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What is VBS?

e Scattering of two Vector Bosons (V=W, Z, y)

o Triple and Quartic Gauge Couplings (TGC/QGC)
e Three possible contributions (at LO)

o pure EWK O(a,,) - signal

o QCD-induced O(a,,* 0% - background
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What is VBS?

e Scattering of two Vector Bosons (V=W, Z, y)

o Triple and Quartic Gauge Couplings (TGC/QGC)
e Three possible contributions (at LO)

o pure EWK O(a,,) - signal

o QCD-induced O(ay,,* 0..°) - background

e Peculiar experimental signature

o 2 very energetic forward-backward jets: VBS jets

o 4 fermions coming from the scattered Vs
e Main background due to non prompt leptons

o QCD-induced jets reconstructed as leptons
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CMS Experiment at the LHC, CERN Candidate VBS event
ﬂ@rr:orded: 2016-Jul-08 23:47:39.259242 GMT
R

un / Event / LS: 276525 / 2665335317 / 1561
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Why study VBS?
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Why study VBS?

e Key process to probe EW Symmetry Breaking
o Higgs-like field necessary to preserve unitarity
o Only investigable in VV scattering
o Complimentary to Higgs-sector studies
e General test of the EW sector in SM
e Background wrt other signals with similar final state

[Denner, Hahn, 1997]
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Why study VBS?

e Key process to probe EW Symmetry Breaking
o Higgs-like field necessary to preserve unitarity
o Only investigable in VV scattering
o Complimentary to Higgs-sector studies
e General test of the EW sector in SM
e Background wrt other signals with similar final state

[Denner, Hahn, 1997]
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e Higgs affecting VBS processes — New Physics!

o Suitable to investigate indirect NP effects
m anomalous Triple/Quartic Gauge Coupling
(aTGC/aQGC)
m Model-independent EFT approach
o Direct search for new resonances

Lerr = Lsm + 2 Oidimse + 3, Ojdim-8
i j

Lsm ~ determines

the bulk distribution UV theories maps
A to specific
coefficients [1]

New interactions
from UV theories




VBS measurements in CMS

e Big effort to investigate VBS
processes with full Run-1l dataset
o Fiducial and differential x-sections
o Indirect search for New Physics
e Several final state analyzed
o Fully-leptonic — very clean
o Semileptonic/fully-hadronic — sensitive to aQGCs
o Photonic — clean, but with larger background
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VBS measurements in CMS

e QOutstanding results with the full Run-Il dataset
o Scattering W*W= with one hadronic tau -
SMP-22-008
o Semileptonic WV scattering - SMP-20-013
High-mass yy—WW/ZZ production -
SMP-21-014
Leptonic Wy scattering - SMP-21-011
Leptonic W*W-" scattering - SMP-21-001
Zy scattering - SMP-20-016
Leptonic WZ scattering - SMP-20-014
Polarized scattering W*W=* - SMP-20-006

e Big effort to investigate VBS
processes with full Run-1l dataset
o Fiducial and differential x-sections
o Indirect search for New Physics
e Several final state analyzed
o Fully-leptonic — very clean
o Semileptonic/fully-hadronic — sensitive to aQGCs
o Photonic — clean, but with larger background
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006/

VBS measurements in CMS

e QOutstanding results with the full Run-Il dataset
o Scattering W*W=* with one hadronic tau -
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e Big effort to investigate VBS
processes with full Run-1l dataset
o Fiducial and differential x-sections
o Indirect search for New Physics
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006/

Scattering W*W=* with one hadronic tau
CMS-SMP-22-008 - Overview

e Tau lepton decaying in hadrons (first time ever!)
e Main background: jets faking £ or T, (¢ = e, L)
e 137 fb™' Runll dataset explored

tau decays
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Scattering W*W=* with one hadronic tau
CMS-SMP-22-008 - Overview

Tau lepton decaying in hadrons (first time everl)
Main background: jets faking £ or T, (¢ = e, L)
137 fb™' Runll dataset explored

Measurement of SM contributions

tau decays

EW-only QCD-mediated

W:t
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Scattering W*W=* with one hadronic tau
CMS-SMP-22-008 - Overview

Tau lepton decaying in hadrons (first time everl)
Main background: jets faking £ or T, (¢ = e, L)
137 fb™' Runll dataset explored
Measurement of SM contributions
Indirect new physics effects with EFT
o Operators with different dimensions
acting on vertices
Ad-hoc DNN models for both investigations

e 6 o o o
tau decays

EW-only QCD-mediated EFT dim-6
” W:t Ca
. ) 5
=~ A
q” EFT dim-8
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Scattering W*W=* with one hadronic tau
SM measurements

e Simultaneous fit in SR + 2 CRs for both
eT, and pt, channels
o DNN output distributions as quantity to fit
e dileptonic ttbar and opposite-sign yield
adjusted with dedicated CRs in the fit
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Scattering W*W=* with one hadronic tau

SM measurements

e Simultaneous fit in SR + 2 CRs for both
eT, and pt, channels
o DNN output distributions as quantity to fit
e dileptonic ttbar and opposite-sign yield
adjusted with dedicated CRs in the fit

Two measurements performed:
1. signal strength for pure EW
0.63 0.60 _
1.447022 (1.00198) (o, =28.7 fb)
2. signal strength for EW + QCD

1.437049 (1.001037) (0, = 22.3 fb)

Sensitivity affected by statistical uncertainty
First evidence of VBS with hadronic tau!
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Scattering W*W=* with one hadronic tau

EFT results 95% CL interval

Wilson coefficient Observad Expected

No deviation from SM expectations

_ _ dim-6 cw [—0.842,0.818] [—0.987,0.974]
e 11 dim-6 + 9 dim-8 EFT operators - o [—8.68,7.60]  [—9.99,9.05]
1D limits on EFT coefficients . fro [—1.32,1.38] [—1.52,1.58]
e First dim-6 investigation with a VBS process dim-8 ]}ASAOO {jgé Eﬂ %:ﬁi iég%
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Scattering W*W=* with one hadronic tau

EFT results

No deviation from SM expectations
e 11 dim-6 + 9 dim-8 EFT operators

1D limits on EFT coefficients
e First dim-6 investigation with a VBS process

2D limits on EFT coefficients
e Correlation effects between dim-6 operators
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. . . 95% CL interval
Wilson coefficient Observed Expected
Py cw [—0.842,0.818] [—0.987,0.974]
- [—8.68,7.60]  [—9.99,9.05]
firg [-1.32,1.38]  [-1.52,1.58]
dim-8  fip [-13.1,12.8]  [-14.6,14.5]
Fe [-159,16.1]  [-17.4,17.9]
CMS L=138fb" (13 TeV)
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S — Observed (68%) ---- Observed (95%) + SM
014:—1““\"”I""I““\‘—_
3k —
2- E
oF ]
1 1
2 ]
-3 E
4
-5 3
:‘ Il Il Il Il ‘ 1 ‘ 1 | ‘
-10 -5 0 5 10

dim-6/dim-6 pair

Andrea Piccinelli - ICHEP2024 @ Prague (July 20th, 2024)



Scattering W*W=* with one hadronic tau

EFT results . .. 95% CL interval
Wilson coefficient
No deviation from SM expectations Chagved Cpecisd
_ _ dim-6 cw [—0.842,0.818] [—0.987,0.974]
e 11 dim-6 + 9 dim-8 EFT operators - o [—8.68,7.60]  [—9.99,9.05]
1D limits on EFT coefficients Jfro {—1-32,1-38% %—1.52,1.58%
: : : _— . dim-8 Fao —-13.1,12.8 —14.6,14.5
e First dim-6 investigation with a VBS process fso [—15.9,16.1] [—17.4,17.9]
2D limits on EFT coefficients CMS L=1381b" (13 TeV) CMS L=1381b" (13 TeV)
. R — Expected (68%) ---- Expected (95%) — Expected (68%) ---- Expected (95%)
e Correlation effects between dim-6 operators § — Observed(68%) - Observed (95%) + SM o — Observed (66%) - Observed (95%) + SM
L e T e e e e e M ) ALELALELN BLALBLE N ILRLBUL IR RN BURILELE BRI |
e First study of EFT operators with different dim. s 1 o ]
e Addition of a competitive EFT operator reduces 2t f = I
the sensitivity to individual operator |l | 1 % i ]
o higher effect on the least relevant operators (:: A 1 o i ]
o dim-6 affected when dim-8 is competitive IR ER
o dim-8 always affected by the presence of dim-6 3 E ]
—4F 1 [
_55_ ’ 1 —20p i
Take-home message: don’t forget the impact RN I I I R P P T
. . . . -10 -5 0 5 10 -15 1 05 O 0.5 1 1.5
of operators with different dimensions! Chgy Cw

dim-6/dim-6 pair
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Semileptonic WV scattering
Phys. Lett. B 834 (2022) 137438 - Overview 5

e First evidence of the SM process at LHC!

o Performed with the full Runll dataset (137 fb™") pure EWK
e WV scattering in semileptonic channel signal
o V—jets, W—evorpv
o irreducible contribution from QCD-induced process o\

CMS
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Semileptonic WV scattering
Phys. Lett. B 834 (2022) 137438 - Overview

e First evidence of the SM process at LHC!

o Performed with the full Runll dataset (137 fb™")
e WV scattering in semileptonic channel

o V—jets, W— evorpuv

o irreducible contribution from QCD-induced process
e Resolved and boosted hadronic decay regimes

o Events separately categorized

e Big efforts to properly estimate backgrounds Boosted

(more in backup)

o DNN signal-vs-background discriminator
in both categories

o Dedicated Control Regions
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Semileptonic WV scattering
Statistical analysis

Simultaneous fits in all the regions

e Performed both for pure EWK and EWK+QCD signals
e 2D fit of EWK and QCD signal strengths

CMS
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Semileptonic WV scattering
Statistical analysis

Simultaneous fits in all the regions
e Performed both for pure EWK and EWK+QCD signals
e 2D fit of EWK and QCD signal strengths

Control Regions
e Wi+jets: fit to normalization in CR correction bins
e ttbar: fit to overall normalization in CRs

Signal Regions
e Fit to DNN shape category-wise

CcMS L=1381b" (13 TeV) CcmS L=138fb" (13 TeV)
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Semileptonic WV scattering
Results - observations!
EWK
e Inclusive signal strength
Lewx = 0.85 & 0.12(stat) *0 17 (syst)
e Fiducial cross section measurement
Oewk = 1'90i8222 pb

x10° CMS L=1381fb" (13 TeV)
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Semileptonic WV scattering
Results — observations!

EWK EWK + QCD
e Inclusive signal strength e Inclusive signal strength
Lewx = 0.85 & 0.12(stat) *0 17 (syst) tewksqep = 0.97 £ 0.06(stat) 937 (syst)
e Fiducial cross section measurement e Fiducial cross section measurement
_ +0.53 _ +3.5
OEWK - 1'90—0.46 pb 0.EWK+QCD - 16'4—2.8 pb
x10° CMS L=1381fb" (13 TeV) CMS 138 1 (13 TeV)
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% B 4 1.8:— dh SM e
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High-mass yy - WW/ZZ production
JHEP 2307 (2023) 229 - overview

e vy — WW/ZZ events at high mass smoking guns for new physics
o Boosted W/Z hadronic decays (1 jet per boson)
o New physics effects modeled with aQGC effects

CMS
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High-mass yy - WW/ZZ production
JHEP 2307 (2023) 229 - overview

e vy — WW/ZZ events at high mass smoking guns for new physics

o Boosted W/Z hadronic decays (1 jet per boson)
o New physics effects modeled with aQGC effects

e Protons are kept intact from yy scattering
o Four body ppWW/ppZZ system fully reconstructed at 13 TeV

with the TOTEM Proton Precision Spectrometer (PPS)
o Combined CMS + TOTEM 100 fb™" Runll dataset

CMS

central detector

H
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High-mass yy—>WW/ZZ production
Sensitivity to SM production and aQGCs

e Clipping applied to preserve unitarity bounds
o Smaller impact wrt only-CMS similar analyses

e? ag

LEP-like LY = —EEFMVF“”W“-WQ
nonlinear aQGC 2 g
operators Ly = —1¢ AC2 F o FFPWe . Wy

Coupling  Observed (expected)  Observed (expected)
95% CL upper limit 95% CL upper limit
No clipping Clipping at 1.4 TeV

lay /A2 43(39) x10°°GeV 2 52 (5.1) x 1076 GeV 2
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X T : — % CL i
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High-mass yy—>WW/ZZ production
Sensitivity to SM production and aQGCs

e Clipping applied to preserve unitarity bounds
o Smaller impact wrt only-CMS similar analyses

Linear EFT aQGC modeling (Eboli basis)
Coupling Observed (expected) Observed (expected)

95% CL upper limit
No clipping

95% CL upper limit
Clipping at 1.4 TeV

. e a -
LEP-like £y = - ; 16 Ao b FHWe - W
nonlinear aQGC 2 g AT
operators Ly = —1¢ ACQ Fo FPAWe . Wy ’foO/A‘l'
M1
Coupling  Observed (expected) Observed (expected) & [fars/ A4
95% CL upper limit 95% CL upper limit \0‘»\ S
No clipping Clipping at 1.4 TeV ‘(0(\9 [fma/ A%
[V /A2| 43 (39) x10°GeV2 52 (5.1) x 1076 GeV 2 | i/ AY
la /A2| 1.6 (1.4) x 107°GeV 2 2.0 (2.0) x 1075 GeV 2 N
Z A2 1.0 10—5 G V—2 — 1400 100 b (13 TeV) A4
/AT 09 (LO)X A0V e 10 F ows-roten — Soiiic i iz A
|a%/A2| .0 (4.5) x 107> GeV 2 § 1000 F Expected 95% CL limit + 1o
~ 800 E Expected 95% CL limit + 26
o 600 F
= 400E |
X 200 \\
Y oo
S, 200
© 400
600 -
800
1000, 5 e :
300 200 100 0 100 200 300
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66.0 (60.0) TeV—*
2455 (214.8) TeV 4
8(9.0) TeV 4
73.0 (64.6) TeV 4
36.0 (32.9) TevV*
67.0 (58.9) TevV*
490.9 (429.6) Tev 4

79.8 (78.2) TeV 4
306.8 (306.8) TeV 4

11.9 (11.8) TevV

91.3 (92.3) TeV*
43.5 (42.9) TeV ™
83.7 (84.1) TevV 4
613.7 (613.7) TeV *
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High-mass yy—>WW/ZZ production
Sensitivity to SM production and aQGCs

e Clipping applied to preserve unitarity bounds
o Smaller impact wrt only-CMS similar analyses

. e? a o
LEP-like £y = - ; 16 Ao b FHWe - W
nonlinear aQGC 2 g
C
operators Ly = —1522 Lo PP . Wy
Coupling  Observed (expected)  Observed (expected) &
95% CL upper limit 95% CL upper limit \0‘»\
No clipping Clipping at 1.4 TeV ‘(0(\9
ay /N2 3.9) x 1076GeV~2 52 (5.1) x 106 GeV 2
0
lal / A2 (1 4) x107°GeV2 2.0 (2.0) x 1075 GeV 2 1
A 52 ) 100 fb™' (13 TeV)
%/ Az’ 9 (L0) X 107GV & 0F cms-roTem —— Ghereit iy
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Linear EFT aQGC modeling (Eboli basis)

Coupling Observed (expected) Observed (expected)
95% CL upper limit ~ 95% CL upper limit
No clipping Clipping at 1.4 TeV

[fao/ A% 66.0 (60.0) Tev—* 79.8 (78.2) TeV 4
fma/AY 2455 (214.8) TeVv™  306.8 (306.8) TeV
| fama/ A% 8(9.0) Tev 11.9 (11.8) TeV
\fas/ A% 73.0 (64.6) Tev—* 91.3 (92.3) TeV™*
fma/ A4 36.0 (32.9) TeV 435 (42.9) TevV
\fas/ A% 67.0 (58.9) TevV—* 83.7 (84.1) TeV—*
[fuz /N 4909 (429.6) TV~ 613.7 (613.7) TeV

Upper bounds on SM fiducial x-sections

o(pp = PWWP)0.04<<020m>1000 Gev < 67(53J_r?3) fb
o(pp = PZZP)00a<i<020,m>1000 Gev < 43(62730) fb
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A bright future ahead of us!
CMS perspective on future of the VBS

e Extensive VBS program with Runll dataset
o Plenty of observations and evidences
o Creative strategies to cover a wide phase space
o Systematic searches for indirect new physics
o Solid basis for a grand combination (SM and EFT)

CMS pr y 3ub~?-138fb~? (2.76,5.02,7,8,13,13.6 TeV)
VBF W BTeV  JHEP 11(2016) 147 O(VBF W) = 42e+02 1>  mifi 19 fb~*
VBF W 13TeV  EPIC 80 (2020) 43 O(VBF W) = 62e+03fb  mje 36 fb~t
VBF Z 7TeV  JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 fo  wuifiim 5fb1
VBF Z 8TeV  EPJC 75 (2015) 66 O(VBF Z) = 1.7e+02 b mifs 20fb!
VBFZ 137Tev  EPJC 78 (2018) 589 O(VBF 2) = 5.3¢+02 fb 36fbt
EW WV 13Tev  PLB 834 (2022) 137438 olEWWV) = 1.9e+03 b mifiilm 138 fb~?
ex.yy=WW BTev  JHEP 08 (2016) 119 olex. yy-vw) =22 <N 20 fb~!
EWqqWy 8TeV  JHEP 06 (2017) 106 GlEW qaWy) =110 woniN 20 fb~?
EWqaWy 13Tev  PRD 108 032017 O(EW qawy) = 24 o nifie 138 fb~!
EWosWW 13TeV  PLB B41(2023) 137495 ofEWoswWwW) =10t Wil 138 fb~?
EWssWW 8TeV  PRL114 051801 (2015) O(EW 55 WW) = 4 fo 19 fb~t
EWssWW 13Tev  PLB 809 (2020) 135710 CEWSSWW) =40 =il 137 fb?
EWqaZy B8Tev  PLB 770 (2017) 380 o(EW qazy) = 1.9fo iR 20 fb~t
EWqqZy  13TeV  PRD 104 072001 (2021) OEWaaZy) =520 il 137 fb~?
EWqqWZ 13 TeV  PLB 809 (2020) 135710 OlEW qaWZ) = 18 b el 137 fb~?
EWqqZZ  13TeV  PLB 812 (2020) 135992 o(EW qazZ) = 0.33 7 (N 137 fb~?
L L L
1.0e+00 1.0e+02 1.0e+04
olfb]
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty August 2023
See here for all cross section summary plots Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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A bright future ahead of us!
CMS perspective on future of the VBS

e Extensive VBS program with Runll dataset
o Plenty of observations and evidences
o Creative strategies to cover a wide phase space
o Systematic searches for indirect new physics
o Solid basis for a grand combination (SM and EFT)

Total integrated luminosity (fo™)

e Run3 data ready to be scrutinized!
o VBS investigations will benefit from
the increased recorded luminosity

L] u " VBF W 8 Tev JHEP 11 (2016) 147
o Target specific boson polarization states
VBF Z 7Tev JHEP 10 (2013) 101
VBF Z 8Tev EPJC 75 (2015) 66
. . . VBF Z 137V EPIC 78 (2018) 589
o Thorough scrutiny of deviations Bwwy 13y naas o e
ex. yy-+WW 8 Tev JHEP 08 (2016) 119
. . EW qqwy 8Tev JHEP 06 (2017) 106
f SM th th EFT f k EWaaWy 13TeV  PRD 108032017
rom within the ramewor Bworn 13 oot ez 174
EWsSsWW 13 Tev PLB 809 (2020) 135710
EW qqzZy 8Tev PLB 770 (2017) 380
EW qqzZy 13 Tev PRD 104 072001 (2021)
EW qqwZ 13 TeV PLB B09 (2020) 135710
EWqqZZ  13TeV  PLB 812 (2020) 135992

Measured cross sections and exclusion limits at 95% C.L.

See here for all cross section summary plots
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CMS B LHC delivered: 113.42 fb™'
1 CMS recorded: 104.68 fb™
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Date

IR (L rL ‘?, (L
W P\\)Q;LGQ%QQ (CL)G& \§0\‘

CMS pr y

bcb(b((Lb(

7
p&)\;\a\\ 5\5(‘ 3\)“

3pub~*-138 fb~! (2.76,5.02,7,8,13,13.6 TeV)

OfVBF Z) = 1.5e+02 fo  miiiem
O(VBF Z) = 17e+02 fb
O(VBF 2) = 5.30+02 fb

olex. yy-vww) =220 <N
GEW qaWy) = 1110 wenN
OEW qawy) = 24 o wlie
ofEWosWW) = 101> Wil
O(EW 55 WW) = 4 fo
GEWSSWW) =410 wefll)

o(EW qazy) = 19fo iR

OEWGaZy) =52 il

OEW qqW2z) = 1.8 fb

o(EW qqZ2) = 0.33 b

O(VBF W) = 42e+02 10 mifie

O(VBF W) = 6.2e+03 1> o

OIEWWYV) = 19e+03 o mifilin

19 fb-t
36 fb~!
5 fb-?

20 fb!
36 fb!
138 fb~!
20 fb~!
20 fb~!

137 fb?
20 fb~t

137 fb~?!
137 fb~!
137 fb?

L s
1.0e+00 1.0e+02

Inner colored bars statistical uncertainty
Light to Dark colored bars: 2.76, 5.02,
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8,13, 13.6 TeV, Black bars: theory prediction
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A bright future ahead of us!
CMS perspective on future of the VBS

e Extensive VBS program with Runll dataset
o Plenty of observations and evidences
o Creative strategies to cover a wide phase space
o Systematic searches for indirect new physics
o Solid basis for a grand combination (SM and EFT)

Total integrated luminosity (fo™)

e Run3 data ready to be scrutinized!
o VBS investigations will benefit from
the increased recorded luminosity

L] u " VBF W 8 Tev JHEP 11 (2016) 147
o Target specific boson polarization states
VBF Z 7Tev JHEP 10 (2013) 101
VBF Z 8Tev EPJC 75 (2015) 66
. . . VBF Z 137V EPIC 78 (2018) 589
o Thorough scrutiny of deviations Bwwy 13y naas o e
ex. yy-+WW 8 Tev JHEP 08 (2016) 119
. . EW qqwy 8Tev JHEP 06 (2017) 106
f SM th th EFT f k EWaaWy 13TeV  PRD 108032017
rom within the ramewor Bworn 13 oot ez 174
EWsSsWW 13 Tev PLB 809 (2020) 135710
EW qqzZy 8Tev PLB 770 (2017) 380
EW qqzZy 13 Tev PRD 104 072001 (2021)
EW qqwZ 13 TeV PLB B09 (2020) 135710
EWqqZZ  13TeV  PLB 812 (2020) 135992

Thank you!

See here for all cross section summary plots
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CMS B LHC delivered: 113.42 fb™'
1 CMS recorded: 104.68 fb™
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3pub~*-138 fb~! (2.76,5.02,7,8,13,13.6 TeV)

OfVBF Z) = 1.5e+02 fo  miiiem
O(VBF Z) = 17e+02 fb
O(VBF 2) = 5.30+02 fb

olex. yy-vww) =220 <N

GEW qaWy) = 1110 wenN
OEW qawy) = 24 o wlie

ofEWosWW) = 101> Wil
O(EW 55 WW) = 4 fo
GEWSSWW) =410 wefll)

o(EW qazy) = 19fo iR

OEWGaZy) =52 il

OEW qqW2z) = 1.8 fb

o(EW qqZ2) = 0.33 b

O(VBF W) = 42e+02 10 mifie

O(VBF W) = 6.2e+03 1> o

OIEWWYV) = 19e+03 o mifilin

19 fb-t
36 fb~!
5 fb-?

20 fb!
36 fb!
138 fb~!
20 fb~!
20 fb~!

137 fb?
20 fb~t

137 fb~?!
137 fb~!
137 fb?

Measured cross sections and exclusion limits at 95% C.L.

L s
1.0e+00 1.0e+02

Inner colored bars statistical uncertainty
Light to Dark colored bars: 2.76, 5.02,
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8,13, 13.6 TeV, Black bars: theory prediction
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Additional slides
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Scattering W*W=* with one hadronic tau

Analysis phase space

Main background sources

e non prompt (data-driven)

e Opposite Sign + Drell-Yan (MC)
e ttbar (MC)

Hadronic trigger (JETHT)

RRAL QCD enriched CR

Veto on additional £ : _
pIisS < 50 GeV (fake ratio estimate)

mr (¢, pJiss) < 50 GeV

Leptonic trigger
11414 (e, 1)
pr(t) > 30 GeV
pr(£) > 35 GeV
Veto on additional loose ¢
Veto on additional loose 7,
Two tight jets with [An;;| > 2.5

PSS > 50 GeV

m;; > 500 GeV
Veto on medium tagged b-jet

Signal Region

Signal-enriched

Y UNIVERSITY OF

NOTRE DAME

Same sign € — 1, pair

Veto on loose b-tagged jets

PSS > 50 GeV
1+ medium b-tagged jets

Validate
nonprompt

Constrain
OS + DY

Constrain
ttbar

Andrea Piccinelli - ICHEP2024 @ Prague (July 20th, 2024)
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Estimation of nonprompt £/t, background

e Hadronic jets reconstructed as e, y, or T,
jets — fake 1, outweighing contribution

e Due to QCD multijet, W+jets, Drell-Yan and ttbar pair productions
with at least one jet in the final state

Data-driven “fakeable” method (for e, y, T,))
e Fake Ratio as measure of the probability a (real) jet is reconstructed

as lepton (jet faking lepton) — tight (loose) reconstructed lepton
e Estimated in the QCD-enriched region as lepton loose-to-tight ratio

(fake (pT’ I‘]) = Ntight/NIoose
e Use Fake Ratio to extrapolate estimate in SR with event-wise

W; =

e Estimate validated in the Fakes CR

€fake (PrisNi)
1 — €rare(Pris i)

Data / Bkg

CMS

% Y UNIVERSITY OF

1) NOTRE DAME
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—_

-

Jj— T, fake

' 8
»

real 7,

138 o' (13 TeV)
L i it

—
¢ Data

1t DiLep

Other bkgs.

cMs
Preliminary

—— EW ssWW VBS

;;;;;;

,,,,,,

Nonprompt leptons
0S +(Z/y +jets)
I Qcp ssww vBS

% Stat. Unc.
Fakes CR

N,
& grrniigss,

"///(//’

1000

1500

2000 2500
invariant mass j 1j2 [GeV]
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Scattering W*W=* with one hadronic tau

EFT investigations - 1D

SMEFT basis.
| .
|Ndim6 C»L'
| Ator|” = |Aswm| +: Z FQ%
i L
|Ndzm8 -f
k
H ), |2k
| & L
I
Eboli basis

Any other coefficient fixed to 0

UNIVERSITY OF

&5 \F5) NOTRE DAME

Andrea Piccinelli -

21|

Nd'L'rnG

2

JF#FmM

ICHEP2024 @ Prague (July 20th, 2024)

—————— > first time in VBS

c] cm

2R (Ao Ay
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Scattering W*W=* with one hadronic tau

EFT investigations - 2D

SMEFT basis
—
I
Ndim6 I c

[ Aror|” = [Asnm| Z 22
Nama [ 7
| “EoR

Eboli basis

Any other coefficient fixed to 0

ol UNIVERSITY OF

™ NOTRE DAME

2

-
b 2R (A &) A* |
(6)
A4 o)l 5 :
138 b (13 TeV)
%) = T T T T T T T T =
5 10° CMS ) [_)ala Nonprompt leptons _J
> E i tt dilep. OS + (Z/y + jets) 3
W0t - Preliminary Other bkgs. [ QCD ssWwW -
JE M — EWSSWWVBS —— f;,=1.0TeV* 3
10E — 6, =10TeV? 7 Stat. Unc. =
215F
o g
S05E
(Q“ 0 50 100 150 200 250 300 350 400 450 500
M, [GeV]
2
2 _ (T 4 miss ST | =0 | —miss
Mgy = (PT+PT+PT ) —|Pr+Prtpr

Used for these studies

Andrea Piccinelli - ICHEP2024 @ Prague (July 20th, 2024)
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Scattering W*W=* with one hadronic tau

1D EFT limits

Wilson coefficient 1o CL interval(s) 20 CL interval
Expected Observed Expected Observed
—————— M 159 _ = - = - B
extracted with i (129,803 U[-295,191]  [-116,0045]  [-146,353]  [-135211] |
dim-6 DNN outout ch [—0.501, 0.576] [~0.341,0416]  [~0.742,0818] [~0.605,0681] |
| €= BT P G [—0.681,0.669] [—0.513,0.481] [—0.987,0.974] [—0.842,0.818]
| distributions Cw [—7.00,6.09] (~548,431]  [-9.99,9.05]  [-8.68,7.60] |
| _ e [—41.7,69.6] 30.7,892]  [-66.6,964]  [—49.7,110] |
| dim6 ¢, [—16.6,18.1] [-12.0,140]  [-247,263]  [-209,22.7] |
Cp [—24.6,34.7] [-153,315]  [-382,488]  [-314,455] |
: cg; [—28.8,29.9] [-382,39.5]  [-49.4,497]  [-693,683] |
| C% [~143,223] U[5.88,954]  [-0.045,858]  [-2.64,10.8]  [-159,9.94] |
| a7 [—4.53,4.42] (-3.27,344]  [-6.56,644]  [-555,5.60] |
L Gy 129137 [1880705] [324216] [282161 |
i ¢ . R Wi gt YUY i iy i, WP Wy g gimic) W\ fmipmdgiicn
- [—1.02,1.08] [~0.774,0.842]  [-152,1.58]  [—1.32,1.38]
| extracted with Frr (—0.426, 0.480] [-0.319,0381] [~0.640,0.695] [—0.552,0.613] |
| dim-8 DNN output - [—1.15,1.37] [0.851,1.12]  [-175,198]  [-1.51,1.76] |
| distributions P [—9.89,9.74] [-8.07,7.70]  [-146,145]  [-13.1,12.8] |
| dims [~12.5,13.3] [—9.54,11.15]  [-187,19.6]  [-164,17.7] |
| Farr [—20.3,19.2] (-17.6,15.3]  [-299,288]  [-27.6,258] |
| o [~11.6,12.0] [-960,982  [-174,179]  [-159,161] |
for [—37.4,38.8] [-409,41.3]  [-57.2,58.6]  [—60.9,61.8]
| for [—37.4,38.8] [—40.9,41.3]  [-57.2,586]  [—60.9,61.8] |

CMS

ol UNIVERSITY OF

1) NOTRE DAME
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Semileptonic WV scattering — background estimation

e W + jets associated production
o Differential data-driven corrections to predictions from simulation

and leading VBS jet p; (only resolved category)

e ttbar pair production

o Reduced with veto on b-tagged jets

e Nonprompt leptons

o Estimated with the data-driven fakeable method
e DNN in both categories as signal vs bkg discriminator

L=138fb" (13 TeV.

m Binned wrt to leptonic W p.. (both categories) ﬁ
( 1lep+MET
Yes AK8 Jet —Noi

22 AK4 jets 24 AK4 jets

Boosted Resolved

category category
CMs L=1381b" (13 TeV)
S[TTTTT e AamaaaseazLiRma TR ’

19 £t Dat l_[ VWY 1 oftshell (" hadronic | ©"-shel off-shell (v hadronic | ©n-shell
102 | [ VBF-V, vy, VBS-Z()V(i) 4 FEERTHASE reco mass

- Aasaaaasasaaes SCAL AL g

s 10 E —+— Data [ vvavwy e

g 102 [ vBFV, vy, VBS-ZONVG)

— E - =
= I ! Nonprompt Top

S o L itewort [

© i Wadets [ ] vBS-W(MVG) E

1 5

-1 f_‘i-'w__ -

10 E 'J~.':'_,‘1-¢_.‘i R

of e e Lo ]

107 i T T T

F e el ) T

10°F i

107 k=

STHE R N FEWE PR NS FETT ST N PR
0 01 02 03 04 05 06 07 08 09 1

DNN resolved

% Y UNIVERSITY OF

| 75) NOTRE DAME

arbitrary unit

i
_; Nonprompt C:} Top ]

Wadets  [_] vBS-WWMV()

10L

0bjets 0b jets 21bjets 0b jets 0b jets 21bjets

#b jets

102 T hammes i i

= W+Jets CR signal TopCR| |Ws+Jets CR signal Top CR
1 0—3 L seasasaras| region region
107 !

e b o b b b benn i Lo L bew ]
0 01 02 03 04 05 06 07 08 09 1

DNN boosted
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High-mass yy—>WW/ZZ production

Event categorization

WW vs ZZ separation
e CMS boosted jet pair with m; > 1126 GeV
e Combination of jet masses provides
good separation between pWWp and pZZp
o Cut independent from specific aQGC scenario

CMS simulation (13 TeV)
> 0.12
S n
- WWp, a"/A? = 1x 10° GeV?
= o 1 PYYP—>PWWp, & X
o - rI PYYP—PWWp, ag’/Az =2x10° GeV?
2 008 hd 702 5 ey
s C 1 I PYYP—PZZp, a/A* =5 x 107 GeV
> C o
W 006 ! g PYYP—PZZp, ag/A2 =5x10° GeV?
- [ I
- r
0.04— F Iy
L T
B r 1 [
0.02— F A !
[ _f b L
0_.|.;'—" Ll;.;r_¢-J....I....I....I..
100 150 200 250 300 350 400

m(j1) + m(j2) [GeV]

CMS CE D UNIVERSITY OF

1) NOTRE DAME

Signal regions
e Rapidity y and invariant mass m for pp and
diboson systems correlated for the signals
e 2 jet-matched protons — region &
e 1 jet-matched proton — region o

CMS-TOTEM sSimulation
T e
al/A?=2 x 10° GeV?

gy
1
1=
1®
<
'

y(pp)-y(WW)

.o;llllIllllll\Ill\II|IJI|\IJ|I\I‘IIJ|I\II

84527508 08 04 02 0 02
1 - m(WW)/m(pp

4

~
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