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Photon-induced W*W- production

Photon-induced process is a clean electroweak lab 1n pp

 Probes a yyinitial state, complementary to the usual gq/qg/gg production. _wme

* Exclusive or quasi-exclusive topologies require no extra tracks at

the production vertex, strongly suppressing inclusive backgrounds. .

+ a(yy) xlog*(VSs)

* Quasi-real photon,g* ~ 0

e Max(longitudinal) y energy:
E,~2.5TeV(pp,13TeV)
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vy = W*W- EFT interpretation

 This channel 1s a direct probe of the quartic gauge structure, so it i1s naturally
sensitive to dimension-8 EFT operators.

* Clean interpretation: once the SM rate 1s measured in a clean photon-induced

topology, any tail distortion can be translated efficiently into EFT constraints.

Lywy = —ie{(@*W" —a"WH WA, — (a*Ww>T — avWHhW, A, + W, W, (9#A¥ — 87 AH)}
Lywyy = —e2(W,WHA, A — W, A*W, A7)
Y w+ Y AN w+

: 3¢ >
Y WY . S W-
vy — WW produced via trilinear and quartic gauge couplings.
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JHEP 2016, 119 (2016).
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Run-2 data, no EFT interpretation
PLB 816, 136190(2021).



https://discovery.ucl.ac.uk/id/eprint/10126465/1/1-s2.0-S0370269321001301-main.pdf
https://link.springer.com/article/10.1007/JHEP08(2016)119
https://inspirehep.net/literature/1475477

Analysis Overview

Full Run-2 data: \/s=13TeV, L=138fb~!
Dataset: SingleElectron, SingleMuon, MuonEG

Final State: ep
> opposite sign etu™t

» low activity (Iow Ngqcks) around ey vertex
|AD

V[
Use pp final state as control channel to derive
corrections

» Acoplanarity correction

» Beam spot correction

> Pileup NLY i< correction

> Hard scattering N/ ... correction

Measure yy = WW and derive EFT
constraintsfrom observed pr,, shape & yield

» Acoplanarity = 1-
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Physics Objects Requirements

* u: Medium ID, Medium Isolation,
pr>15GeV, n|<2.4

* e: MVAiso WP80 working point,
pr>15GeV, n|<2.5

* Tracks: pr>0.5GeV, |n|<2.5,

Year dataset Trigger path
2016 SingleElectron HLT_Ele25_eta2p1 WPTight_Gsf
SingleMuon HLT IsoMu24
HLT IsoTkMu24
MuonEG HLT _Mu8_TrklIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL
HLT _Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL
HLT Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL IsoVL_DZ
HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ
2017 SingleElectron HLT_Ele32_ WPTight_Gsf_L1DoubleEG
SingleMuon HLT IsoMu27
MuonEG HLT Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL IsoVL_DZ
HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ
2018 SingleElectron HLT_Ele32_WPTight_Gsf
SingleMuon HLT IsoMu24
MuonEG HLT _Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ
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Event selection

ey SR (CR) [ s
pr (GeV) > 15/24 —
7| %25 —
|dyy| (cm) < 0.05 (barrel) —

< 0.1 (endcap)
ph (GeV) > 24/15 > 26 —29/10
n#| <24 <24
|d%,| (cm) < 0.02 < 0.05
myp (GeV) > 20 > 50
OS Yes Yes
|dz(£,¢)| (cm) < 0.04 <00
AR > =00

> 0.01
0([1, 5])
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Probability density
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Acoplanarity

Definition: 4 = 1 - |A¢ee|/m, where
Agee is the azimuthal angle difference between the
selected leptons.

Back-to-back dilepton events have A ~ 0.

The requirement 4 > 0.015 suppresses exclusive
vy — tt while keeping high signal efficiency.
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N acks: number of tracks with
|dz|<0.05cm to the di-W vertex,
reconstructed as (z(e)+z(n))/2, removing
tracks used to build lepton candidates.



Corrections derived from pu control samples

Correction Applied samples
Acoplanarity Drell-Yan
use A > 0.015 selection simulation

Beam spot
z position and width

All simulations

Pileup Ntracks
pileup track multiplicity

N

Hard-scattering Niacks Drell-Yan and
tracks near the hard vertex VV simulation

l

* following methods from yy — 77 analysis: Rep. Prog. Phys. 87 (2024) 107801
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Acoplanarity correction (for DY simulation)

* Divide Z->pp data and MC in different bins of
leading and subleading muon py

3 2018, 60 fb' (13 TeV)
x10” N S -

7000 - CMS ®* Observed
Z/y* — pp (uncorrected)

1
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5000
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Events/bin

| " "I" Stat. uncertainty

* Derive correction as data/MC ratio in each bin,
fitted up to 0.35 then plateau

* Apply correction in the SR as a function of the 1000
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Beam spot correction on pileup tracks

Simulated events 1n a given year have
a fixed beam spot z position and width

. CMSproimray __ UL2018,59817(13TeV)  CMS Prefiminary _____UL2018,50.8 o™ (13 TeV)
In data, beam spot z position and = sl e | Zonef Mo
E N -COIT. ] 012 | FZ =y (up)
width are run-dependent gl 2.2 o) o1 ﬂm@ff_ 12w
0'04; F’j H ] o.osf efph et
0.03 | . 5 I
) E E - - _J i
To each simulated event, randomly — °%} ; 1‘1 I i
. .. 0.01} ; 0.02 et
assign aBS position zg>,, and a BS . LAT . ohedi .
. ey E 14 AL E 14FF] L
width o55,, with a probability 2 12 Ju I Huﬁﬂtm%m 2 12 et A
2 oeTin : 1 8 d8hrard a=uua | NN NN EAR ;
O'BS e 0'6—2 505 0 05 1 15 2 O 0-62_8 337 34 365 38 4 42 44 46
COIT Data BS Beam spot z [cm] Beam spot width ¢, [cm]
7O g, (z — Zxsc)
MC =R MC
(0
MC
corr __ BS BS
27 = Z+ Zpata — ZMC
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NtmckS/NtmckS correction

L

0. l(m

_ NPU
Ntracks - tracks N tracks
i i, : & -1
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. . . 4 _ 15G \/ R HSreco E
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_, : C [Ziaos —Zul <0.05¢m 1 @4 15-19 [J230 ;
. 105'}".8., P 2017, 41.5 1" (13 ToV) Correct events with 10f B Beo Do .
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L . -z )] . 2
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Background composition in SR

Drell-Yan(DY) process (dominant in the low pr region, 50%)
Di-boson(VV) process (largest background in the high p; region, 23%)
Exclusive 1t production (7% fraction)

Top production (2% fraction)

jet =e/n (QCD, WHjets) background (18% fraction)

DY and VV normalizations are both left floating in the maximum likelihood fit

Control Region (1 < N¢yrgeks < 5)
» enriched in Drell-Yan and VV
»  The uncertainty of HS track multiplicity of Drell-Yan and VV in CR are left floating

2026/7/17 CPS-HEP2026
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Non-prompt lepton
background estimation
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CMS 2018, 60 fb™' (13 TeV)
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Prey distributions: inclusive and CR

* Data/MC agree well, validating the background modeling and corrections.
* DY is the dominant background in the control region.

«10° 138 fb™ (13 TeV) 138 fb™ (13 TeV)
R S ey o e L S ———— S FRmeo T T T
‘a 400F CMS Prelimlinary -+-Ob;erved v | - Q - CMS Preliminary ~+4-Observed [L] Vv 7]
E) 350 E_ Bl Nonprompt {21y < _E 4(21 2000 :_ 1 Niracks S B Nonprompt [z _:
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> 300F = > C ]
Ll - 3 o8 = ]
250 E 8000 =4 -
200 &= = 6000 =
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d_ 1.4 I oo O o oo o ' .................................................. _] Q_ 14 —' ................................................................................................ _]
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Only statistical uncertainty shown, prefit
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Systematic uncertainties

Leading impacts: N7/PU correction and DY normalization.

Sources of uncertainties Cross section uncertainty (%)
NiD,  correction 3.6
DY normalization 35
e selection 2.2
NPY, . correction 2.0
Integrated luminosity 1.6
tt normalization 12
Pileup modeling 1.2
Inclusive diboson normalization 1.0
u selection 1.0
Jet mis-ID prediction <1
Ug, g, PDF < 1
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First observation of yy - WW at CMS

CMS 138 fb (13 TeV) CMS 138 fb™' (13 TeV)
% 1 03 :_ F;ost;it ,\}trackls =6 l l+ Cl)bselrvedI ]:I'Unc;rtailnty ] _: % Fl’ost;it 151 Ntrackssls l ‘+ (l)bse'rvedI ’[:]lUnc;rtai'nty I §
Q) = [JTopquark [ Jpp—ozy'> = 3 Q) 104 [JTopquark [ Jpp—ziy*> =
o - B Nonprompt [ pp— VV E 9 [ Nonprompt [ pp— VV E
P 10 Mo Elroww B 10° Wrow  Elvoww
€ . e < -
> ] >
L 10 — W 1o
- 10
1
’
107 107"
L%). ol .. : ...... Data/.l?.ostfité ..................... + ..................... + ..................................... ..... | L%. ol : ...... Data/.F.’.ostfité ............................................. ............................................ ..... _
Data/Prefit Data/Prefit
B | s Q ....... +++ ........... + ................ \ .......... *_ ; ] |pecryngorgeris® . ...... S B—— ++ ....... §op * ....... + ¢_
Q gl A t Q ol T
@) @)
0 50 100 150 0 50 100 150
P [GeV] 0% [GeV]
* Statistical and systematic uncertainties are shown Inclusive cross section of yy —» WW with
. . : . :
Last bin contains overflows all W decay modes glnclusive — g3 -I_-% b

* The observed significance is well above 56 | prediction: 631+126 b
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Fiducial Cross Section Measurement

Process Nypwae =0 1< Nyoge <5 °° Fiducial region definition:
Z/y" =TT 360 £22 11262 + 166 s glfrlfgl lset;:fnfr;gj oy
]et mis-1D 120 =10 2176 =186 > subleading lepton pr>15GeV
Inclusive VV 115+10 3734 + 184 > nel<2.5

Yy =TT 342+ 1.4 37.3+£1.5 > nyl<2.4

Top 7.0+ 1.5 719 £115 > 0 extra track

Nonfiducial 7y — WW  11.5+0.5 70.5 4+ 2.4 i 2*;(()(-305> )s

Total bkg. 648 +28 17999 + 174 > M, 20GeV

Fiducial yy — WW 183.7 £22.2 124.0+158 Signal events in the fiducial region:
Total 835.4 +28.8 18122.51+159.6 949,

Observed 829 18112

* Treat signal events outside the fiducial

Meausured result O—fld — 396t8§§ h region as bac gI'OU.Ild

prediction= 3.87 + 0.77 fb

2026/7/17 CPS-HEP2026 16
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Prey distribution of yy - WW
with nonzero EFT parameters

2026/7/17

CMS 138fb~1(13TeV)
L L L N DL IR LR BN
{ Data - bkg — fr5/A*=0.4 TeV*

- — fua/A*=08TeV* — f,/A*=08TeV* -

L —— fu2/A*=08TeV* — SMyy->WW ]

[ — fr4/A*=0.8 TeV* Bkg. unc. B

_ } -

o

E_

[ ’ 2

I ]

i | l 1 L L l 1 1 1 I L 1 L I L L 1 I | 1 1 I L L 1 l 1 1 [—
0 20 40 60 80 100 120 140 160

e
pr [GeV]

EFT parameters extracted from binned likelihood fit

One dim-8 operator 1s varied at a time, with the signal
yield reweighted bin-by-bin relative to the SM prediction.

Runl used an effective Lagrangian with dim-6 operators

We use the latest recommendation on dim-8 operators
from LHC EFT WG

dim-6 operators can be related to linear dim-8 operators

w A[ﬁ' f\l 0 f'u 2 S 4
(l() ErEdY T em + (U + SwCw \’ -
W M3, [ o f 2 f f s f
. My, 2 fma 2 fm.3 I J VN Sw fM,7
a. = T Taem —Sw AT — Cw AT + 25wCuw A2 + 2 A4 :| :
CPS-HEP2026 17


https://www.sciencedirect.com/science/article/pii/037026939291978I
https://arxiv.org/abs/2411.02483

Constraints on EFT parameters

Parameter Expected Observed Parameter Expected Observed
95% CL (TeV~%) 95% CL (TeV ~%)

fuo/A* (—4.03, 4.10] (—3.24, 3.25] fri/A* (—2.13, 2.00] —1.71, 1.59]
fur/A*  [—15.46, 14.93] [—12.31, 12.03] frp/A* [—2.50, 2.01] —2.04, 1.56]
fur /A (—0.62, 0.62] (—0.50, 0.49]  fr»/A* [—0.090, 0.090] [—0.03, 0.03]
fuz/A* (—0.61, 0.63] (—0.49, 0.50]  fr3/A*? (—3.28, 2.49] —2.69, 1.90]
fuz/A? (—2.24, 2.24] (—1.80, 1.79]  fr3/A* [—0.089, 0.089] [—0.071, 0.071]
fus/A? (—2.36, 2.28] (—1.88, 1.84]  fra/A* (—1.00, 0.76] (—0.82, 0.58]
fua/A? (—2.22, 2.26] (—1.79, 1.80]  fra/A? —0.38, 0.38] —0.30, 0.30]
fua/A* (—4.49, 4.49] (—3.59, 3.58]  fr5/A? (—0.20, 0.16] —0.16, 0.13]
fus/A* (—4.12, 4.27] (—3.32, 3.40]  fr5/A? (—0.21, 0.21] (—0.17, 0.17]
fus /A (—2.03, 2.03] [—1.63, 1.62]  frg/A* (—0.65, 0.61] (—0.52, 0.48]
fur/A*  [—29.86, 30.92] [—24.06, 24.62] fr5/A* —0.62, 0.62] —0.50, 0.50]
fro/A* (—0.65, 0.53] (—0.53, 0.42]  fr;/A? (—0.76, 0.61] (—0.62, 0.47]
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First constraints on CP-odd parameters: I}Mi andfT,-
Best constraints on fuw., fus, frs, fs, and fr.
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omparison of Constraints on Quartic Coupling
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The constraints are ranked
with respect to the
sensitivity, on top are the
most sensitive constraints.

Tight constraints on f,,,

fm3> ft49 ft59 ft7

Only CP-even ones shown



Summary

* First observation of yy — W* W~ at CMS with 138 fb~! pp data in 13 TeV,
with signal significance well above 50.

* Inclusive and fiducial cross section measured to be
olyy - W W ) = 64382 fb

o/t = 3964023 fb

THEP 06(2026) 187

in agreement with the SM prediction.

* Stringent EFT constraints on anomalous quartic gauge couplings are set:

» First constraints on CP-odd parameters: fi; and /7.
* Best constraints on fjs2, fis3, f74, 15, and f77.
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. MC simulation
* Signal samples

* Photon-fusion yy — W* W~ SM samples are generated with SUPERCHIC4,
including elastic, semi-elastic and inelastic events .

* The contribution from intermediate decays involving 7 leptons 1s also considered

* EFT signal variations are modeled with MADGRAPHS AMC@NLO using
reweighting for dimension-8 operators, implemented in gammaUPC.

* Background samples
* Drell-Yan: Z/y* —» T*T~ — e*ut + 4v.
* Diboson: WW(— 282v), WZ(— 34v), ZZ(— 2£2v).
® Top quark: 7#(f thadronic, ¢ semileptonic, ¢ liileptonic)- Single top: tW
(top, antitop), ~-channel (top, antitop).
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Systematic Uncertainties

Uncertainty Process Magnitude
Luminosity All simulations < 3%
L1 prefiring All simulations negligible

Pileup reweighting

All simulations

Event-dependent

Drell-Yan normalization

Drell-Yan simulation

Rate Parameter

Top cross section Top simulation 3%

vy - WW and vy — 77 normalization yy - WW 94y = 1T 2%

UR, Uf Drell-Yan simulation Shape

PDF Drell-Yan simulation Shape

ISR, FSR Drell-Yan simulation Shape
Inclusive VV normalization Inclusive VV simulation Rate Parameter
e ID, iso, trigger All simulations up to 2%

e ID multiplicity correction All simulation 1%

u ID, iso, trigger All simulation up to 1%

NP, reweighting All simulations 2%

N, >, reweighting Drell-Yan and inclusive VV Rate Parameter
OS-to-SS SFs Stat. Unc. jet — e/ u fake background Shape
Background composition jet — e/ u fake background 10%

Limited statistics

2026/7/17

All simulation, fake background Barlow-Beeston-lite approac!
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Pileup track multiplicity correction (for all simulation)

* Use Z — uu events at Z peak

* Count number of tracks in small d,

windows away from pp vertex

z[cm]

e —14
* Weight function of window z -3

position and PU track multiplicity 12

0.8

06

_10Ed 04

'IIII Ll L1ty [N
0 5 10 15 20 25 30 35 40 45 50
2026/7/17 CPS-HEP2026 Number of pileup tracks




Hard scattering track multiplicity correction (for DY simulation)

Pileup track multiplicity correction has been
applied

Counting number of tracks (Nipracks =

Ntracks + NtraCkS) in small dz window around

LU vertex
Separate Drell-Yan into bins of N{i> .. bygen  cms Preliminary _____UL2018,50.8 6 (13 Te) | CMS Preiiminary UL2018,5981" (13TeV) _, 5
) 10°F 5, un 4 Sbs (}%_) ) D15$E(reco:§)<2 < ’
H reco 0 20 < N(reco <25
matching reco tracks C o[ memictscer B B ey ] B 12
Corrected @@N(reco HS) =2 ON(reco HS) = 30 o
: : 1 vioodt: b & 11 €
Corrections are extracted in A<0.015 and o 5 Neco HS) <10 . Stat un [ T8
10 <N(reco HS) < 15 8 1 E
A>0.015 separately 10 < 5
1073 107" 09
x
10 4
08 £
I 10° 2]
. 07 T
5 14 06
~ 1'21 0.015 ’
v O08F < .
a 3 E 20 05
ot 4 "5 10 15 20 25 30 35 40

N HStra\CkS\ Number of tracks (dz(trackup) < 0.5 cm) Number of HS tracks
L
2026/7/17 CPS-HEP2026 25



vy — 17 : Constraints on a, and d;

-1
CMS 138 o' (13 TeV) CMS 13817 (13 TeV)
— 0, R [v)
' Observed I 680/0 CL o 950/0 CL I.I |?It)lslelr|-vl?ldl | TTTT | T IGI?I/Iol(l:lLI 1T T |9|15I4)IICILII T
T T T T I T T T T |‘[ T T T T I T OPAL i
eoeP_)AZL_) Tty | E ee > Z — 11y i
PLB 434 (1998) 188 E PLB 431 (1996) 168 i
L3 E L3 |
ee »>7Z — 11y ‘ ;. ee — 1ty ®
PLB 434 (1998) 169 ! PLB 434 (1998) 169 E
: strai - 'SM

DELPHI world's best congtralnt (2004—-2024) |
vy — 1t (y frome) ‘ ® ; ARGUS i °
EPJC 35 (2004) 159 : ee - y* - 11 !

. SM PLB 485 (2000) 37 ;
ATLAS ! |
N y from Pb ——— :
PRL 131 ((/zc;g:ran) 11" ! Belle .

i ee 5y -1t !
CMS | JHEP 04 (2022) 110 '
vy — 1t (y from Pb) ?
PRL 131 (2023) 151803 ! CMS :

| g

! vy — 1t (y from p) !
SM_)SET(\{fromp) "*‘1 ThlsreSUIt Illlllllllllllllll|II[I|IIIIIIIIIIIIIIIIIIIIIIII><10_15
This result T |‘ S -04 -03 -02-01 0 01 02 03 04 05

0.1 ~0.05 0 0.05 d: (e cm)
ar
>5x better than LEP ! approaching Belle |
Rep. Prog. Phys. 87 (2024) 107801
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