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Standard model precision measurements

LHC as a precision machine: diagrams in which two Vector Boson interacts, giving either one or

two Vector Bosons in the final state, are among the rarest processed measured

Standard Model Production Cross Section Measurements

Status: February 2022
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ATL-PHYS-PUB-2022-009

VBT & VBS

EW processes
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

Physics of VBS processes

e At the heart of EWSB, probing non-abelian EW
structure of the SM: triple and quartic gauge
couplings
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Physics of VBS processes

e Studies of gauge invariance of the SM: this
process is gauge invariant thanks to very delicate
cancellations between diagrams
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Physics of VBS processes

Undergrad typical QFT exercise:

SCATTERING Z| Z| = W+ W~

I
M,

M =c E\neﬂ)\jl + M = —c¢ Ewe‘(g\jll-i'
e Unitarity of the SM: VBS amplitude explodes
with energy, without H mediation!

Higgs exchange cancels high-
energy growth if its couplings are
SM-like, matrix element is unitary for
my = 1TeV
(Lee, Quigg, Thacker bound)
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Physics of VBS processes

New pavticle

* Powerful portal to access BSM in a model-
independent approach, usually parametrizing
deviations from SM as Effective Field Theory (EFT)

expansion

|
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Bottom—up approach:
Ly — L= Ly+Ls+ L+ -

(E<M)
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Physics of VBS processes

New pavticle

* Powerful portal to access BSM in a model-
independent approach, usually parametrizing

deviations from SM as Effective Field Theory (EFT)
expansion
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https://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling

https://arxiv.org/pdf/1708.00268.pdf

How VBS looks like

THEORY PERSPECTIVE (LO)

. @(afw) process: quartic diagrams
+ gauge invariant diagrams

e O(a’a’ ) QCD induced process



https://arxiv.org/pdf/1708.00268.pdf

How VBS looks like

THEORY PERSPECTIVE (LO) EXP. PERSPECTIVE

Vector Bosons produced in the central part
of the detector

e O(al) process: quartic diagrams VBS “tag-jets” in forward detector region:
+ gauge invariant diagrams highest invariant-mass in the event

. @(ab?ajw) QCD induced process Large pseudorapidity separation between
the VBS-jets - for the low QCD activity btw

partons
(no color flow at LO arXiv. 1805.09335)

rg/pdf/1708.00268.pdf

https://arxiv.o
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Fully leptonic ssWW

e WW to same-sign lepton pair + jet events, “golden channel” for VBS for good separation vs. QCD VBS

e First observation with 2016 data, recently CMS accessed definite polarization WW scattering [PLB 812 (2021) 136018]

e ATLAS novel measurement profits of an improved signal modeling, WZ background modeling, and updates in

the non-prompt lepton background estimation + direct and indirect BSM interpretation
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https://inspirehep.net/literature/1818160
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://indico.desy.de/event/34916/contributions/147195/

Fully leptonic ssWW

III

 WW to same-sign lepton pair + jet events, “golden channe

ATLAS-CONEF-2023-023
S. Solomon's poster
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for VBS for good separation vs. QCD VBS

e First observation with 2016 data, recently CMS accessed definite polarization WW scattering [PLB 812 (2021) 136018]

e ATLAS novel measurement profits of an improved signal modeling, WZ background modeling, and updates in

the non-prompt lepton background estimation + direct and indirect BSM interpretation
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General good agreement for all variable examined, except for transverse mass

Differential cross
sections are compared
with the SM predictions
from: MG+Herwig,
MG+Pythia,
Sherpa-EW, and NLO
Powheg Box + Pythia

Predictions tend to underestimate the data, NLO corrections move the prediction to lower values 7
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ATLAS-CONF-2023-023

sSWW and BSM Samas |

e Dilepton mass shows high-sensitivity to NP scenarios in the EFT (dim-8) approach

e Competitive bounds with best-world limits, while preserving EFT validity
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Interplay between
— experimental bounds and
theoretical bounds
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/

ATLAS-CONF-2023-023

sSWW and BSM Farsas |

e Dilepton mass shows high-sensitivity to NP scenarios in the EFT (dim-8) approach

e Competitive bounds with best-world limits, while preserving EFT validity
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/

VBS decaying to tau lepton [

qq —> WW*qq - tv,0% 1,94

e Possibility to access tau decay channel in
ssWW VBS for the first time

e Final state: £* Th*jj + MET (£ = e, M)

e  Almost 95% of the background events in
SR contain nonprompt leptons from jets
misreconstructed as e, or Ty,
about 2% are from Z/y«+jets,

and 1% from dileptonic ¢f production

had 8
»

close to the SR

&(IT Jj — t,, fake real T,
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t “Nonprompt leptons”
background estimated from
data, and validated in a CR

Events

Data / Bkg

CMS-PAS-SMP-22-008
A. Piccinelli's poster
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https://cds.cern.ch/record/2867989?ln=en
https://indico.desy.de/event/34916/contributions/147200/

CMS-PAS-SMP-22-008

CMS/

VBS decaying to tau lepton _

e 9 kinematic quantities peculiar of the ssWW VBS process
as input features of a DNN, trained to classify the events
in signal and background categories

138 b (13 TeV)

o ML fit using DNN templates from SR and two enriched “ - Ef,i/h’m’”a'y X vy | 3
background regions to control opposite-sign, ZZ and 1042 Signal Region i o . Norpromm Laptons E
y = EW ssWW VBS Z Stat. + Syst. Unc. 3
if rates 3 - M St + Sy E
e Two separate measurements: E
-

e ssWW purely-EW signal strength

e Simultaneous EW and QCD ssWW signal strength

. Significance [0] 8 of | + 7
& . . —— o
Slgnal EXpeCted Observed % 0_‘ - Pre-fit Unc. |- Post-fit Unc. + + ++ —
pure EW ssWW VBS 1.9 2.7 = s ' ' ' ' ' ' :
EW + QCD ssWW VBS 2.0 2.9 =

SM DNN output

e The overall uncertainty is dominated by the statistics of
the data considered
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ATLAS-CONF-2023-039
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Opposite sigh WW

e The W+W- channel is experimentally challenging because of the large tf background that enter

the signal selection

e Measured for the first time by CMS [PLB 841 (2023) 137495] with an observed significance of 5.6 ©

e Recently measured by ATLAS using slightly different regions and MC generators

Opposite flavor,

I+ positive centrality,
2-3 jets with
b-jets veto

Quavtic couP\ivxg S—chavvel +-chavwmnel

Electroweak W+W- jj production at NLO pQCD with
POWHEG-BOX2

The Higgs contribution suppressed by a generator level cut on
the EWK invariant mass of the decay leptons and neutrinos.

&‘(IT s-channel contribution are neglected.

stitute of Technology
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/
https://cds.cern.ch/record/2865482

ATLAS-CONF-2023-039

ATLAS

Opposite sign WW

The discrimination between signal and background in the SR is performed by a NN, including both the
2 and 3 jets topologies

e Simultaneous fit in SR and top CR (requiring one of the two

I i leading jets to be a b-jet)
S 10°E ATLAS Preliminary -#-Data L IEWKW Wi
O E (s=13TeV, 140 fo" Diﬁiﬁm.ﬁl‘iﬁts
- Too CR I Multibosons [l W+jets
¢ 1op Uncertaint — ° . . .
E pos ’ e floating normalization btw the regions for top and QCD osWW
o backgrounds to measure their normalization
102§ .g |||||||||I|||||||||Il||||||l|||||||||||||l|||||||: “e —II'IIII"lllIllllllllllllll'l|lllll'lllllllllllll-
: § - ATLAS Preliminary -#-Data w [ EWKW'Wij ] § - ATLAS Preliminary -@-Data w CJEWKW'Wijj
T - - -1 ----EWK j CTop — w 4l - 1 ----EWKWWijj []Top —
10 fs=13TeV, 1401 []strong W'Wjj Il Z+jets _ 10 - (s=13TeV, 140 []strong WWijj [l Z+jets =
2 [ Multibosons [l W+jets E - [ Multibosons [l W+jets .
. ! - 2jets SR Uncertainty ] - 3 jets SR Uncertainty i
B oasf -+ : [ Post-Fit ] Post-Fit
PR tadhes chunainins” oSt St Sul Sl SO T . 10°E E
8 075 E 10 E 2 E
0% 01 02 03 04 05 06 07 08 09 1 3 C ]
NN output : IS =
10 = 10 =
ATLAS Preliminary Vs =13 TeV, 140 b E ]
; | ' ' : i el
|
0.05
T a0 | 1o i 1 2; % 1.25
| Ct ) i :
| P bbb tag 3
. © ©
—oﬁi 0.84 §'° u(Strong WW'jj) 8 075 +’#‘ ¥ & 075
| 1 1 1 1 L 1 L 1 1 L 1 L L X " n M L
| 023 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
! 121 521 HEWK W'Wj) NN output NN output
0 o5 1 15 2 25 . .
(a) Two jets (b) Three jets

Dominant uncertainty on the fit is due to the limited statistics in data and amounts to 12.3%,
while the total uncertainty is 18.5%. The signal has been observed with a significance of 7.10,
(6.2 exp) from the rejection of the background-only hypothesis.

ﬂ(IT Fiducial cross section measured 2.65+0:65 4 45 (2.20+0.14 5 13 Powheg). 12
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https://cds.cern.ch/record/2865482

PLB 834 (2022) 137438 |CNAS

Evidence for semi-leptonic VBS decays

Good balance between:

v Benefit from the large hadronic
branching fraction of W or Z boson

* Larger irreducible backgrounds

IRREDUCIBLE
BACKGROUNDS

SIGNAL
9

\nooooa/
I
b\

ISH
Ne}

v*/Z

@(a,%wag ) V+jets 15



PLB 834 (2022) 137438 |CNAS

Key ingredients

EVENT
RECONSTRUCTION

Exploit the possibile topologies
of the high jet-multiplicity events

9 9
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Key ingredients

EVENT
RECONSTRUCTION

Exploit the possibile topologies
of the high jet-multiplicity events

g_/q/
NV

o
L
M
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Events

Data/Expected

i
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BKG
MODELING

Definition of a series of free

floating parameters per
topology in the ML fit, to
perfect the modeling of
VBS-jets kinematics for
W+jets background

CMS L=138fb" (13 TeV)
I L L L L LR I LA
; —4— Data VV+VVV N
= I oy " VBF-V, Vy, VBS-Z(INV(jj) 3
EE Nonprompt -Top EE
3 Wilets [ | VBS-W()V(jj) E

Syst.

3000

mi®® (boost) [GeV]

PLB 834 (2022) 137438

CMS

14




Key ingredients

EVENT
RECONSTRUCTION

Exploit the possibile topologies
of the high jet-multiplicity events

g_/q/
NV
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i
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BKG
MODELING

Definition of a series of free
floating parameters per
topology in the ML fit, to
perfect the modeling of
VBS-jets kinematics for
W+jets background

CMS L=138fb" (13 TeV)
; —+— Data {/V+VVV' | ?
= I oy " VBF-V, Vy, VBS-Z(INV(jj) 3
EE Nonprompt - Top E;
;s Widets [ ] VBS-W(v)V(i) <
- Syst. ]

3000
mi®® (boost) [GeV]

arbitrary unit

PLB 834 (2022) 137438

CMS

SIGNAL
SEPARATION

DNN to optimize the
sensitivity to the EW VBS
process and separate the
VBS signal from the large

backgrounds

CMS L 138 fb (13 TeV)
= Wy D DY E
_ [ LVBF-V, vy, VBS-Z(V(j) D Nonprompt =
C D Top W+dets i
[ ] vBs-wimv(i)

E E
= --'L?“_-;""fTH ¥ ":"‘:rﬁ.:ﬂ"h.ruﬂ,‘”!m- _._E
E T -: :!l: ‘%‘;E‘:i
:E ""1115?:
Erl 1| I 1111 I L1 11 l L1 11 | 1111 | L1 11 | 1111 | 1111 | 1111 | 11 I_l;
0 01 02 03 04 05 06 07 08 09 1
DNN resolved
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PLB 834 (2022) 137438 |CNAS

First evidence of semi-leptonic VBS

Three different measurements from the same data

SKIT 15

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee



PLB 834 (2022) 137438 |CNAS

First evidence of semi- leptomc VBS

CMS L=1381f0" (13 TeV)
= ' L L
Z 108@ —+— Data VV+VVV jf
. o - I oy VBF-V, Vy, VBS-Z(I)V(jj) -
Three different measurements from the same data > ok .
© = Nonprompt [ Top =
108 Widets [ | VBS-W(v)V(jj) .
=[] syst. 3
10° E
1. SM electroweak signal strength: o .
- T . 3
_ obs; SM _ +o 24 _ +0.21 +0 12 10° & R —
I T E N E R _;l
e 4.4 o observed (5.1 expected) g
observed fiducial cross-section 1.9+0.5 pb g
DNN boosted
«10° CMS L=138fb"' (13 TeV)
% i 1 1 | I T I 1 | 1 1 I ’ T I 1 | 1 1 I |
= o —e— (Data - Bkg)
= * Z Tot uncertainty i
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g ]

0.8 1
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PLB 834 (2022) 137438 |CNAS

First evidence of semi- leptomc VBS

CMS L=138fb" (13 TeV)

pd L AL B
Z 108@ —+— Data VV+VVV jf
. o - I oy VBF-V, Vy, VBS-Z(I)V(jj) -
Three different measurements from the same data > ok .
© = Nonprompt [ Top =
108 Widets [ | VBS-W(v)V(jj) .
=[] syst. 3
10° E
1. SM electroweak signal strength: o .
= T . E
obs / -SM _ +o 24 _ +0.21 +0 12 103; D —
L l | Col _;l

e 4.4 ¢ observed (5.1 expected) g | '

observed fiducial cross-section 1.9+0.5 pb §
. . DNN boosted
2. Inclusive EW + QCD WV signal strength: _ «i’ CMS L =138 b (13 TeV)
1 1 | I T I 1 | 1 1 I ’ T I 1 | 1 1 I
Z i : : ; : T
__ _obs/SM _ +0.20 _ +0.19 +0.07 &) N  —— (Data- Bkg)
* Hewroep =0 107 = 098777 = Ty s(syst ) gpp(stat) = W ot uncertainty :
5 . .
e Total EW+QCD cross-section: 16.6 +34 59 pb L .
-.C'E ]
(4]

s |

0.8 1

A\‘(IT | | | DNN boosted 05
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CMS

PLB 834 (2022) 137438
° od f ° l °
First evidence of semi-leptonic VBS
Three different measurements from the same data
: CMS 138 fo' (13 TeV
1. SM electroweak signal strength: > T ||(|e_)
= F e 68% CL expected
o gy = 0°%/0M = 0.857928 = +021( gyst )+012( stat 2'2{ PSR
- — - 95%CL ]
e 4.4 ¢ observed (5.1 expected) 1.8F b SM E
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SUMMARY

Highlights from CMS & ATLAS measurements in VBS

Huge theoretical & experimental progress behind all these measurements

Consistency tests of the SM and powerful tool to infer new physics in a “UV-agnostic” way

« EFT dim-8, but global EFT fit as ultimate goal for future analyses

Many new analyses under implementation

Run3/4 are ahead, but many interesting results from Run 2 are yet to come!

ATLAS-CONF-2023-024
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Preliminary VBS-Enhanced region, € < 0.4
3 ; arXiv:2211.16320
S 10 /s=18TeV, 1401 ~&- Data, stat. unc. CMS-TOTEM UO‘fb (13 TeV)
o| & E Total unc. 3 _% 100 ET ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
© -2 ~ — —]
° 476 2 % - —{— Observed data E
S ° — g 80F E
10 [T o 5 > - =
SRR ' =% ——— w 70 = - . , =
104 - e . 60 S Prefit bkg. + expected signal (a 0/A =1*10" GeV™) =
10°° E—A— Strong 41jj (SHERPA) + EW 4lj (MG5+PY8) 3 50 =
E m==ge== Strong 4ijj (MG5_NLO+PY8) + EW 4lji (MG5+PY8) E = —— Prefit background + uncertainty
E EW 4ji (MG5+PY8) 3 40
o 107 g ‘ EW 4ljj (POWHIEG PY8) IZZV(V—I> i) (SHIERPA? i - 30 = seelhes
+— 1.6EF o =
8 14 20F =
1.2F A = —1 % et 3
.,9 : 1 E l l | E Potetd 0! =
[e) E | T P 1 0 —_ e -
- 0 8 A . = -
= 08F Py =9 - | | | =
c 0o - 2 E 0 2016 ,2016 ;2016 52016 52017, 201>, 2015 201 ;2018 , 201, 2075 20
0.4E i . | . i i i PR 3— 16 Wl//gw 12‘22 76‘22 17 WWZ WWZz 772 78 Wl’l”rg 1222%73 62”69
2x10° 3x10 10 96 9.6 %o "5 . )
m, [GeV]

&‘(IT link to recent ATLAS results link to recent CMS results

Karlsruhe Institute of Technology



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://arxiv.org/abs/2211.16320
https://cds.cern.ch/record/2859349/files/ATLAS-CONF-2023-024.pdf
http://www.apple.com
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html




VBS decaying to tau lepton

Table 1: Definition of the SR and four CRs. All regions are disjoint. The SR and three CRs
(Nonprompt, tt, OS) are selected from an inclusive lepton trigger; the QCD enriched CR (last
row) is selected from a jet-based trigger.

[2]
[
Region 14,1 Ty, no additional “loose” ¢ L?>j
same-sign (£, 1) pr>° >50GeV additional requirements
SR v X M]] >500 GeV b-tagged ]et veto
Nonprompt CR v X
tt CR X v b-tagged jet (“medium”)
OSCR X v b-tagged jet veto (“loose”)
QCD-enriched CR | 1 “loose” e, u, or Ty, no add. leptons, pF's* <50 GeV, M1 (¢, pT**°) <50 GeV
M (£, pss) = 1/ 2k piss[1 — cos Ag),
Mir = (\/ M, + P + P?‘ﬁss)z - |P_'TTZ S 2: )
2 T I miss 2 > T = 1 | —miss 2
M01=<PT+PT+PT ) —‘PT +Pr +Pr (3)
The variable M7 is the transverse mass of the T/ system with pTss. For the second quantity,
the T and £ momenta and pT"** are projected in such a way the 7/ system has a null invariant
mass, and then the transverse mass of the three objects is obtained. The DNN implemented

Uncertainty source +Au —Ap

Theory (PDF, QCD-scale, ISR, and FSR) +0.157 —0.099
Non-prompt estimation +0.136  —0.125
tt normalization +0.051 —0.023
Prefiring +0.105 —0.059
Luminosity +0.079  —0.092
b-tagging and mistagging +0.007 —0.004
Jet energy scale and resolution, Pile-up jet ID +0.079 —0.097
Pileup +0.152 —0.162
LO-to-NLO VBS corrections +0.043 —0.025
Unclustered energy +0.003 —0.010
Hadronic tau energy scale and DEEPTAU +0.154 —0.152
Charge misidentification +0.005 —0.010
Lepton reconstruction, identification, and isolation +0.005 —0.024
MC statistical +0.324 —0.322

Total systematic uncertainty +0.344 —0.302
Data statistical uncertainty +0.522 —-0.477
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https://cds.cern.ch/record/2867989?ln=en

ATLAS-CONF-2023-039

ATLAS

Opposite sign WW

Final state SR: Opposite flavor, positive centrality, 2-3 jets with veto on jets from b-quark

Sources ‘/(Au)il—(Aﬂ’)z (%) Category Requirements
Monte Carlo statistical uncertainty 7.7 Leptons  pr >27GeV
Top quark theoretical uncertainties 6.3 |n| < 2.47 excluding 1.37 < |n| < 1.52 (electrons)
Signal theoretical uncertainties 5.8 Inl < 2.5 (muons)
Jet experimental uncertainties 4.9 Identification: TightLH (electrons), Tight (muons)
Strong WFW™jj theoretical uncertainties 1.3 Isolation: Gradient (electrons), Tight_FixedRad (muons)
Luminosity 0.8 |do/oa,| <5 (electrons), |dy/og,| < 3 (muons)
Mis-identified lepton uncertainty 0.5 |zo sin @] < 0.5 mm
b-tagging 0.4 b-jets pr > 20GeV and || < 2.5 (DL1r b-tagging with 85% efficiency)
Lepton experimental uncertainties 0.1 Jets pr > 25GeV and || < 4.5
Others 0.3 : : :
Data statistical uncertainty 3 Events One ele:c.tron and one rr'luon with opposite electr.lc cha'lrges
. ) No additional lepton with pt > 10 GeV, Loose isolation,
Top quark normalisation uncertainty 4.9 . . 1 :
ks . , TightLH/MediumLH (electrons) and Loose (muons) identification
Strong W*W~ jj normalisation uncertainty 2.2 £>05
Total uncertainty 18.5 Mey > 80 GeV
E}‘“SS > 15 GeV
Two or three jets
No b-jet

AT 19
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https://cds.cern.ch/record/2865482

ATLAS-CONF-2023-023

ATLAS
EXPERIMENT
Fully leptonic ssWW

Process, short description ME Generator + parton shower Order Tune PDF set in ME
EW, Int, QCD W*W#j j, nominal signal MADGRrRAPHS5_AMC@NLO?2.6.7 + HERWIG7.2 LO default = NNPDF3.0nLO
EW, Int, QCD W*W= j, alternative shower MADGRAPHS AMC@NLO2.6.7 + PyTHIA8.244 LO Al4 NNPDF3.0nLO
EW W*W#*jj, NLO pQCD approx. SHERPA2.2.11? +0,1j@LO Sherpa  NNPDF3.0nNLO
EW W*W#*jj, NLO pQCD approx. PowHEG Boxv2 + PyTH1A8.230 NLO (VBS approx.) AZNLO NNPDF3.0nLO
QCD W*W#jj, NLO pQCD approx. SHERPA2.2.2 +0,1;@LO Sherpa  NNPDF3.0nNLO
QCDVVjj SHERPA2.2.2 +0,1j@NLO; +2,3j@LO Sherpa NNPDF3.0nNLO
EW W*Zjj MADGRAPHS_AMC@NLO2.6.2+PyTHIA8.235 LO Al4 NNPDF3.0nLO
EW ZZjj SHERPA2.2.2 LO Sherpa  NNPDF3.0nNLO
QCD Vvyjj SHERPA2.2.11 +0,1j@NLO; +2,3;@LO Al4d NNPDF3.0nNLO
EW Vvyjj MADGRAPHS_AMC@NLO2.6.5+PyTH1A8.240 LO Al4d NNPDF3.0nLO
vvv SHERPA2.2.1 (leptonic) & SHERPA2.2.2 (one V — jj) +0,1j@LO Sherpa NNPDF3.0nNLO
A% MaDpGraPHS_AMC@NLO2.3.3.p0 + PyTH1A8.210 NLO Al4 NNPDF3.0nLO

AT 2
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ATLAS-CONF-2023-023

ATLAS

EXPERIMENT

Fully leptonic ssWW
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Figure 5: Fiducial differential cross sections of EW W*W= j production as a function of (a) m¢e, (b) mrt, (c) mj;,

(d) Ngap jets> and (€) &j,. The measured data are shown as black points with horizontal bars indicating the bin range

and red (green) hatched boxes representing the statistical (total) uncertainty. The data are compared to a number of

Standard Model predictions as described in the text. For the predictions where vertical error bars are shown, they

correspond to the uncertainty coming from the variations of the renormalisation and factorisation scales, PDF and «.

Overflow events are included in the last bin. The lower panel of each plot shows the ratio between the predicted and 21
measured cross sections.
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sSWW and BSM Samas |
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ssWW and BSM i
INDIRECT PROBE
Table 7: Expected and observed limits on the Wilson coefficients for various operators without any unitarisation
procedure and with a unitarisation cut-off at the unitarity bound. The unitarity bounds for each operator as a function
of the cut-off scale are defined for one non-zero Wilson coefficient following Ref. [72]. The last column represents
lower and upper limits at the respective cut-off value, where the unitarity bound and experimental bound are crossing.
Cases where no crossing with the unitarity bound was found in the scanned region above 600 GeV are labelled by "-"
The notation S02 is used to indicate that the coefficients corresponding to the operators Ogp and Og, are assigned
the same value. The limits on M7 were obtained without taking into account the SM-EFT interference for the EW
W=Zjj final state.
Coeflicient Type No unitarisation cut-off Lower and upper limit at the respective unitarity bound
[TeV~4] [TeV~—4]
4 exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
Jao/A obs. [-4.1,4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
4 exp. [-6.3, 6.6] -25.5at 1.6 TeV, 31 at 1.5 TeV
/A obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV
4 exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
Jar/A obs. [-9.8,9.5] -39 at 1.7 TeV, 42 at 1.7 TeV
4 exp. [-5.5,5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
fsoa/A obs. [-5.9, 5.9] -
exp. [-22.0, 22.5] -
fsi/A° obs. [-23.5, 23.6] -
4 exp. [-0.34, 0.34] -32at1.2TeV,4.9at 1.1 TeV
fro/A obs. [-0.36, 0.36] -7.4 at 1.0 TeV, 12.4 at 0.9 TeV
4 exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
Fri/A obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
4 exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
Jr2/A obs. [-0.63, 0.74] -
25
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HIGHER ORDER PREDICTIONS IN VBS

Table 1: Summary of higher-order predictions currently available for the sss-WW channel: at fixed
order and matched to parton shower. The symbols v/, v *, and X means that the corresponding
predictions are available, in the VBS approximation, or not available yet.

Order ‘ o (a7) () (asa6) (@) (as2a5) o (as3a4)
NLO
NLO-+PS X

Table 3: Summary of higher-order predictions currently available for the WZ channel: at fixed
order and matched to parton shower. The symbols v/, v*, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order | 0(a") O (a08) O(as2a°) O (as’al)
NLO X
NLO+PS X X

Table 7: Summary of higher-order predictions currently available for the os-WW channel: at fixed
order and matched to parton shower. The symbols v/, v*, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order ‘ (@ (a7) O (asaﬁ) O (as2a5) (@ (as3a4)
NLO X X
NLO+PS X X

Table 5: Summary of higher-order predictions currently available for the ZZ channel: at fixed
order and matched to parton shower. The symbols v/, v *, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order ‘ O (a7) O (aSaG) O (aszas) O (as3a4)
NLO X
NLO+PS X X

A\‘(IT Refs: arXiv:1708.00268 [hep-ph], arXiv:2102.10991 [hep-ph]
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Wy jj measurement

(Accepted by PRD) arXiv:2212.12592

In

1000

[02]
o
[=)

III|III|III|III|I

Events /b

200

CMS 138 b (13 TeV)
] " —e Data B =W Wy in fiducial
I Ew Wy out fiducial [l Top. VV, Zy
Sarel photana QCD Wy MisID photon
B Double MisID MisID lepton
77 Stat ® syst
m,, <[30, 80) GeV E m, <[80, 130) GeV E m,, €[130, =) GeV —

k-
ol i RN Ll s
© N = % © N = % o N = %
v © g v © g =)
S S s S s S

m; [TeV]

AT

Karlsruhe Institute of Technology

Events / bin

Data/exp.

350

300

250

200

150

100

50

OO0 ==
NowLwo

CMS 138 fb™' (13 TeV)
' e Da B =W Wy in fiducial ]
I Ew Wy out fiducial [l Top, VV, Zy ]
Endcap phatons QCD Wy MisID photon ]
I Double MisID MisID lepton ]
7/, Stat @ syst ]

m,, < [30, 80) GeV 1 m,, <[80,130) GeV i m,, €[130, =) GeV

IlllllllllllllllllIlllllllll

......... /L/ /IV / , 1 |
LT s s S
Uty A N T
© N = 3 © N = §T © N = 7%
S 8 N - 9 S N - S S N
W © g v o g W © g
s 9 S 9 s 9

m; [TeV]

The EWK Wy jj production is
observed with 6.03 ¢ (6.79 ¢

expected).

Fiducial cross-section and differential
cross-section are measured, using
mjj,mly 2D-fit

ofd = 23.5 4 2.8 (stat) "} (theo) "33 (syst) fb = 23.57%7 fb

25


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html

(Accepted by PRD) arXiv:2212.12592

Wy jj measurement

e The EWK Wyjj production can probe the EFT model via anomalous quartic gauge coupling

(aQGC) effect. Strong constraints are set to EFT dim-8 parameters. Red rectangle contains the
most stringent limits.
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