) - CMS

Events

Same-sign WW. One 1, —first time in VBS

7 Decay e | p| w | wrw® | 37w | Other
BR(%) || 18 | 18 | 1 25 18 10
Region | EW-VBS | Fake tt 0S+Z/~ | QCD-VBS
SR er, 3.0% 92.2% 0.9% 2.0% 0.3%
SR puTy 31% 93.3% 0.5% 1.7% 0.3%
tt CR - 371% | 61.6% 8.2% -
OSCR = 56.4% 7.9% 351% =
e 1387 (13TeV) 13817 (13 TeV)
10° Zr CMS + gzm ] ?:bz:::vw Vs % i e CMS ! +T Data l Nonprompt Ieptons_
(| pecminary wx vy @ % E Preliminary i dilep. 0S +(Zly +jets) §
10 £ Signal Region nwdzl zswzn:Lje‘sl) 10° - ptt Other bkgs. [ acD ssww vBS g
1ot E - Ew ::ww vBS W s::_piors";t. 3‘:.:"5 10 —— EWsSWWVBS 777 Stat. Unc. ‘%
L CMS-SMP-22-008 =
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0 - s, 27 i ;
107" —%
1072 é
- P15E
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§ OF - Pre-fitUnc. [ Post it Unc. 4 ‘g 0.5 E
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LU X

Laboratoire
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EW W=zxW4jj — £1h2vjj significance of 2.7
o (2.90 EW+QCD)

BSM search in the context of SMEFT up to
dimension-8: no deviations from SM
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+Z[ zReASMATHf2 o)
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|AP -2Re(AsuAD ) + Z
hB

- (Ag, Ab,) ]
] First time in VBS!
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— Expected (68%) ---- Expected (95%) — Expected (68%) ---- Expected (95%)
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LU X

Laboratoire
Leprince-Ringuet @

Measured inclusive fiducial cross section show

Recent ATLAS updated Run-ll measurement of excess over
VBS_SSWW Description oV [fb] ohy AP (1]

Run Il VBS Same-sign - ATLAS

fid
H . _ Measured cross section  2.92 + 0.22 (stat.) = 0.19 (syst.) 3.38 + 0.22 (stat.) + 0.19 (syst.)
e Similar CMS approach: SSWW SR, low-m, and WZ CRs MGS_AMC+Hexwic? 253 + 004 PDF) "3 (cale) 292 + 005 PDF) 53 (el
e Different background composition: QCD—WZ dominant, high RGSEEME. Eci i e s S HEDE) ) il R G(FT (k)
. . SHERPA 2.48 + 0.04 (PDF) * 9%1 (scale) 2.92 + 0.03 (PDF) j‘é- -gigl (scale)
nonprompt rejection Suerea ® NLOEW  2.10 +0.03 (PDF) *0% (scale)  2.54 = 0.03 (PDF) *00 (scale)
PowHEG Box+PyTHIA 2.64 -
Process EW-wz EW-WW | QCD-WZ | QCD-WW | Nonprompt Oire L fducial i EW and EW10CD
Ifferentia ucial cross sections an +
SSWW-SR | 149 +1.2 | 235+5 83+09 24+ 7 56 + 16 . : ( ) QCD)
show large mismodelling for m.. Agreement in other
% 3.3 52.5 18.5 5.3 12.5 b bl
observables . EW W*W*jj | Inclusive W*W*j .
Variable | , Py Max. value in data
> S EEEAN B UL LR RN RO IR RELEY DD~ > 60 N I L L AL A B X“/Naot  p-value | x°/Naot  p-value
] ® Data B WAWEj EW (bin 1) IlIWAWHj EW (bin 2) L ® Data W WAEWE EW (bin 1) IlIWSWHj EW (bin 2)
g W W:WHj EW (bin 3) [l WAWHj EW (bin 4) IIW*W*jj EW (bin 5) 3 g W WA EW (bin 3) [l WWHjj EW (bin 4) IllWWHjj EW (bin 5) mee | 45/6 0.605 ‘ 7.34/6 el ‘ 1081 GeV
= WA EW (bin 6) IWAWH Int wwjaco ©  S0F gwewsj Ew (oin &) BIW W Int WAWHj acD my 13.0/6 0.043 | 1633/6  0.012 1270 Gev
*2 Bwz acb Bwzew Non-prompt 3 *g Bwz acb Bwzew Non-prompt
% Conversions Other prompt 7 Tot. Uncert. E :>j 40 Conversions Other prompt 7 Tot. Uncert. E 0.2 A‘TLAIS ! lDa‘a‘ T ! T _i E‘O.zb* ATL A‘s .'Data ! !
3 © 0.185 /5 =13 TeV, 139 fp" = VG5 auC+Hemwig? : ° (5=13TeV, 139 fp" * MOS.aMC+Henig7
ATLAS E ! ATLAS 5 0.16F EW Wewj e el i I 1E O ewwewsy S Pouoioiines B
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me. [GeV] m; (GeV] m,.[GeV] my[GeV]
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Run Il VBS Same-sign - ATLAS

Upper limits at 95% CL on the product of the cross

> LT T 1 ] . . .
& 30b VéTLAS 1 . . section and branching fraction for doubly charged
- Vs=13TeV, 139 fb" ® Dat . . - .
e I ;_}Wia,iﬂ e H (300), sin(6,)= 021 ] Higgs H** (Georgi-Machacek [20]) show excess at 450
£ 25 SRinclusive m; — H™ (450), sin(8,,) = 0.25 = GeV following m.. discrepancy
S L post.Fit H (1000), sin(6,,) = 0.32 ] T
> - i 7
W oo N WEWE Conversions _] & { o s s e s
C Z - wz Other prompt ] = - ATLAS Local significance 450 GeV: 3.3
15 Non-prompt 77/ Tot. Uncert. 2 0.8 ~ 5=13Tev 139f," « Global significance 450 GeV: 2.5
E ] 0.8 N i AR
10 Z_ _Z c Obs. 95% CL upper limit
u JHEP 04 (2024) 026 ] 0'7:_——Exp. 95% CL upper limit
50 v i 0.6 =[] Expected limit (1)
Lo ] 05 [ ] Expected limit (+20)
1 2 ke 5 = v ym(H) > 0.1
4 + m 04—
= 12F . 03F =
= P 7 Ny - 2 ]
®© N + A 0.2 o~ —
° 08 3 \ E = :
E ] 0.1F 3
0.6 — - .
l I I ‘ ; ' ‘ : 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 :
¥ = 1008 1209 ¢ 400 600 800 1000 1200 1400
m; [GeV] m, - [GeV]
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https://www.sciencedirect.com/science/article/abs/pii/0550321385903256?via%3Dihub
https://doi.org/10.1007/JHEP04%282024%29026

Laboratoire i
Leprince-Ringuet @ wears

WEWEj EW ATLAS recently interpreted its Run Il VBS SSWW
- measurement in terms of polarization states

WEW;jj EW
m WEWEj Int CERN-EP-2025-048

Run Il VBS Same-sign polarized - ATLAS

Other prompt . Q)
Conversion g WEWjj QCD e CMS approach: inclusive DNN (VBS vs Bkg) and polarization
Non-prompt 7 QCD DNN (LL vs TX & LX vs TT)
WZ EW
— e Precise predictions: real QCD correction @LO (3j) (SHERPA
[21])+ full NLO EW corrections for polarizations [22]
R __ . || VBSvsBKG
' 3 categories LO 2—-6 LO 2—7 QCD NLO EW
packaround 99 — WEW3jj @eLo 99 — W=Wjjj @Lo i
l l q1 E] a1 a3 q1
WEW=jj EW Wi Wi jj EW Vi n n

WEWETEW

ks + +
WEWEjj EW Wt w i \W@ i w W i
+ ... + ... l
Wi 12} 1 Wi 123 L
W= w* L M""‘\»\,\< )
5 + w=
w g

92 qa q2 qa 2

Iy

g g2 g4

2 DNN Polarization discriminators
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https://link.springer.com/article/10.1007/JHEP04(2024)001
https://link.springer.com/article/10.1007/JHEP11(2024)115
https://arxiv.org/abs/2503.11317

Run Il VBS Same-sign polarized - ATLAS

ATLAS reports first evidence for longitudinal polarization in

vector boson scattering W, W, 3.30 (CMS 2.30).

95% CL upper limit of 1.5 x SM, 0.45 fb on W W, (CMS 1.17)

£

Laboratoire
Leprince-Ringuet 0

All results reported in WW c.m. rest
frame but also done, with limited
sensitivity with Lab rest frame.

Inclusive fiducial cross sections (W W, 0.88 + 0.30 fb) in agreement Slight tension with unpolarized results +
with SM predictions — Statlstlcally llmlted

WZ EW not floating

Process  Predicted o8B (fb) Measured o8B (fb) { m WZ(QCD) WW(EW) ww
WEWEjj 0.29+0.07 0.01+0.21 (tot.) ~ +0.20 (stat.) Unpolarized | 0.67+0.07 | 115+ 012 116 + 0.11
WiW=*jj 2.56 + 0.64 3.39+0.35 (tot.)  +0.30 (stat.)
WEW=jj 1.18 £0.29 0.88+0.30 (tot.)  +0.28 (stat.) © wz(Qcp) W, W, Wy
WEWEjj 1.67 +0.40 2.49 £0.32 (tot.)  +0.30 (stat.) Polarized 0.74 4+ 0.08 | 0.75+0.08 0.75 £ 0.08
ATLAS Vs =13 TeV, 140 b WEW fit ATLAS 15 =13 TeV, 140 LA I oW fit
o A A L AT t—b— B iS5 = . =
200F Incl. DNN bin 0 -+ Incl. DNN bin 1 Incl. DNN bin 2 80 incl. DN b'" 0 : inc. DN bin o DRNbn2 2
150 ;— 60F- 3  epaa B w:w;j Ew
100E- o i 402_ 3 Ewwgiew  Ewwii EW
E ﬁ = 2 wWwWj Int W*Wjj QCD
50( 20* Bwzacp Bwzew
s 0 0 in === OF Non-prompt Conversions
n 1.25 * * ‘ ' % 1.25 + Other prompt 7/ Tot. Uncert.
PP + g R ++++ T Afeelemoopramosspuaianagrt ool g on = +Predicted W;W;jj EW (10x SM)
5 0.75 : - 5 0.75
Q 05 : N :
"0 > 1 > 2 »3 0 05 > 1 >2 >3

Signal DNN score + Incl. DNN bin

Signal DNN score + Incl. DNN bin
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Run Il Opposite Sign WW - CMS LM X

VBS of two W bosons with opposite charge W*W-
¢ Unitarization via s/t/u Higgs exchange
e Overwhelmed by backgrounds (tt, DY, QCD-VBS)

v

CMS studied leptonic OSWW WW-— (ee, ey, pu)vv " CMs 138713 TeV)
Flavour-dependent background composition & signal extraction. Fine < 105; 4 Data Higgs  Nonprompt _
stratification to control DY background (hard and PU) in An, bins o E o E\E/’;S QCD-nduced WW- 2
e ee, yp — Dominant DY. 8 bins of m; and Ar]jj for residual sensitivity 10 ?ths. Lett B 841 (2023) 137495 Z<1 E
e ey — Dominant tt, reduced DY. DNN trained in Z=1 dominates E
sensitivity _
The VBS EW production of W*W- is observed for the first 10;5 — %5
time with a significance 5.60 1L _"_%ﬁ;

Fiducial region o meas o SM@LO 10" I

A % 15 E_ XY Uncertainties e _5
Inclusive (mgq > 100 GeV) | 99+20fb | 89+5fb s 1 i

: o OSF ‘ 5
Exclusive (mgq > 300 GeV) | 102 +2.0fb | 91+ 06 o o2 o0& o6 08
DNN output
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https://doi.org/10.1016/j.physletb.2022.137495

Run Il Opposite Sign WW - ATLAS LM X

ATLAS analyzed leptonic OSWW but only in ep final state.

2 AU I R I

e m(ey) < 80 GeV suppresses VBF-h L% 2 Asn::gTev 140 fo! ‘ EE)\zj\:aKW*W'Jj %tEfWKWWJJ E
e Missing E; > 15 GeV further suppresses Drell-Yan soor 3 jets SR [l single top [ Strong W'Wj ]
e No m, cut but SR split by jet multiplicity (2/3) — 10 increase - Post-Fit M zvets  [Mutibosons ]
e Simpler analysis w.rt CMS — backgrounds more stable 500/ __,‘W”ets 77 \ncertanly -
w0f P _

Nonprompt CR f% 7 7 i

- - » E E
etu™ +2/3 3008 ,‘A, ______ ]
it o ook v E
100 777 =

° 0 gg’/?//‘ _

o %

. £ 125 " Z
Region | EW-VBS | QCD-VBS | Top S Tmmr %// ¢

. 8 075 %

SR3j 21% 20.2% 72.7% JHEP 07 (2024) 254 ,

5,
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https://doi.org/10.1007/JHEP07%282024%29254

Run Il Opposite Sign WW - ATLAS LM X

° L L L L B L R R R R RN R o N N N R AN RN R
5 ATLAS @ Data [ JEwkwwj 3 § - ATLAS @ Data [ JEWKW'Wj
i {5 =13 TeV, 140 fbo" - Ewk w'wij [ 1 W qpfe Vs =13TeV, 140 o' Ewk w'wjj [t E
2 jets SR [ single top [ Strong W'Wijj 3 F 3jets SR [ single top  []Strong W'Wjj J
Post-Fit B Z+jets [ Multibosons - Post-Fit B Z+jets [ Muttibosons
[ Wets 7/ Uncertainty | s i [ WHjets 7/ Uncertainty |
107 =
3 E —— Pre-fit/Post-fit 3 £ —— Pre-fit/Post-fit
e — : 3 &
B ?yafqut/‘/}T;#if;WWM% 5 &WWW%
a 075 3
0.55 >

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09
NN output NN output

Same amount of signal in CMS, ATLAS eu SRs less

bkg in CMS— ATLAS improvement from DNN

e Trained with additional inputs: m My A¢J.j , miss E, g,
ZJ.3

e CMS lastbin:s~14,b~ 10 > shh/b ~ 4.4

e ATLAS last bin:s ~ 60,b ~ 35 — s/y/b ~ 10.1

125

Two DNNs trained in 2j and 3j SR to
distinguish EW VBS from tt + single-t +
QCD-VBS: Observation of EW

W*W+ji — ep2vijj with a significance of 7.1o

ATLAS {s=13 TeV, 140 o™
: : .

|

* 1.00 * gg Lu(top)

|

:

—e— 0.84 01 u(Strong W'W7j )

|

I

1:—0— 1.2179% L(EWK W'W7j)
005 1 15 2 25

Source Impact % . . . .
Total w5 Fiducial x.—sec |n.r.eg|on close to
Data stat. 12.3 the SR with additional m.. >

oyt | 188 | 500 GeV (- DNN > 0.6): ~

MC stat. 77

Top theory 6.3 suppress triboson
Sig. theory 5.8

JES 4.9 J g )
Tap norm. - Ogbs =2. 65+% l;.%fb; OgXP = 2'20J:(())'.1§fb
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Run Il semileptonic WV/ZV - CMS Z I-/ML

Labo atoire

L=139 fb?! allowed CMS to first study semileptonic VBS signatures:
WV— yjj and ZV— £¢jj

e Hadronic decay: merged or resolved topologies
e Select large-R tagged jet or 2 small-R jets

5

Wﬁé /

X

“Ringuet @ o

o\
\ 71
Wﬁ\; =
L vq

e Quark-gluon likelihood to distinguish V from g/g from jets

CMS Work in progress
E T T

L =59.7/fb (13 TeV)

CMS Work in progress

L =59.7/ib (13 TeV)

Harsh multijet background. Main source from V+jets production — @ ; o
Difficult background modelling 15 e e 3
. ) r ‘°;’ Preﬁt- lna :
e V+Jets MC: NLO W+lJets brings no improvement + larger stat. Resolved
uncertainty — Madgraph+Pythia8 samples, HT binned up to 4 partons 5 b . = % ] S S————
LO@QCD. CMS Work inprogress ' L 137ﬁb::I;m;:C\IF;‘ JV. =137‘/’lvg‘s(;§n¥:\;;n
. . . g P = T 3
e Data-driven correction to the V+Jets LO sample measure V+jets g wELrT L 15 wpme me
.. . . . . g owE 18 1
normalization in bins of pTV and subleading VBS jet p. P L EEe Ele 1
i 0;_:’—_‘——\ - E _._-N L
. . S S of Postfit - S T =
Trading off systematic uncertainties for a better background description B‘;Zsted | F Resolved
— Need for precise background predictions for future measurements 1o i
4t
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Run Il semileptonic WV/ZV - CMS Z LU X

e DNNs used for signal extraction (boost/res): ~3x better than mijj Very stringent limits on dlmenS|on-$ EF_T
o ZV further split for N. b-tag to better model Z+jets coefficients (~aQGC) from the combination
of the two semileptonic boosted channels
CMS reports first evidence for EW WV 4.40. EW (WV+2V) using VV mass— No excess
ZV 1.30. Results are statistically dominated over SM background is observed
138 b (13 TeV)
pew = 0.85 & 0.12(stat) £ 79 (syst) = 0.857% %3 +0.53 +0.61 & — T T3
Hew+-ac —o97iooa(stat)°+‘:’,7;9,(syst)—097+8_2:§ pEw = 0.637 o. 51(‘I 00_ 4, 58) ‘E105 CMS PreI/mlnary +Data Drell-Yan
:>J’ SR boosted b-tag M Vy+Vy"  lVBF-V E
CMS frofmbay L= 137/ (18 TeY) R 1.??.?“(‘1.?:?.\/.) 10° -ézs QCD.‘&‘LEF .
% 107 ; W+‘VVV l -DY I ; §10 CMs Pre[lmlnary +Data Drell-Yan [l nonprompt —fp=1. 0TeV4
% E =VBF-V, Vy, VBS-ZIIVjj Clvorl prompt 3 5107 SR resolved-b-veto =xYB;VgICD .:/BF-V
~ - top +Jets =1 o)
% 106; [ vBs-winuvjj 7; S10° mitzq -Otmer
E I 2108 L Ml nonprompt  — VBS EW
[ Phys.ett.B834(2022)137438 || &, T
10° = =
:_—0—** E 103
10 - =] 102
; ] 10
1035— \\\\\\\\ 1
5 197 FRES IR IR 3 15| CMS-PAS-SMP-22-011
3 12 E 1.2 ~ =4
g M o5 R S et gty ] 05
% 091 E g T ! = § gg + Post-fit = Pre-fit a - 'POStft ﬂpreft N T
8 o8, : : _ ; : 0701702 03 04 05 06 07 08 08 1 500 1000 1500 2000 . 2500
’ " " " OISNN boosted1 DNN score MZV (GeV)
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https://cds.cern.ch/record/2926224/
https://doi.org/10.1016/j.physletb.2022.137438

Run Il semileptonic WV/ZV - ATLAS

Laboratoire ot
Leprince-Ringuet @ wears

T T T T T T T T T
ATLAS ¢ Data Z+jets
B - Vs=13TeV, 140 o™ Qcb wW W Top
2-lep Resolved ZCR W W+jets
.

T T T T T T T T T
ATLAS + Data Z+jets
Vs=13TeV, 140 fb”" QCD wW W Top
2-ep Merged ZCR W W+jets
.

Events
Events

ATLAS recently analyzed semileptonic VBS
channels including Z—vv decays (0-lep). Similar
CMS approach:

e Hadronic decay: merged or resolved topologies

e Select large-R tagged jet or 2 small-R jets g, 1 B

500 1000 1500 2000 2500 3000 3500 4000 g500 5000 500 1000 1500 2000 2500 3000 3500 4000‘4500 5000

S R m;® [GeV] m;*[GeV]
0- lepton — ZZ — vv2j
V . -CR O e e s e gt i o 2 [ e
JJ 8 E ?TL‘ST i t Data - other bkgs g 05¢ ?TLAS o t Data - other bkgs
o L ¥s=13TeV, 140 . o L /s = 13 TeV, 140 fb™ .
E 0.4~ 2.16p Merged zCR — Ztjets '§ 0.4 ZHep Resalved ZCR —— Ztjets
£ F e b .
SR g : L
5 3 osf

I-lepton  WCR — | W2Vl
TopCR

0.2F

01F

0 0 L 1 1 L ) 1 1 L@yl 1 3
SR 3 1 E -
o o o
2-lept0n ZCR Vv — 2[21 % 05F — linear fit ,Fé 0.5F Ii;rﬁt\\
o o
05 00 1000 1500 2000 2500 3000 3500 4000 4500 5000 0500 1000 1500 2000 2500 3000 3500 4000 4500 5000
m® [GeV] m[GeV]

i i

As for CMS, W+jets and Z+jets are not well-modelled i 0,1,2 lep regions as function of m;, — Data
driven correction to V+jets

e Linear fit to data - bkg m; normalized to unity for W(Z)+jets in 1(2)-lep
e Extract W+jets and Z+jets together in O-lep
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Run Il semileptonic WV/ZV - ATLAS Z U/fL

Laboratoire
Leprince-Ringuet @ voans

> 2 Ty Vo
I [ is=13Tev, L =5VWKW”(" 1:28). @ {5 =13TeV, 140 " =Ex;§'{:""(""'u) I [ fs=13Tev, 140" -sszWﬁ(pﬂ.ﬂ)
w — I — | — —T l — I —T I — | — I — E 1oa?l)-hp,Mcrv.lewrPuﬂrySR = i;::‘ 1-lep, Merged High-Purity SR = 103?2-thM«vthivh-PulitySR -Tip .
‘g’ 1085 ATLAS ¢ Data B W+ets 3 i O-lep S, D [l lep D
o - ’ ) Z+jets B Top -
T} S »/E|- 13 TeV, 140 fb QCDW  EMEWKWj -
107 E N\ Uncertainty =R . "GEEERG. o "R
FH |gh Punty Low-Purlty Resolved : TCR : Merged ! Resolved 3
L SR i SR : 1 VCR 'VCR ] . ‘ . = : T
106E l E E E . - E E”:E w.w w‘lﬁ §1>21E \‘\‘\ EL:E \‘ "l"'L“A }TH
E H H 1 3 505% 1 L | 3 EO'SE ’g ‘EOSE I | NN
5 - : o — 0 01 02 0.3 04 0.5 06 0.7 O:NNOQ 1 0 041 02 03 (14 05 06 07 08 09 1 a 0 01 02 03 04 05 0.6 07 OSN’\?Q 1
1 0 E : score RNN score ‘score
=] ¢ - . . .
o i IT TO rhecurren eura etwork trained on agains
- FittoR tN L Network t d on VBS VV against Bkg
5 ' ATLAS reports first observation for semileptonic VBS 7.40
10 1
obs _ +0.23 _ + +0.20
102 pds = 128402 = 1.28 + 0.09 (stat.) *020 (syst.)
£ ol md P Dominated by signal modelling and
G [ G-nmuon SR jet reconstruction uncertainties
KT 2| sy 25 ;
© ) ] [ " Diboson ]
£1.05 \ 1 @ =
= 1 \\\ \\\ ] . . 3 .
% 0.95 e \ \ 3 ] Limits on EFT dimension-8
0 959 E operators ~ 2/3 times worse than
" o o o o o o Q. O. Q. 3. b 'U Q. Q. Q. Q. Q. o ; | . oy
;‘.’%’;‘.’-?i.’-‘f—’i.’i.’i."g S2222 2R e - CMS despite additional O-lep
— O - N O - n'_ n.' 8 O v~ N O «~ « % 1E\\\\\\\\\\\\\«\\\\\\\\\\\\\\\\\\\\ \\\\\\% h l d h h t t t SM
5 § & 8 085 cnannet an igner sensitvi 0)
CERN EP 2025_050 Ig) S o 0 01 02 03 04 05 06 07 OSN'\?:CM; g y
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https://doi.org/10.48550/arXiv.2503.17461

LU X

Laboratoire i
Leprince-Ringuet @ wears

Other interesting Run |l results

Observation of central exclusive production of 7 pair CMS reports ep‘g%‘;“égfﬁ;;g?s ZZ(4t) 4.00
Probing QED quantum corrections — a_

. 10‘3(:M§ I137ﬂ‘7"(13‘TeVJ : ‘ : ‘l_‘:i_ﬂb‘l(\aTeVi
3 _% ~+- Data
£ - [ Z+X
] m; > 100 GeV = m.>100 Gev [ /ttZ, vz
p [ ) ; i ' e
1 1 LLLL ¥‘i‘1_‘_ i ) =z
EW ZZjj
0y P Ly S v 7 = z

Clfr/A*=2Tev?

7 — —T

oy v v o
, o 4 @ 5 N e T
'
8 it
¥ 8 oF 01*0; e *0*4 0*5*0: U 200 400 600 800 1000 1200 1400
CMS Preliminary 138 fb™' (13 TeV) CMS 138 1o (13 Tev) e e m, [GeV]
@ 2500 n - ———
€ [ +Observed@ZIy* — 11 [Z/y" - eelun o Observed —68%CL — 95% CL . .
2 soop T oMW i WiotmisiD OPAL LA R ATLAS observes VBS ZZ(4¢) + differential xsec
F ee - Z — 1y
o PLB 434 (1998) 188 Nature19(2023) and JHEP01(2024)004
1500} *
[ £ ee —»Z — 1ty ——————— 25 107 : g
oo % | PLB 434 1999) 169 f e B e || |§ EEE it
E Rinc” 20 o Uncertai i ' .
i o D’YEEfw (¢ from &) » R :ru:r:rs Incertainty 2|£ 1073?.7 . Total unc. 7;
asiF EPJC 35 (2004) 159 - S s V/5=13TeV, 139 1" E . E
r ATLAS 8 gz O 4
Yy — 71t (y from Pb) —— 2 SR o T =
PRL 131 (2023) 151802 5 3
w F ) |
g 12 NS oy : == B
LI\J PRL 131 (2023) 151803 . EW"IHPWNEG-WEJ‘ZZV(Vﬂu‘)15.FERPAJI B
% cms i 18 & s
8 09+ ] «_ﬁ/\a 1 (?{ from p) . ’g 132 . L 2 —+ 5t %
is resu : X | 2 . .
N S S S B | Ja DT || d
Rep.Prog.Phys 87(2024)107801 ... a O oh-0h-aa-us B 2 DA e 95 1 107 C
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https://iopscience.iop.org/article/10.1088/1361-6633/ad6fcb
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via%3Dihub
https://www.nature.com/articles/s41567-022-01757-y
https://doi.org/10.1007/JHEP01%282024%29004

Leprince-Ringuet @ ems

Piecing together the puzzle: a
comprehensive look at vector
boson scattering in CMS

CMS-PAS-SMP-24-013
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https://cds.cern.ch/record/2929074

. . CMS,/|
Run Il VBS Combination - CMS l % L/MLX

Multiple CMS results in VBS, sensitive to a mixture of vector bosons types — Combination

6 parameters

4 parameters

WEWF, wrwt, w—-w—, wtz, w-2z, 2z WEw*, wtwF, wtz, zz
CMSPrelliminaryl _ - _ 138fb'(13TeV) CIVIISIIDrelliminary' . - _ 138fb' (13 TeV)
Testing _WWS EEWHW EEWWS W EEWZ e zZ m OSWW SSWw  mm Wz mm ZZ
production SISWITEN) 31,48 events
_
charge sswwie, ) I

asym mEtry at OSWW LR B R
LHC by Spllttlng WAVl 4772.49 events
for W boson

. ("4 79.87 events
electric charge —

6 parameters

00 02 04 06 08 10 02 04 06 08 10
Signals fraction
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Run Il VBS Combination - CMS LMLX

Phys. Lett. B 834 (2022) 137438

EW Production Final states -
Vector Boson Scattering SSWW OSWW WZ Z7Z > cms . L T 1381 ‘(13TeV_)
= . Z 10° —+ Data WWAHVW e
g o £ ¢ % B oy [ VBF-V, vy, VBS-ZWV() ]
W:l: 7% A % 10 Nonprompt -Top E
Ve, q £r.q g o 10° Welets  [_] vBS-W()V(i) -
gi = - ‘- Syst. 3
el i, z WV
7] Ve 7 o+
7 - q
w+t VA Z B
A o+ 7 g
l_’q Z+7q i E
w- W= Z DNN boosted
U, q ve,q I CMS-PAS-SMP-22-011
" s 138 ' (13 TeV)
Shorthand name Production modes Final state | N. ¢ | Reference AR
— 00 o e ceee ' SR resof/gedl-lgj\igg),y -V:"VY* -V;F'V "
wv pp — WHW-jj, WEW*jj, wtZzjj Ljjjj 1 [28] Biiscoo Sy
e e nonprompt — VBS EW
SSWW (e, u) pp — WEW=jj (EFaujj |2 [24] i
osSww pp — WTW-jj 00 2vj) 2 [26] 7V
Zv pp — W*Zjj, ZZjj 24jjjj 2 [29]
SSWW (7,) pp — WEW=Ejj tErfavjj | 2 [25] 10
Wz pp — W+Zjj 30vjj 3 [24] I I T
.o .o g 0.8 + Postfit = Pre-fit
ZZ(4t) pp — ZZjj 44jj 4 [27] B e T

DNN score
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https://doi.org/10.1016/j.physletb.2022.137438
https://cds.cern.ch/record/2926224

Run Il VBS Combination - CMS

EW Production Final states
Vector Boson Scattering SSWW OSWW WZ 77
£q Ve, q {~,q -
w* Z Z
2 Ve, tt,g o, ot
q Vs - - -
A% W/Z W:{: Wi: 7Z
17 17 7 Vs
1 7] f= q
v W/z w+ Z Z B
q o+ o+ q
q £~ ,q g .
w- W Z
Vg, q Ve, q s
Shorthand name Production modes Final state | N. ¢ | Reference
WV pp — WHW~jj, WEW=Ejj, W Zjj Lujjjj 1 [28]
SSWW (e, p) pp — WEW=jj (Eeroujj | 2 [24]
osSww pp — WTW-jj 00 2vj) 2 [26]
v pp — WZjj, ZZjj 24jjjj 2 [29]
SSWW (73,) pp — WEW=jj tErfavjj | 2 [25]
Wz pp — W*Zjj 30jj 3 [24]
ZZ(10) pp — ZZjj LLjj 4 [27]
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https://doi.org/10.1016/j.physletb.2020.135710
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-008/
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EW Production Final states g fwfm - klii::““ﬂev
Vector Boson Scattering SSWW OSWW WZ 77 8 o oot ns mm:iv:v 1
[:t1 q Ve, q Z‘,q = 10° =
Wi w+ z z T OSWW
q Vl’q K+1q Z+,(j e+ . J‘ﬁ:-
& - - . 3| Phys. Lett B 841 (2023) 137495
q 2 150 Dl R
V. Wz Wt W~ w* Z Y m— '“*3 r
vy 17 17 o+ DNN output
Ve Z¥ q CMS 137 b (13 Tev)
v Wz w z z -
q o+ o q H
4 £,q 0+,g -
W- w* & WZ
vy, q Ve, q ot
. Phys. Lett. B 809 (2020) 135710
Shorthand name Production modes Final state | N. ¢ | Reference 1 m————
Wy pp — WHWjj, WEWE, WEZj | evjji | 1 | [28] A
SSWW (e, p) pp — WEWjj 1 +2ujj 2 [24] L
osww pp — WTW-jj tremaujj | 2 [26] PO ower @1
" ST%
Al pp — W*Zjj, ZZjj 24jjjj 2 [29] : R
£Wwtii + to it
SSWW (7,) pp — WEWjj tErfavjj | 2 [25] ZZ(M)
:I: .o .o 7‘;
e pp —+ W Zj] 3&/.]_] 3 [24] g g M Phys. Lett. B 812 (2020) 135992
2Z(u) pp — 2Zjj 4Ljj 4 [27] R
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CMS Preliminary

138 fb™ (13 TeV)
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Investigate global deviations differentially with
S/B distributions

e For all bins of the input templates, prefit
log[S(u = 1)/B] is computed

e Postfit yields of signal, backgrounds and
data is assigned to the leading signal
distribution, in terms of yield — data is not
shown twice.

e Uncertainty on background prediction
computed with 500 toys

High S/B values are correlated with high
energies (m,-,-) — no excess over SM observed
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The future of VBS at LHC
and HL-LHC

*Omitting the obvious: analyze Run-3 data in particular for
statistically limited processes ZZ(4¢%), WV, ZV, ...
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Excesses...
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https://doi.org/10.1007/JHEP06%282024%29192

. CMS,/| \,
Theory advancements in VBS % L/MLX

VBS predictions highly sensitive to NLO EW corrections — Lowers
predictions by >20%: Excesses could get even larger

e NLO QCD available matched to PS in public tools like POWHEG-BOX, Sherpa, MG5_aMC@NLO
e NLO EW + PS only available for SSWW [23], ZZ [24], (unpolarized). Fixed order for OSWW [25]
¢ No available NLO computation for semileptonic VBS — only LO in DPA [26] paves the way for NLO

VBSCan

Fixed-order full NLO polarised W*W?* (leptonic) [23] NLO+PS SSWW [24] LO WV DPA [26
pPp—e*veutvjj @ LO, Vs =13.6TeV pp - etveutyjj + X, relative NLO corrections doffb] /dpr,[GeV] PPu* vuijjj, VS =13TeV, boosted_setup
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VBS and effective field theory Z L/MLX
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Sensitivity projections for longitudinal scattering

Both ATLAS and CMS experiments are expected to have evidence for fully
longitudinally polarized WW scattering at the HL-LHC (3 ab™!)

e Projections based on very old results — Run-3 analyses should tune the curve
e Only statistical enhancement. Optimistic scenario reducing by 50% uncertainties on data driven

backgrounds
Evidence for W W, at LHC combining ATLAS + CMS Run2+Run3?
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Conclusions

12th May 2025 Giacomo Boldrini - CNRS/IN2P3 - LLR, Ecole polytechnique 61



Conclusions

| hope | convinced you that measurements of vector
boson scattering are interesting! A 4q

¢ Probe ingredients of the EWSB and realization of the Higgs
mechanism independently from direct Higgs boson measurements

e Interesting corner to study new physics: tree-level sensitivity to
hVV, QGCs, TGCs — doubly charged Higgs, Heavy neutrinos, <
anomalous couplings in Effective Field Theory

During LHC Run-| and Run-Il, our understanding of Vector Why u2<0? W.
? We
Boson Scattering advanced dramatically, evolving froma  V(¢'¢) = p?¢'¢ + A(¢1¢)? yu
once-elusive theoretical concept to a domain of precise

don’t know...

experimental measurement. VIH]
However...
¢ Predictions limited at LO for polarized VBS (except SSWW) and
for unpolarized semileptonic — theory community is actively \/ [T
working on the topic! v \t |

\ B S e e P

e Statistics is still an issue — VBS will largely benefit of Run-3 e
data The Higgs and the fate of the universe
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