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Access electroweak

processes at hadron
colliders, allowing for a
direct check of the EWSB-
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Produces a large number of diagrams
for each process
that offer many ways to constrain EFT
operators

e

courtesy of G. Boldrini
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vector boson scattering u

see M. Zaro’s talk |
d1 &~ g b - ENDCAP~_

EW and QCD production EW
coexistent in the signal T~

region )
[—
g, ® interfering 1
e the gauge-invariant cross- | u

section is the sum of the
two contributions

e perform inclusive
measurements

03
JUVOVOVOOOOUUOU 0 (

Anj u

P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

> W,

2 02,

RRRRRARKKD

002020303020 20%0%
£IRRRRARIHKRS
et et teseees
0000000 c0t0 0302020 %!
& 008

%
K
&
&
o
&
K

%

o,

%

4
>

%
%

XXXXX 4
W W




six-fermion final states have
very low production cross
sections
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13 TeV (L< 138fb7")
8 TeV (L<19.61b™")
7 TeV (L<5fb™)

5.02TeV (L<302pb™) o

2.76 TeV (L<231nb™")

95% CL limit at
13 TeV (L < 138fb")

Theory prediction

5 10

PRD 84 052011 (2011)

~ Tobe submitted to JHEP

PRL 112 (2014) 191802
JHEP 10 (2011) 132

To be submitted to JHEP
PLB 715 (2012) 66

To be submitted to JHEP

PRL 112 (2014) 191802
JHEP 10 (2011) 132

To be submitted to JHEP
JHEP 03 (2015) 022

PRD 102 092001 (2020)
EPJC 76 (2016) 401
EPJC 73 (2013) 2610
PRL 127 (2021)

~ JHEP 07 (2022)
EPJC 77 (2017)
EPJC 77 (2017)
PRL 127 (2021)

191801

- PRD 89 (2014) 092005

PRL 126 252002 (2021)

 EPJC 81 (2021) 200
PLB 740 (2015) 250
JHEP 01 (2013) 063
PRL 127 (2021) 191801

~ PRD 89 (2014) 092005

JHEP 11 (2016) 147

EPJC78(2018)589

( )
EPJC 75 (2015) 66
JHEP 10 (2013) 101

'PRL 125 151802 (2020)

PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)

)

PRL 125 151802 (2020

 JHEP 10 (2021) 174
JHEP 10 (2017) 072

 JHEP10(2017)072
JHEP 10 (2021) 174

PRL 132 (2024) 1

 PRD 108032017
JHEP 06 (2017) 106

JHEP 08 (2016) 119

PLB 841 (2023) 137495

- PRL 114 051801 (2015)
PLB 809 (2020) 135710

~ PRD 104 072001 (2021)

PLB 770 (2017) 380

PLB 809 (2020) 135710

PLB 812 (2020) 135992

10 10 10

#*DBroduction cross section, o (pb)

191801

Data/Theory




BARREL ENDCAP

Significantly reduce ‘
backgrounds with typical | T \f‘
selections: —= > @

Rapidity gap

./”"'7‘

R large angular

A separation between
.‘ P tag jets low QCD activity between

|
1
P tag Jets, since there’'s no color
* flow between the two protons

An)j

P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston



background understanding s e () 8
see G. Sorrentino’s and J Roloff’s talks arxiv:2403.02793 £%ient 6

inclusive ZZ — 4¢ + iets MET + lets
CMSI _ - 138" (13 TeV)
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https://arxiv.org/abs/2404.02711
https://arxiv.org/abs/2308.12324
https://arxiv.org/abs/2403.02793

electrOweak W)/ —> —f’y)/” |n ATLAS arxiv:2403.02809 A@)S

EXPERIMENT

e observation sensitivity fitting the distribution of two averaged DNNs
e background control regions defined based on the jet counting in the rapidity gap
 dimension-8 EFT limits (fr3 and fr4 studied for the first time)

—_
-

— I B L L B pe
ATLAS 8 [ ATLAS Vs=13TeV, 140 15" -
/s =13 TeV, 140 fb’ =} - EW W(—=Iv)yj Njgetg = 0, 5/-}/ < 0.35 (SR) ]
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https://arxiv.org/abs/2403.02809

EVV W)/ —> {V)/JJ |n CMS arxiv:2212.12592 “M>

observed significance of 6.0 s.d.

cfél“,iv = 235+4+2.8 (stat)ﬂ:? (theo)j_LsfL (syst) tb = 23.5fi; fb
oowsocp = 113 £2.0 (stat) 733 (theo) 13 (syst) fb = 113 £ 13 fb

CMS 138 fb‘1 (1 3 TeV) CMS 138 fb-1 (1 3 TeV) Expected hmlt Observed llmlt Ubound

> F | | | 1 = | | | - 5.1 < fapo/A* <51 =56 < fpo/A* <55 1.7

8 08 —— Obs. result (stat® syst.) ]| QL o05 - Obs. result (stat.® syst.) _ 4 1
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; : o1 |- 1 043 < fro/A* <051 —047 < fro/A* <051 19

o o - 1 027 < fr/A* <031 —031< fr;/A* <034 25

o - 0= | ———— 072< fr,/A* <092 —085< fr,/A*<10 23
L L 029 < frs/A° <031 031 < frs/A <033 26
8 04 | g & 1023 < fro/A* <025 —025< fre/A* <027 29 |

05 S0l 0ol [0 05071 07101 11018 (16m [ 060< frp/A' <068 067 < frz/A' <073 31

p. [GeV] m, [TeV]

P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston


https://arxiv.org/abs/2212.12592

ATLAS Zy—vvy arxiv:2208.12741

EW Z)/ —> {{yjj producti()n v 06 Z @

e cross-section measurements, unfolded distributions
* [imits on BSM quartic neutral gauge couplings

EW + QCD component
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https://arxiv.org/abs/2305.19142
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2208.12741

EW ZZ — 4¢ production

arxiv:2004.10612

CMS: arxiv:2008.07013 - ATLAS

EXPERIMENT

6 25—
e NLO pQCD signal model 5 o Data  EZEW)
e fit on multivariate discriminants (MD) g & B Others 77 Uncertainty -
e sensitivity larger than 5 s.d S =13 TV, 130
- ! ceeel
e statistically dominated o >ignal Region
HUEW ,uggéj J Significance Obs. (Exp.) 5
a3 0.97+027 | 0.99+0.22 5.5(5.6) 0 |
tlvvjj 0.7 0.5 — 1.32.1) 0 0
Combined | 0.92+0.24 [ 0.99+0.22 57(5.9) S
T
* inclusive fiducial cross-sections measurement: & °7® ;
-1 08-06-04-02 0 02 04 06 08 1
MD
Measured fiducial o [fb] Predicted fiducial o [1b]
ceeljj | 1.27 £0.12(stat) + 0.02(theo) + 0.07(exp) £ 0.01(bkg) + 0.02(lumi) | 1.26 + 0.04(stat) + 0.22(theo)
tlvvjj | 1.13 £0.28(stat) + 0.04(theo) + 0.06(exp) + 0.15(bkg) + 0.02(lumi) | 1.11 £ 0.01(stat) = 0.12(theo)
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https://arxiv.org/abs/2004.10612
https://arxiv.org/abs/2008.07013

EW WZ — 3¢y production €9

ATLAS

EXPERIMENT

» extensive use of MVA techniques oy = 0.37 £0.07 fb
* main uncertainties from theory modelling and jet reco

e dim-8 EFT limits comparable with CMS ones ogcp = 1.09£0.14 1o

= 1B © 10T
—, - ATLAS . o - ATLAS ® Data .
o 16 /s-13Tev, 140" - B [ \s=13TeV, 140" _l\/ﬂv;ch\?\fh (f‘;a'ed) -
O Ry L . te e , . === WAmEVY X .
g 1ApWz= vl s E n [ WZi-ved L wzjac <071 i
= - 7 an e Sherpa 2.2.12 (scaled) |
g 1.2: - N
S - g 1
- N o
0.8 — <
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" o Data - distribution,
0.4 A MadGraph+Pythia8 i obtained ’[raining
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O : .l.-.ll 9l5 I/o lc;olrﬂ:lldelncle Il_elvelI | I | | | | I | | | 1 I | | | | : partiC|e |eve| ) E
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https://arxiv.org/abs/2403.15296

EW W+W- — #+pf-v cross-section =t (B €5)

* DNN’s used in both collaborations to enhance signal sensitivity
e ATLAS focussing on the eu final state only, also ee and uu considered in CMS

e ATLAS simulates the EW signal at NLO pQCD precision with Powheg

..(2 _I [ I L | LI | L I L I L | L I | | [ I LI l_ (D CMS 138 fb (1 3 TeV)
& - ATLAS ® Data CJEWKW'Wjji 2. - L L ~
> i _ —+— Data Higgs Nonprompt
3 . O qg*E Vs =13 TeV, 140 fo'' - Ewk w'wij [ 4 T 105k | —
ATLAS E =13 TeV, 140 fb ; 3 jets SR Bl single top [ Strong W'Wij E Lﬁ = MultlbosE)n DY QCD-induced WW =
""""" e - Post-Fit B Z+jets I Multibosons e tW and tt = VBS B
I 0.05 5 i .W+jets 77/ Uncertainty i 10 % Z" <1 g
s 100%% | u(top) 0| : :
| : : 10° = =
| = - 5
| B N
! 0.18 10° | —
—— 0.84 .4 1 (Strong W'W jj) E I E
, C =
. SHERPA NLO 10 e +
' = =
—e— 1.21%2 EWK W*Wj [ .-
| &1 .0.21 K N I, 1= =
......... Ceeeoneiiii oo |1 Powhe - -
O 05 1 1 5 2 25 g 'qc; 1 2; Pre-fit/Post-fit ‘IO_1 =l o T =
- 1;}/W}#T C§> 15 E Uncertainties | | | E
T 0.75F g 1E
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https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2403.04869

EW Wx\W: — {iV{iV frOm ATLAS arxiv:2312.00420 @

L

EXPERIMENT

e cross-sections of the EW-only and EW+QCD components
e data driven estimates of main backgrounds due to WZ and non-prompt leptons

> - __ E‘ | | I | | | | | | | | | | | | | | I | | I_
8 60; e Data B AW EW (bin 1) lIWEWEj EW bin2) 1 Monte Carlo = or ATLAS e Data :
o C W Wi EW (bin 3) [l WW*jj EW (bin 4) llW*W'ji EW (bin 5) ] generators = : (s=13TeV, 139 fp' ™ MG5_aMC+Herwig7 -
W SO0 mwwtj EW (bin 6) I W-Wj Int WEWHEjj QCD 3 sliahtl B 4 . o MG5_aMC+Pythia8 _
& f 1 slightly S [ EWW'W > Powheg+Pythia8 :
+ - lwz QCD BwWz EW Non-prompt i - . g+ry i
o 40F | / 1 underestimate - » Sherpa 2.2.11 :
S - Conversions Other prompt 7/, Tot. Uncert. - 1 v Sherpa 2.2.11 ® NLO EW i
L1 . 1 the measured N | . ~
a + - | 7’] 3 }’] 1 -+ }’] o Total Uncertainty

30 ATLAS B Cross-section 5 — J 2 J % Systematic Uncertainty i
Vs = 13 TeV, 139 fb” - J3 74 — 1| -
20 SR ] ;7]1 }7]2 ]
. o i
10 —: s //2% -_

1 2—_ | | | | | | | | | | | | | | | | | | | | = O ] ] | I | ] | | ] ] | | ] ] ] | I%////I %//;M%?/ ]
2 . E E CU - I I | | | I | | I [F<I> | | | I | | | * | | =
0 1.25 4 = diff Al o 1.5F : A |
g 1 ' ' e fferential cross g~ § , iy
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0-6:_ | ] ] ] | | ] ] ] | ] ] | | I ] ] | ] | ] ] | _: Statistically _GC) 0.5:— " _:
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https://arxiv.org/abs/2312.00420

study of BSM physics ows aoznsoizes 65

ATLAS

EXPERIMENT

imits on dimension-8 EFT operators imits on Georgi - Machacek model
with cut-off regularisation parameters
ﬁl_—l 5: }l 5 e I L A A - @I 1 = 1 T I I 1 I
I %i ATLAS 1 £ ,oF ATLAS
= \ E-mtev sl FE \s=13TeV, 139 1b"
5 3/ | = 0.8 &
< - - = — Qbs. 95% CL upper limit
:; 25_ E 0.7 E_ = Exp. 95% CL upper limit
1= = 0.6 = [ Expected limit (+1o)
Of — = 0.5 = Expected limit (+20)
_15_ . = 0 = [ rHHm(HE) > 0.1
A IO S ;
3¢ —— Obs. 95% CL limit - - =
- - - Exp. 95% CL limit - L E
-4t | —— Unitarity bounds - 0.1F =
_5: Ijl I I I I l I I | I I I | l I I | | | | I l I : E | ] | I ] | ] | ] ] | I ] ] | I ] ] | | ] ] ] I | E
1 2 3 4 5 = 0 400 600 800 1000 1200 1400
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https://arxiv.org/abs/2104.04762

EW WitWz: — 2yt In CMS .

see K. Potamianos’ talk

e one of the two same-signed W-bosons decays to a hadronic 7 lepton

e Significance of SM process at 2.7 s.d., signhal strength 1.44 fg:gg

e first simultaneous extraction of dim-6 and dim-8 constraints on EFT BSM terms

CMS Preliminary L =138 b (13 TeV) CMS Preliminary L=13810" (13 TeV)

- Expected (68%) === Expected (95%) == Observed (68%) === Observed (95%) 4%+ SM

60 __I||I|Il|||||””l|”||Illllllllllllllllll_lj
linear, BSM and L e
mixed contributions,
dim-8 including T T e
inear and BSM T TN N A -
contributions

o - Expected (68%) === Expected (95%) == Observed (68%) === Observed (95%) %+ SM

CHbox

7 30__!....1 ..... N5 OO L O S O O B S S O O O O A A O ﬁ dim-G |nC|Ud|ng

most 2D plots
show little } I
correlation _80_ .................. ___________________ __________________ __________________ ............ ............. ..... ; ________ _
between u E E 5 5 5 TSR |

[ A R P N . D A A
_30 _|.| ..... feeereendfeenns | ..... I‘}flliii‘l ..... | ..... freeeofee |.|.l|||1l1.| ..... Je--- |.I_ OO_| | [ | | | [ | | | [ | | | [ | | | | [ | | | [ | | | [ | | | [ | | | |_

15 1 05 0 0.5 1 15 operators 150 -100 -50 0 50 100 150 200 250
Cw Chiwg
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html

WiWz: — f2yf+y and WZ — 3£y In CMS .

* NLO EW and QCD corrections applied to the LO signal samples
e data-driven backgrounds whenever the MC predictions are not reliable enough
e BDT to separate the EW WZ and QCD WZ processes

CMS 137 fb' (13 TeV)
> L L L L e Process o B (fb) Theoretical prediction Theoretical prediction
8 D008 T s Data - without NLO corrections (fb) with NLO corrections (fb)
B B MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. | Lo 3.98 + 0.45
o= IR MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. - EW W=W ' ' 3.93 4+ 0.57 3.31 +£0.47
E: 0.006 | N 0.37 (siag::tt 8257 (syst)
5 — + + . .
% - EW+QCD W-W 0.39 (stat) + 0.25 (syst) 4.34 + 0.69 3.72 4+ 0.59
© 0004 - EW WZ 1812041 1.41 40.21 1.24 +0.18
i 0.39 (stat) &= 0.14 (syst) ' ' ' '
i _ 497 +0.46
0.002 I N EW+QCD WZ 0.40 (stat) + 0.23 (syst) 4.54 4+ 0.90 4.36 4 0.88
o IllllTllll_ QCD WZ 0.45 (stat) + 0.18 (syst) 3.1240.70 3.1240.70
| EEERERERES |
> . . = =
8 * limits on dimension-8 EFT operators
I_
S R R B likelihood-based
500 1000 1500 2000 2500 3000 :
m. [GeV unfolding
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https://arxiv.org/abs/2008.07013

W\W=* and majorana neutrinos vzz00000s [ 9

e probe heavy Majorana neutrinos and the Weinberg operator at the LHC

138 fb~1 (13 TeV)

(\l_ 1 1 :I 1 | 1T | I | I | I | I | L | I | L | I I:
el - ATLAS Observed Limit, my=10TeV -
Z 0.9 — \[E =13 TeV, 140 fb-1 ----- Expected Limit, my=10TeV —
E pp — 7 * jj ——— Observed Limit, My = 500GeV E
0.8 — 95% CL Limits = - Expected Limit, My = 500GeV —
07 B -
0.1 - Z
0.6 =
05 F TN =
95% CL upper limit - -
4 — —
Observed 0 N ]
0.01 Expected - -
68% expected 0.3 - .
95% expected - \ N
CMS same-sign dilepton 0.2 = \ —
JHEP 01(2019)122 N ]
CMS trilepton 0.1 = ' ]
PRL 120(2018)221801 - -
(111 | ‘nl | | | L 111 I | 111 I L 111 | L 11 1 | L 111 | 1\ | : I L 11 1 | L1111
107 3 7 O

100 10 10 (GeV) O 01 02 03 04 05 06 0.7 08 09 1
mpy e 2

‘ VeN |
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https://arxiv.org/abs/2206.08956
https://arxiv.org/abs/2403.15016

CMS

polarisation studies in CMS

* EW production of same-sign WW boson pairs with at least one of the W bosons
longitudinally polarized is measured with an observed significance of 2.3 s.d.

CMS simulation (13 TeV) CMS 137 fb' (13 TeV)
:. B | L | -ii | -I_I | | L L | L | I'] _l I ! T T | T T T T [ T :5 ::L T T T
< 018 _— Ewwiw? E = | - Expected bkg. only stat £
016 :_ —EW Wiwi _: < 6} Expected bkg. only stat+syst y
) _ e Y Y o= : AN - Expected signal+bkg.
0.14 - EW WiWs _I_—|;_ ' . — Observed
0.12F — - -
B = - 4\ 9%CL s -
OO8£|: ! ! ] i—'—_l_ —: L
0.06F T ~
- —— - 2 -
0.04 . _ I
i : eweL & S
0.02 — , -
B . 1 1 | | | I I | | | I I | I I | | L1 1 1 | L1 1 1 | I_ Y
% 05 1 15 2 25 3 04 o ; "
A(I)" GWLWL [TD]

P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston


https://arxiv.org/abs/2009.09429

semi-leptonic VBS WV in CMS .

» resolved and merged hadronic V decay CMS 138 b (13 TeV)
CategOrieS ' 68% CL expected
* W+jets and ttbar suppression witha DNN ™ e
e data-driven estimate of residual — - 95% CL
- 7 SM
backgrounds * best i
. ~

* significance close to the 5 s.d. level

/ 1.9()J_r8:22 pb \

Oobserved —

Oneory = 2.23%0]] (scale) x 0.05 (PDF) pb

O
ppy = 204 = (.85 +0.12 (stat) ¥} (syst)

K Gtheory /
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https://arxiv.org/abs/2112.05259

the sign of the HVV couplings ravasnzoozs (| )

arxiv:2405.16566 ATLAS

See A. de Wit,s talk EXPERIMENT

e (BSM) discordant sign in HZZ and HWW couplings would lead to cross-section
enhancements in VBS WH production

CMS 138 fb~! (13 TeV)

SM expected 95% CL CMS (2022)
Bl <95% CL (20) obs. Bl <99.99% CL (50) obs.

the SM case of ky,
and K, having the

1. same sign is largely
|nterfer|ng dlagl’amS -18 -14 -10 -06 -02 02 06 1.0 14 18 favoured
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https://arxiv.org/abs/2402.00426
https://arxiv.org/abs/2405.16566

VBE HH — 4b in ATLAS vz 60

see J. Alison’s talk

H
 VBF signature + boosted Higgs boson tagging \
T H
e particular sensitivity to anomalous k,,, values
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https://arxiv.org/abs/2404.17193

B &)

L HC as a photon collider S — %im
see A. Gilbert’s talk
pp(yy) = pt* WW p& pp(yy) = pyyp

103 fb~! (13 TeV)

> _— I 1 | | I | | | | | | | | | 1 1 | | | | | [—
® y ATLAS - —~ ) I
0, 7 <
150 — _ 13 TeV, 139 fb™ — |
o e > 808 CMS - TOTEM -
1% Ny = 0 _ () ;
GC> Data ] b .‘ h
> TY—WW _ Py \ N
L 100 YY—=TT L — 2-0_ ‘1‘ "\ i}
£ Drell-Yan | | N N\
4 qg—>WW | 2 \ "
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Total uncertainty N \ v Hv po HV P |
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pi* [GeV]

Omeas = 3.13 £ 0.31 (stat.) £ 0.28 (syst.) tb
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https://arxiv.org/abs/2010.04019
https://arxiv.org/abs/2311.02725

exclusive J/y @ production in LHCb L”C“'P’“*Eﬁzigifgﬁiﬁﬁ%

e first observation of the direct production of y exotic 7 »
states with no additional visible activity X350
-
* non-resonant contribution shape parameters measured ‘
IN a sideband region '
' % 0 E_ ] Data _g
measured cross-sections < g LHCh -
o 6o 430 5 fb’ ey (4140)
Oer (a140) X B0 = (0.85+£0.16 £0.30) pb, = 5 E ]l Preliminary -~y (4274) 3
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oo X B0 = (044%gRE00n b, A 0F g WLy RS
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summary 1/4

 a wide landscape of VBF + VBS final states studied at the LHC

 room for improvement: final states still to be used, e.g. semi-leptonic ones, also
for polarisation studies

e did we squeeze all what we could from machine learning tools?
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summary 2/4

* on the understanding and use of the theory predictions:

e different generators are not always compatible

* need to fully exploit the existing precision calculations in the data analysis
 understand how to match them in EFT and polarised studies

e experimental collaborations not fully consistent yet

Aug 2023 CMS Preliminary

CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) —+—0—+—

Theory 8 TeV CMS measurement (stat,stat+sys) ——o——1

13 TeV CMS measurement (ﬁat,s’g%wys) — o —

qgW et 0.84 +0.08 = 0.18 19.3fb™

qgW . 0.91+0.02+0.09 35.9fb’
qqZ — 0.93+0.14+0.32 5.0fb’

qqZ i 0.84 = 0.07 £ 0.19 19.7 fb

q9Z o 0.98 + 0.04 +0.10 35.9fb"
WV o] 0.85+0.12+0.18 138 b’

vy —WW | 174 +0.00+0.74 19.7fb"

W — — 1.77 + 067 +0.56 19.7 fb” -
EM e 0.89 + 0.11+0.15 128 fo an overall SVStematlc
os WW — e 112 +0.15+0.17 138 b :
ss WW + 0.69 +0.38+0.18 19.4fb comparlson between
ss WW e 1.20+0.11+0.08 137 fb™
qqZy = 1.48 + 0.65 +0.48 19.7 fb™ measurements and
qqZy e 1.20+0.12+0.13 137 b’ P8 T
qqWZ 146 +0.31=0.11 137 b’ pTEdICtIOnS dCross

Y4 + + -1 ' :

T (19098015 19710 collaborations might be useful

All results at:
http://cern.ch/go/pN;j7
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summary 3/4

e constraining power still th be exploited in global EFT fits

dimension 6 SMEFT dimension 8 SMEF]

100 fb” (13 TeV)
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https://arxiv.org/abs/2108.03199
http://cds.cern.ch/record/2850667/files/ATL-PHYS-PUB-2023-002.pdf

summary 4/4

* the holy grail of the VBS longitudinal component measurement is still out of
reach

e future detectors expected to allow for a better control of the VBS topology

14 TeV
8 6_ fo\ T | T T T | T T T | m
C aad - —
8 [ - ; . ®  4|- CMS Delphes Simulatio _
S ATLAS Simulation Preliminary o 45 o W; P e: "t'f“‘ ation ]
. . . 5> 55— © combination
same-sign longitudinal & °-  (s-147ev S
. . 2 — by i = o
WW VBS projections ¢ ,;  pp—WWj 2 o B
5 F o L
B D
B IS B
- 8 L
3_— > B
_ B W o —
5 TS e ~ —¢— Phase | 50 PU
B ] : ---- Phase | aged 140 PU
N 1 —— Phase Il 140 PU H
1 C® ———— with all sources of uncertainty I
with only statistical uncertainties
O—I | I | | 1 1 1 1 | 1 1 1 | | 1l 1 1 1 | I I | | 11 1 1 | L1 1 1 | | I I I | I 1 1 O ] ] ] | ] ] ] | ] | | | I_
0 1000 2000 3000 4000 5000 6000 7000 8000 0 2000 4000 6000

omiliiosiy {65 Luminosity (fb™)

* Run3 measurements still to be delivered!
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http://cds.cern.ch/record/2220831?ln=en
https://cds.cern.ch/record/2652447/
https://inspirehep.net/literature/1920697

The COMETA COST Action R

e EU-funded initiative

* one Ideal place where to pursue these studies across collaborations and
communities

e legacy of the VBSCan COST Action
. freshly started this year

'ybo yq\a join: the wor ’

v 3 "
R "‘Q = A
'7""
] z ) :
:

i

EUROPEAN COOPERATION
IN SCIENCE & TECHNOLOGY Funded by
the European Union
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The COMETA COST Action R

e EU-funded initiative
e one |deal nlare where tn niiraiie thece ctiidiecs acrnse enllaborations and

comrn
e daugt
* freshly s
. everybo

and when you think that this is boring...

There is nothing new to be discovered in physics
now. All that remains is more and more precise
measurement.

~ William Thomson (Lord Kelvin), 1900

EUROPEAN COOPERATION

IN SCIENCE & TECHNOLOGY Funded by
the European Union
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additional material




single vector boson results &) @

EXPERIMENT

e CMS Coll., Measurement of electroweak production of a W boson and two forward jets
in proton-proton collisions at 8 TeV https://arxiv.org/abs/1607.06975

e ATLAS Coll., Measurements of electroweak Wjj production and constraints on
anomalous gauge couplings with the ATLAS detector https://arxiv.org/abs/1703.04362

e ATLAS Coll., Differential cross-section measurements for the electroweak production of
dijets in association with a Z boson in proton-proton collisions at ATLAS https://

arxiv.orq/abs/2006.15458

e CMS Coall., Electroweak production of two jets in association with a Z boson in proton-
proton collisions at 13 TeV https://arxiv.org/abs/1712.09814

e CMS Coll., Measurement of differential cross sections for the production of a Z boson in
association with jets in proton-proton collisions at 13 TeV https://arxiv.org/abs/
2205.02872
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WW=* — £f+p£+y In the LHCDb detector arxiv:1908.06805

a parton level feasibility study

Channel ogw [fb] oqcp |fb] orw /0qQcD

|
* signature with one jet and two anti-muons ss WW 0.0185

(1) 0.0104(1)  1.78
WZ  0.0071(1) 0.2952(4)  0.02
pr; > 20GeV, 2.2<n <42, 77 0.0003(1) 0.0161(1)  0.02
Sum  0.0258(1) 0.3217(4)  0.08
pr .+ > 20GeV, 2.0 <y,+ <4.5,
0.4 : : : , :
AR;,+ > 0.5. Y 035 | oot
03 | i
'UJ+ 025} _Il__l_
; :ﬁ 0.2 | _*11_
T ooas | = _
beam axis 0.1 | g :
4+ 0.05 - -
IUJ 0 T S —
j 100 — ——————— _ _ _ _
80 -
V“ = 60 F — - LOEW
w 40} -—- LOQCD
20 t -
LHCDb detector . s s P—
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https://arxiv.org/abs/1908.06805

effective field theory

e add to the SM Lagrangian additional BSM terms

e generic low-energy parameterisation of an unknown model that would become
apparent at (too) high energies

Dim 6 Dim 8
B fs 1,5 fm,
Lerr = Lsy + Z (9 + Z OSJ Z FOTJ + Z A4 Owm,j
i:WWW,W,B,<I>W,<I>B j=1,2 j=0,...,9 §=0,...,7
Pure Pure Field- Mixed Higgs-field-
: . strength
Higgs field strength
tensor

e simplistic realisation: choose a basis and associate operators to vertices in form of
anomalous couplings

o5
e, QGC [ e, HVV o
@ N
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electroweak stairway to heaven

single W,

di-boson

tri-Boson

VBF and VBS

http://go.web.cern.ch/go/7LSN
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Overview of CMS
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cross section results
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measurements and predictions
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dimension-38 effects in vector boson scattering A@

EXPERIMENT

e dimension-8 EFT interpretation of the fully leptonic WZjj and same-sign WWjj

electroweak measurements
"STeY ' WZ WW
joint fit on MTW< and m, Lo =

1 TeV clipping to cope with

unitarity constraints Y P T
~ 40~ ATLAS Preliminary —
) T /s =13TeV, 36.1 o'
fra/A - -
_— 0= _
4 I ;
fri/A — _ _
20F B
4 -40 — obs. 95% CL, comb. —:
fro/A - Bt
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dimension-6 EF T global fits

100 fb" (13 TeV)

i 3
* two Wilson coefficients "
free to float
simultaneously (the 1
others are set to zero) -0
_ _ - [ ] combined :
 the combination and — WAWE2] 1 -1
complementarity of : WANF0) - _
different analysis Z‘ WAWF+2] | """
channels allows for a L zze2 | -
narrower limit area o wze | IR S S S
definition b d Combined OXT) | Couy [TV
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https://arxiv.org/abs/2108.03199

: : courtesy of
dimension-6 operators G Boldrini

SSWW+2j  OSWW+2j WZ+2) Z7+2j Z\+2j WWwW

L QL QL LQ L +Q L +Q L L+Q AN\

I\

G - my - METMee' myzpre-,-' Pre-,-' Py, pr;, Prpn  MET

CSc), Prjo  Prjp My My my  prp My prjp mi®  mi3 MET MET _‘Z,/ r_r4~

ng Ag;  Agy my  my Al prp Agyl Pl P¥§f P¥§f Prn P -‘ﬁg

s | myt Prj2 Mj  Prjz Mj  Prp M prjp  Prol APFS - -

ca | Adj  Prp my  Prp my  prp o my prj At AgE - -

cél;” A¢jj  Prj Prjz  Prje Prj2  Prjp  Prj P12 A¢},{BS p¥§15 i i

ng) Prjo  Prj Ptz Prje Prj2  Prjz Prj P2 A¢XBS Pﬁs - - AN

e | Ayt Amgtmgt o mgt mgt o my o my mt Angg o Anomgtmy o

Cip | Prjp My Anj  Anj Mee Ayl precys  Pretut! Pre Pre Pt Pt - 2 4 —

| mytoomtmgtomtomgt my o myt mt At Angtopry o pre P e,

Chws | Prji  Prji Amj My Mee Myz my, Anj; An}f An}f prp  MET o \\

Cho | Prjp My My My - Mwz - A P¥,,'2 P¥,,-2 - - FJ_\]"

Chw | Ag;  my Ay  my met myz  mj my P¥515 P¥,,-2 - - — — —¢

w | Agj  Prule; my prp Muz Ag; priv Agft AgBSTMET  MET 'Z/,/l
Observables ranking change from Lin to Lin+Quad. —J

Best observable group usually match prior knowledge about
the operator.
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CMS W+W-




CMS

event yields

Process SR €U Zgg <1 SR eyZ% > 1 SR ee - HU Z% <1 SRee- HU Zw > 1
DATA 2441 2192 1606 1667
Signal + background 2396.8 = 98.5 2239.6 = 106.0 1590.4 =494 1660.5 ==43.6
Signal 169.1 = 20.2 69.9 + 8.4 98.0 £ 6.5 383 2.5
Background 2227.7 £ 96.4 2169.7 == 105.6 1492.4 +48.9 1622.1 £43.5
tt +tW 1629.4 714  1452.5 £69.5 767.8 £14.5 642.5 = 13.2
WW (QCD) 327.0+61.6  409.3+77.3 111.1 4+ 16.6 121.5 +17.3
Nonprompt 107.0 =184 109.9 =164 30.0=4.9 32.01+4.2
DY no PU jets — — 259.5 1+ 27.3 408.3 =17.1
DY + 1 PU jets — — 222.7 1= 33.3 337.4 +32.9
DYt T~ 69.2 4.6 102.0 £5.8 — —
Multiboson 67.7 = 6.6 75.6 7.3 60.9 = 3.8 60.1 =4.8
Zii 1.0+ 0.2 0.4 +0.0 40.5+ 4.2 20.3 4 1.3
Higgs 266 = 1.5 20.1 £ 1.0 — —
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CMS

uncertainties

Uncertainty source Value

QCD-induced WTW ™ normalization 5.3%

tt scale variation 5.1%

VBS signal scale variation 5.0%

tt normalization 4.9%

b tagging 3.5%

Trigger corrections 3.3%

DY normalization 2.9%

Jet energy scale + resolution 2.6%

Unclustered ptiss 2.4%

QCD-induced WTW ™~ scale variation 2.1%

Integrated luminosity 2.0%

Muon efficiency 2.0%

Pileup 1.8%

Electron efficiency 1.5%

Underlying event 1.3%

Parton shower 1.0%

Other <1%

Total systematic uncertainty 13.1% ,
Total statistical uncertainty 14.9% 11 p act on th €
Total uncertainty 19.8% Cross-section
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ATLAS W+W-




event yields 9

RATLAR
Event yields

Process Niets = 2 Niets = 3
EWK W"W~™jj 158 + 27 34 + 13
tt 2394 + 194 1625 + 125
Single top 401 + 34 225 £ 21
Strong W"W~jj 1214 £256 514 + 121
W+jets 37 £ 97 19 + 48
Z +]ets 216 + 62 65 + 25
Multiboson 101 £35 42 + 3
SM prediction 4610 =77 2546 + 48
Data 4610 2533
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uncertainties )

RATLAR
Sources \/(A'u)zu_(AH,)z [%0]
MC statistical uncertainty 7.7
Top quark theoretical uncertainties 6.3
Signal theoretical uncertainties 5.8
Jet experimental uncertainties 4.9
Strong W*W ™ j j theoretical uncertainties 1.3
Luminosity 0.8
Misidentified lepton uncertainty 0.5
b-tagging 0.4
Lepton experimental uncertainties 0.1
Others 0.3
Data statistical uncertainty 12.3
Top quark normalisation uncertainty 4.9
Strong W*W ™ j j normalisation uncertainty 2.2
Total uncertainty 18.5
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CMS semi-leptonic WV




vector boson identification

cartoons are courtesy of
D. Valsecchi

CMS

)
Ay )
LL] | / >,
2 & N .‘."-, \{; O\ 77 ﬁ
& ™~ e Y g
o W%R ; W[Z m
> 5N O
s ,/"// \'\\ O\ 0
~ = >
cu,j o j \_\\ ¢p)
r L
the quarks due to the V decay the quarks due to the V decay are

originate two jets

close enough to originate one
single large jet

P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston




CMS

signal extraction: a deep neural network

* many variables that characterise the signal combined into a single discriminant
* choose variables according to their importance (explainable Al)

“

Vari SHAPranking e 3CﬂMIS]lllilllﬁl]Illl|1III]ﬁit[l_ll_r1113|811ﬂ1311€1113|-!-lel\{)

ariable Resolved Boosted Resslicd. Waaeed - 10°F + g — T =
Lepton pseudorapidity v v 13 12 = » A L. J e "
Lepton transverse momentum v v 16 10 E" 102 _ {::} DY [ ““““ VBF-V, Vy, VBS-Z(INV(jj) =
Zeppenfeld variable for the lepton v v 2 2 E E o i, =
Number of jets with Pt > 30 GeV v v 7 3 o © LJ Nonprompt D Top =
Leading VBS tag jet pr - v - 11 -e 10 = =
Trailing VBS tag jet pr v v 7 6 T - WaJets E VBS-W(Iv)V(jj) :
Pseudorapidity interval Ay/™ between tag jets v v 4 4 1L N
Quark/gluon discriminator of leading VBS tag jet v v , 7 = 5
Azimuthal angle distance between VBS tag jets v - 10 - L _ J
Invariant mass of the VBS tag jets pair v v 1 1 1 ()‘1 T vy, — =
py of the leading V, _, jet v - 14 - E —e s S -
pr of the trailing V, 4 jet v - 12 - o ey, E T il :
Pseudorapidity difference between V, _ jets v - 8 - 10 = T g, e Tt E
Quark/gluon discriminator of the leading V., jet v - 3 - - =Sy “'= J.r.h;
Quark/gluon discriminator of the trailing V, _, jet v - B - 103 & g
pr of the AK8 V, , jet candidate - v - 8 = =
[nvariant mass of V4 v v 11 b - p
Zeppenfeld variable for V4 - v - 9 107l b b b b b b L s
Centrality ) ¥ 15 13 0 01 02 03 04 05 06 0.7 08 0.9 1

DNN resolved
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W+jets estimate

CMS

* measure the background Cross- CMS L =138 (13 TeV)
section where no signal is - e —
expected g 10™ —+— Data W+VVWV

e .
. . ° DY VBF-V, Vs, VBS-Z(II)V

» control region: sit away from the S 10° I - (Vi)

hadronic W invariant mass T Nonprompt [l Top
. W+Jets VBS-W(k V(i)
My sidebanad

sideband

Myz

0.2 04 0.6 08 1

DNN resolved
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top background estimate %

e select events with at least one b-quark in the final state

CMS L=138fb" (13 TeV)
prd L B S A R S L R R R B R R
g 10" —+— Data VW+VVWV
2 10'° - DY - VBF-V, V= VBS-Z(I)V(j))
% 10° Nonprompt - Top
10° W+Jets VBS-W(k V()))
107 Syst.

0 0.2 04 06 08 1

DNN resolved
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the fit result

CMS L=138fb" (13 TeV)

g 107 ¢+ Delata | W+VIVV |
° 10° - DY - VBF-V, V=, VBS-Z(I)V(j))
% Nonprompt - Top

1o W+Jets VBS-W(k V()

10 Syst.

10°
10°

||Il| lllIlIlII lllllllll | llllllll Lyl

2
||

- — . - — . —— - ———

Data/Expected

S
~

0o 02

DNN resolved

»— (Data - Bkg)

— Signal

(Data - Bkg) dN / dDNN
&)

Tot uncertainty

0.8 1
DNN resolved

CMS
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the fit result

L=138fb"(13 TeV)

1 | I 1

VW+VW

1 1 ] 1 1 1 -égj
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z T T T I T T T
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; o o
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CMS

consistency of the Standard Model
CMS 138 fb'' (13 TeV)

e two-dimensional fit: QCD- and EW-
induced VBS (at LO in perturbation - 68% CL axpectac

_ expected

theory) cross-sections fitted together
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ATLAS Wy




selections and rates

Fiducial cross-section SR CR
NEP = NP > 0
jets jets
Differential cross-section SR CRa CRgp CRc
gap _ gap gap gap _
mjj > 1 TeV Njets =0 Njets >0 Njets >0 Njets =0
‘fl‘y < 0.35 fly <0.35 035«< qfly <1 0.35< ‘fly <1

ets

gRfid (Njgap -0

fid gap
) CRM(NEP > o)

Expected number of events in the signal and EW Wyjj 520 + 141 120 + 49
control regions used for the fiducial cross-section » " N
measurement and observation of EW Wy jj Strong Wy 1530 + 830 1970 + 950
oroduction. Non-prompt 692 + 57 698 + 58
Statistical and systematic uncertainties are included Top quark processes 109 + 18 183 + 37
fTOhr each gomr?conbent. ] . . EW + strong Zyjj 128 + 34 163 + 77
e number of observed events in each region are
included for comparison. The "non-prompt" Total 3000 £ 830 3140 £ 960
background category includes non-prompt photons Data 3341 3143

and fake leptons.
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DNN input variable example @

EXPERIMENT

i} _'(B 2500—I' I 1 I L 1 I 1 I L T T
Distribution of the predicted and observed yields for = - A'll'L ASI | | | | ¢ Dalta o
one of the three highest ranked variables in the NN after b Vs =13 TeV. 140 fb™ EW Wi ]
performing the profile likelihood fit, Ely. - EW W %/v’ } S .-
. L trong W
The observed data is represented by solid circles and the 20001 i (Vi Non-;?romygt_—
associated vertical error bar represents the statistical - Post-Fit B Top Bkg, °
uncertainty of the data. i ! -
The predicted yields comprise simulated EW Wy |j signal, 15001— ~ Uncertainty —
backgrounds from non-prompt photons and leptons that i ” i
are estimated by using data-driven methods, and % _
backgrounds that are estimated with simulation. ) l
The hashed band represents the quadrature sum of the 1000__ G -
statistical and systematic uncertainties. i -
B 7 -
500— —
.+ V. n ool i
y]]‘ yjz B ‘/ ’//////////////////‘//////////////////7
yl}/ 2 .8' ()E
— EEEEEEEEE————————————— et '_ Q
y' — y © 0.95— -
J1 J2 8 075 ¢ E
0% 02 04 06 08 1 12 14 16 18 2
gw
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> 0.4r : v —
c | ATLAS Js=13TeV, 140 ft"
£ 0.35F EW W(—Iv)yjj Niets = 0,5, <0.35 (SR) -
8 i -= Luminosity Strong Wy jj modelling
c o 3_ <+ Other JET -
= Prompt non-Wy bkg modelling -= EW Wy jj modelling
= . - Non-prompt backgrounds -+ MC Statistics -
c - -+~ Unfolding - Total -
5 0.25F )
= ]
O i
o 0.2 R— Z
Nt i
L Z
0.15F .
o1t 3
0.051 [="e=" A e ——— M— =
0 -— Wi — — — — — — — — — ——.  —— — — ——

impact of uncertainties

Uncertainty Source

Fractional Uncertainty [Y]

Statistics
Jets

Lepton, photon, pile-up
EW Wy j modelling
Strong Wy jj modelling
Non-prompt background
Luminosity

Other Background modelling

miss
ET

11
8

NN NN OO

3000 4000 5000
m, [GeV]

o
»

o
(&)
4

Fractional uncertainty
o o
L 9 N ©
(%)) N O W

o
il

0.05[F="15:

. ATLAS
- EW W(—v)yj

-+ Luminosity
<= Other

Prompt non-Wy bkg modelling
-+~ Non-prompt backgrounds

gﬁ: 13 TeV, 140 fb' -
Nigis =0, &, <0.35 (SR) -

Strong Wy j modelling

JET
-= EW Wy jj modelling

- MC Statistics
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CMS Wy




EW production of Wy with two jets

e analysis based on a 2D fit to
maximise its sensitivity

e control region to constrain the QCD
WYy production

* packground due to jets
misidentified as photons or
electrons estimated from data with
loose-to-tight ratios

* irreducible backgrounds estimated
with the simulation

—h
-
-
O

Events / bin

800

600

400

200

o

Data/exp.
COO . ——
OO L WO

138 fb' (13 TeV)
B EW Wy in fiducial _
I EW Wy out fiducial [ Top, VV, Zy
QCD Wy MisID photon
I Double MisID MisID lepton
"7 Stat @ syst

Mty €
' m,, «[80, 130) GeV

- [30,80) GeV | .
[80,130) GeV |

. > 130 GeV -

>

......................................................................

N
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https://arxiv.org/abs/2212.12592

CMS

measured unfolded cross-sections

observed significance of 6.0 s.d.

cfg“,iv = 23.5+2.8 (stat)ﬂ:? (theo)fgfL (syst) tb = 23.5fi; fb
o ocp = 113+ 2.0 (stat)*23 (theo) T13 (syst) fb = 113 + 13 b

CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV)
;‘ B | [ I ] ;‘ B [ I [ 7 ;‘ - [ | | -
8 08 B —— QODs. result (stat.® syst.) 8 >s C —e—— Obs. result (stat.® syst.) i Ii) 05 — Obs. result (stat.® syst.) —
= L | = -~ ] = B _
O O N ] 0 - ]
— i mm Obs. result (syst.) | — - s Obs. result (syst.) - — o4 [ mmmm  Obs. result (syst.) -
- 0.6 [ — - 2 ] E: T E i
g9 B EW(LO) Wy MG5 | g - EW(LO) + QCD(NLO) Wy MG5 ] g - EW(LO) + QCD(NLO) Wy MG5
~ - . ~ 15 _ ~ 03 [— ' —
© 0.4 — o © - . ] © B l _
4 :-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:- R : < _ FEF e : < - S e :
BRI (SRR iy | 1 __ SHa __ O . 2 __ R, __
0.2 — —] - . B |
- i 0.5 — 0.4 |— ]
| + — - . B |
0 _ - —_— - i
= = 0 = | — 0o = | | D
. D ;2 ;.2
< 16 < 16 1.6
QD 12 QL 12 ¢ QO 12 ¢ T
% 0.8 % 0.8 % 0.8
a 061 S o.g - s 0-3

30,55]  [5580] [80,110] [110d 30,55] [55,80] [80,110] [110:] 0507] [0.7,1.0] [1.0,1.5] [1.50]
p. [GeV] p. [GeV] m, [TeV]
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CMS

limits on new physics

Leff —

CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV) Expected limit Observed limit Upound
%104__ — Data e vy %'14; 5.1 < famo/A* <51 =56 < fyg/A* <55 1.7
2 | Moz [acow Sia | Obs. 2ANLL TN fug /AN <T7A 78 < fyg /AT <81 21
g) : Muon events mMisID ohoton . Double MisID - j. '1 8 < sz/A < 1 8 —1 9 1 sz/A < 1 9 .
o [ VisD opton Stat @ syst 10  —— Obs. 95% CL interval | 25 < fys/A* <25 =27 < fys/AT <27 2.7 §

10 e i _gTev : | 33 < fua/AT <33 =37 < faa/A <36 "
; 8 - | 34 < fy5/At <36 —39<fM5/A4<39 |
2ﬁ 6—_ - M7 r | L'\‘ M7 < 4 .

10°E ; 043 < fro/A* <051 —047 < fro/A* <051 1.9
- ' \ + N T VOTT TR TR -0.27 < fr1/A* <031 —031< fr/A* <034 25

i 0.72 < fro/A* <092 —0.85< fr,/A* < 1.0 2.3
10 L 2 [ 029 < frs/A* <031 —031 < frs/A* <033 2.6
| L | 023 < fre/AY <025 —025< fro/A* <027 29}
[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5] L 4 | -060»<T7A4,<O68—0 67 < T7/A4<03 |
My, [TeV] FM,Q/A4 [TeV*] ‘ ) | - |

most stringent to date
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ATLAS Zy




event yields and systematics 9

NEW—Z’yjj 269 - - 27 25 1 6
NQCD—Z’yjj 245 1 21 224 1 18
NZ’yjj 1292 1 50

NZ+jetS 78 . 30 21 4 16 . 5
Ntt_’y 73 . 11 ].6 . 8:: ].
NWZ 17::3 9::2 4::1
Total 1461 £+ 38 00 £ 23 277 = 17
L\ 1461 562 274

Data stat. MC stat. Background LReco EW mod. QCD mod. Total

Acpw/opw |70] 9 +1 +1 - “_L?; T2 +13
Aoz /07~ | 70] +3 +1 12 t% i-g +9 tﬁ
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CMS Zy




systematic uncertainties

CMS

Systematic uncertainty Impact [%]
Jet energy correction +7.9 —6.7
Theoretical uncertainties +5.5 —4.7
MC statistical uncertainties  +4.7 —4.5
PU +4.7 —4.1
Related to e, y +4.5 —3.6
PU jet ID +3.7 —34
ECAL timing shift at L1 +3.5 —2.8
Nonprompt-y bkg. estimate +2.0 —1.6
Related to u +1.7 —14
Integrated luminosity +0.8 —0.6
Total systematic uncertainty +14 —12
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CMS

event yields

Process HH Ybarrel ~ HHVendcap €€ Ybarrel €€"Yendcap

ST 0704 0.2=x0.2 0.6 = 0.3 0.2 =0.2

TT’}/ 8.8 = 1.3 2.1 0.5 3.4 0.6 0.2 =0.2

VV 60x19 32=x=12 41=x13 08=x=03

Nonprompt photon 189 £9.2 143 69 93.6 65 743 5.0

QCD Z’)f 274 = 10 108 == 5.6 16274 62439

EW Z’)f 133 =4.7 465 =17 845=x=31 282=x1.1

Predicted yields 612 =13 303 = 8 349 = 9 166 = 6
Data 534 320 375 174
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CMS same-sign WW
with a tau lepton




EFT limits

la fiton a
DNN traineo
| fo the dim-6
case

la fit on a
DNN trained
 fo the dim-8

case

CMS

Wllson coeff1c1ent

_EXg ected -

68% CL interval(s)

95% CL interval

U [C12.9,-8.03] U

cly —0.501, 0.576]
C —0.681,0.669]
Crw —7.00,6.09
CrwB —41.7,69.6
CHE —16.6,18.1

Cun —24.6,34.7
D —28.8,29.9

(3) —1.43,2.23] U |5.88,9.54]
o) | |
i, —4.53,4.42]

CHI
¢\ 239,137

dim-6

fr1 [ 0. 426 0.480]

fr2 —1.15,1.37]

Fto —9.89,9.74

. Fan —12.5,13.3
dim-8 ' —20.3,19.2
feo —11.6,12.0

for —37.4,38.8

for —37.4,38.8

—2.95,1.91]

1 |.

(—11.6,0.045]

(—0.341, 0.416)]
(—0.513, 0.481]
[—5.48,4.31]
30.7,89.2]
—12.0,14.0
—15.3,31.5

—38.2,39.5
(—0.045, 8.58]
(—3.27,3.44]

(188, 0705]

— /4 l
[—0.319,0.381]
(—0.851,1.12]
(—8.07,7.70]
(—9.54,11.15]
—17.6,15.3
—9.60,9.82
—40.9,41.3

—40.9,41.3

(—14.6,3.53]

(—0.742,0.818]
[—0.987,0.974]
-9.99,9.05
—66.6,96.4
—24.7,26.3
38.2,48.8

—49.4,49.7
—2.64,10.8]
—6.56,6.44
—3.24, 2.16:

20,640, 0.695)
—1.75,1.98
—14.6,14.5
—18.7,19.6
—29.9,28.8
—17.4,17.9
_57.2,58.6
_57.2,58.6

(—13.5,2.11]

(—0.605,0.681]
(—0.842,0.818]

(—8.68,7.60]
(—49.7,110]
—20.9,22.7)
—31.4,45.5)

—69.3,68.3
—1.59,9.94
—5.55,5.60

[ 0.552,0. 613]

—1.51,1.76
—13.1,12.8
164,177
27.6,25.8
—15.9,16.1
—60.9,61.8

:—2.82, 1.61:

—609,61.8] |
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CMS same-sign WW
and W/




CMS

uncertainties
Source of uncertainty WE=W= (%) WZ (%)
Integrated luminosity 1.5 1.6
Lepton measurement 1.8 2.9
Jet energy scale and resolution 1.5 4.3
Pileup 0.1 0.4
btagging 1.0 1.0
Nonprompt rate 3.5 1.4
Irigger 1.1 1.1
Limited sample size 2.6 3.7
Theory 1.9 3.8
Total systematic uncertainty 5.7 7.9
Statistical uncertainty 8.9 22
Total uncertainty 11 23
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CMS

event yields

Process W-=W= SR WZ SR
Asimov data set Data Asimov data set Data

EW W=W-= 209 + 26 210 £+ 26 — _

QCD W=W-+ 13.8 = 1.6 13.7 = 2.2 — —

Interference W-W+ 84 +23 8.7+ 2.3 — —

EW WZ 14.1 £ 4.0 17.8 £ 3.9 54 + 15 69 + 15
QCD WZ 43 + 6.7 427 + 7.4 118 £ 17 117 £ 17
Interference WZ 0.3 = 0.1 0.3 +0.2 22+ 0.9 2.7 + 1.0
/7 0.7 £0.2 0.7 £ 0.2 6.1 £ 1.7 6.0 £ 1.8
Nonprompt 211 £+ 43 193 + 40 146 £ 7.4 144 + 6.7
tVx 7.8 £ 1.9 7.4+ 2.2 151 £ 2.7 14.3 + 2.8
W’)’ 9.0 = 1.8 9129 1.1 = 0.3 1.1 =04
Wrong-sign 13.5 = 6.5 13.9 = 6.5 1.6 = 0.5 1.7 = 0.7
Other background 5.0 x 1.3 5.2+ 2.1 3.3 = 0.6 3.3 +0.7
Total SM 535 4+ 52 522 + 49 216 + 21 229 + 23
Data 524 229
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CMS

EF T Interpretation

Observed (W=W=) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected

g (TeV %) (TeV—4) (TeV %) (TeV %) (TeV %) (TeV %)
= fro/A® -0.28, 0.31] -0.36, 0.39° [-0.62, 0.65] [[0.82,0.85] [-0.25,0.28] [-0.35,0.37
O fr1/ A -0.12, 0.15] -0.16, 0.19] [-0.37, 0.41] [-0.49,055]  [-0.12,0.14] [-0.16,0.19
&’ fra/ A -0.38, 0.50] -0.50, 0.63 [-1.0, 1.3] [-1.4,1.7] -0.35,0.48] [-0.49, 0.63]
S o/ A* -3.0,3.2] -3.7,3.8 [-5.8, 5.8] [-7.6, 7.6] 2.7,2.9 -3.6,3.7
= v/ A 4.7, 4.7 -5.4,5.8] [-8.2, 8.3] 11, 11 -4.1,4.2] -5.2,5.5]
S fwe/A 6.0, 65 75,76 12,12 15,15 54 58]  [72,7.3
famz /A -6.7,7.0 -8.3,8.1 -10, 10 14, 14] 5.7, 6.0 -7.8,7.6
O  fo/N 6.0, 6.4 6.0, 6.2 19,19 04, 24 57.61]  [-59,62
= fs1/ A* [-18, 19] [-18, 19] -30, 30 -38, 39 [-16, 17] [-18, 18]
- Observed (W=W=) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected
O (TeV ) (TeV %) (TeV %) (TeV ) (TeV %) (TeV %)
I fro/ A* [-1.5,2.3] [-2.1,2.7] -1.6,1.9 -2.0,2.2] [-1.1,1.6] [-1.6,2.0]
N fr1/ A [-0.81, 1.2] [-0.98, 1.4] -1.3,1.5] -1.6,1.8] [-0.69,0.97] [-0.94,1.3]
"= fro/ A [-2.1,4.4] [-2.7,5.3] 0.7 34 -4.4,5.5] [-1.6,3.1] [-2.3,3.8]
© Fvo/ A2 -13, 16] 19,18 -16, 16 -19, 19 11,12 15,15
= /A 20, 19 22,25 -19, 20 23, 24 15, 14] -18, 20
5 fve/ A* -27, 32 -37, 37 -34, 33 -39, 39 22,25 -31, 30
C fnz / A? 22, 24 27,25 22 22 28, 28 16, 18 .22 21
e foso/ A4 -35, 36] 31,31 -83, 85! -88, 91 34, 35 31,31
< fer/ N [-100, 120] [-100, 110] [-110, 110] [-120, 130] -86, 99 91,97
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ATLAS same-sign WW




cross-section results )

EXPEF!TMENT
Fg\/ 2.92 £0.22 (stat) £ 0.13 (mod sys) £ 0.12 (exp sys) £ 0.06 (lum) fb

E(\jNJ“QCD = 3.38 £0.22 (stat) £ 0.11 (mod sys) £ 0.14 (exp sys) £ 0.06 (lum) fb
Description f]i}’v [fb] g‘;W[nHQCD | fb] QCD EW
Measured cross section 2.92 +0.22 (stat.) £ 0.19 (syst.) 3.38 +0.22 (stat.) = 0. 19 (syst.) " "
MG5_aMC+HerwiG7 ~ 2.53 +0.04 (PDF) * 0-.2._29 (scale)  2.92 +0.05 (PDF) ** o %7 * (scale) O O
MG5_aMC+PyTtHia8  2.53 + 0.04 (PDF) *Y-2 019 (scale)  2.90 +0.05 (PDF) *9- (scale) 0O O
SHERPA 2.48 + 0.04 (PDF) *040 (scale)  2.92 + 0.03 (PDF) *9:80 (scale) LO O
SHerrA ® NLO EW 2.10 + 0.03 (PDF) *034 (scale)  2.54 + 0.03 (PDF) *30 (scale) NLO  LO
PowHEG Box+PyTHIA 2.64 - NLO O
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EF T constraints

Coeflicient Type

No unitarisation cut-off Lower, 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
Fvo/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
Par/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
Sz /A Obs. [-9.8, 9.5 39 at 1.7 TeV, 42 at 1.7 TeV
fsoz//\4 Exp. [-5.5,5.7] 94 at 0.8 TeV, 122 at 0.7 TeV
Obs. [-5.9,5.9 -
Fo1 /A3 1(5;1:. [-22.0,22.5. -
. [-23.5, 23.6] -
f /A4 Exp. [-0.34, 0.34 -3.2at1.2TeV,4.9 at 1.1 TeV
10 Obs. 1-0.36, 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
sz/A4 Exp. [-0.56, 0.702 -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
Obs. [-0.63, 0.74 _
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phase space region definitions A@L

Requirement SR Low-m;; CR WZ CR
Leading and subleading lepton pt > 27 GeV
Electron |n| < 2.47 (1.37 in ee), excluding 1.37 < |n| < 1.52
Muon |7 <2.5
Leading (subleading) jet pr > 65 (35) GeV
Additional jet p > 25 GeV f WZ > 0.4
Jet |n] <4.5
M > 20 GeV £ ~ywz—=(y+yp)/2
EZ™ > 30 GeV Yi1 —Yj2
Charge misid. Z — ee veto |Mee —mz| > 15 GeV -
b-jet veto Np_jer = 0, p?et > 20 GeV, |pP7eY < 2.5
Nyeto leptons =0 =0 =1,pr > 15GeV
meee - - > 106 GeV
mj; > 500GeV 200 < mj; < 500 GeV > 200 GeV
Ayj;l > 2
control
correct mj;
background
shape

uncertainties
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event rates

ATLAS

Process ee ue UL Combined
W=W=;;EW 276 += 09 682 16 613 =15 778 1.7 235 +35
WiWijj QCD 1.6 = 0.5 7.3 + 2.2 64 =+1.9 8.8 + 2.5 24 +/
W=W=jj Int 0.93+ 0.20 22 +0.5 20 =04 2.5 05 7.6 +£1.6
W=Zjj QCD 84 + 1.0 268 +30 267 +£30 209 +22 &3 +9
W=*Zjj EW 1.71 = 0.14 49 +04 41 +04 42 +04 149 =+1.2
Non-prompt 89 + 2.6 15 +4 102 +£32 21 + 7 56 +12
Vy 1.3 = 0.8 5.1 +£2.2 46 +2.6 11 + 5
Charge misid. 3.8 £ 2.0 50 £1.3 1.2 +04 10 + 4
Other prompt 1.02 + 0.29 2.5 0.6 1.8 +0.5 1.7 +£2.2 7.1 +2.8
Total expected 55 + 4 137 + 118 + 137 + 8 448 + 20
Data 52 149 127 147 4735
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systematic uncertainties 9

Source Impact [%]

Experimental 4.6
Electron calibration 0.4
Muon calibration 0.5
Jet energy scale and resolution 1.9
EZ miss gcale and resolution 0.2

— bta ging inefficienc SO 1Y A
| Background misid. leptons

.,.. aC ._ i el i T Rl A .. .

Pile-up modelling 0.1
Luminosity 1.9
Modelling 4.5
EW W*W=/j, shower, scale, PDF & a 0.7
EW W*W=#*/j, QCD corrections 1.9
EW Wi Wi 7 7, EW corrections 0.9

QCDW*J»hr”Scle, PDF&a, 26 |
“QCD WEW=*, 7, QCD corrections 0.8

Background, WZ scale, PDF & «; 0.3
Background, WZ reweighting 1.5
Background, other 1.3
Model statistical 1.8
Experimental and modelling 6.4
Data statistical 7.4
Total 9.8
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ATLAS WZ




cross-sections in mjj bins ie

| p— | rrri I LI I LILILIL I LI LI I LI I rrri I rrri I LI |_ | | 0.25 1 1 1 1 I 1 1_ 1 1 I 1 1 1 1 I 1 1 1 1 0.1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
Q J e - Q I _
= _6—AT[_AS WZj — ¢'veejj S _ ATLAS V/s=13TeV,140 fb™" - =, ATLAS i
o _ -1 i ®)) e i - 7 ®)) _ - ® Data _
o 1.4 - Vs=13TeV. 1401 — S oo T | T Wz iveed] ] S0 08_\/5 13_T"eV 140 o~ A MadGraph+Pythia8
% - - = Tk i -'3 VR e T | Vv Sherpa2.2.12 j
| 192 — ] | = - | - 68% Confidence Level
N[ . N - . N I A S LU 95% Confidence Level |
= - = 0.15[ - = 0.06F -
@) _ _ @) : - @) i ... m;> 2000 GeV i
0.8 E : : — N WZj evetij -
: : 0.1F - 0.04f -
0'6:_500 <mj;< 1300 GeV _: - - i ]
0.4 ® Data ] [ e Data i - -
"' A MadGraph+Pythia8 . 0.05 A MadGraph+Pythia8 — 0.02+ —
_ V¥ Sherpa2.2.12 ] - V¥ Sherpa2.2.12 - _ i
0.2 — = 68% Confidence Level ] - = 68% Confidence Level 7 _ -
[ e 95% Confidence Level - R 95% Confidence Level 1300 < mj;< 2000 GeV 7 i . i
O -I L1l I | | I | I | I L1 11 I L1 11 I | I | I L1 11 I L1 11 I 11 ] O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 1 1 1 I 1 1 |~.~I~'-|. 1 1 l J-.a---l'"'l 1 1 1 I 1 1 1
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EW WZ — 3¢y production vziossss G

ATLAS

EXPERIMENT

* MVA techniques used in SR owz;;.ew = 0.368 +0.037 (stat.) + 0.059 (syst.) + 0.003 (lumi.) fb

and CR’s with non trivial = 0.37 +£0.07 fb,
uncertainty treatment OWZj j—strong 1.093 +0.066 (stat.) +0.131 (syst.) +0.009 (lumi.) fb

_ o 1.09 +0.14 {b,
e main uncertainties from

n n 3 1_8_I 1 1 1 I 1 1 1 1 I 1 1 1 1 I T 1 1 1 I 1 1 1 1 I 1 1 1 I_
theory modelling and jet 2 | [ATLAS ;
| ] . _— _ |+| —
reconstruction 2 | Vs-meTevitdon L } ...... | :
N 60 ————1 7 1ACWZj— eveejj - -
s | ATLAS ® Dala 2 N ' -
~ [ {s=13TeV, 140 b D\é\vﬁg-g\g[) - N 1.2 .‘ | ‘ —
_.g 50 —— Wij SR, N = 2 77 ] ¥ __ g : “\ o :
D _ Post-fit Jets B Misid. leptons b 1 — —
LI>.I 40 -}Z\gnd VWV — - T ]
- “4% Tot. unc. _ 0.8 — T T =
C 7 - i
30f /// /@ 0.6F -
- t 7 1/ " e Data .
20 - ) 2/ ,///f///' __ 0.4 A MadGraph+Pythia8 i
B 71s, 104 ‘ ' ~ V Sherpa2.2.12 7
10F ' _ 0.2 = 68% Confidence Level —
- [ e 95% Confidence Level :
L O- | | | I 1 | | 1 I 1 1 | | I | | | | I | 1 ] | I | ] | I_

1 —— . G '1 0 0.1 0.2 0.3 0.4 0.5 0.6
BDT score Twzjj-EW o]
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differential distributions and interpretation )

o statistically dominated

m— L 77— 1 7
S | ATLAS ® Data 1§ TEATLAS ® Datz -
* unfolded BDT g | \/s=13TeV, 140 fb —i\/"éngafh (f%a'ed) | § - /5= 13TeV, 140 fb”" _l\/ﬂv;dGé\?\?h (f‘;a'ed) -
distribution, obtained < | "%~ lwgacoxorn o [WA= v wiacoxon
o ~ Sherpa 2.2.12 (scaled) e Sherpa 2.2.12 (scaled)
training the same BDT £ 'F R R N < S )
at particle level S I T
e dimension-8 EFT < [T : e T
limits (w/ and w/o - : B S
unitarisation) O I S S -
comparable withCMS ¢ ,———+———+—— ¢ 22—+ , l
ones 5 L - — G 15|
I t—t. —4+— £ L
% 0.5 ~ g :
e AT T RO PP EEPPEOPREE bbbl = F -
T I E N B S S o eeipeenees e A NS P et
OO 1 2 3 O—1 -0.5 0 0.5 1
Ap(W, 2) [rad] BDT score
arxiv:2403.15296
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dimension-8 EF T operator limits

 dominated by pure dimension-8 terms in the cross-section calculation
e unitarisation cut-off set where the unitary bound and the experimental bound

NO unitarisation

Cross

Expected Observed Expected Observed

TeV ] TeV ] TeV ~*  [TeV 7
fro/A*  [-0.80, 0.80] [-0.57, 0.56 fro/A*  [-7.0,7.0] [-1.5, 1.6
fri/A*  [-0.52, 0.49] [-0.39, 0.35 fri/A* [F1.1,1.0] [-0.7, 0.6
fro/A*  [-1.6, 1.4 1.2, 1.0 fro/A*  [-12,6]  [-24, 1.8
fao/A* 8.3, 8.3 5.8, 5.6 fao/A* 60, 60] 12, 12
A /AT [F12.3,12.2] 8.6, 8.5 An/AY [-32,32] 15,15
faur /A [-16.2,16.2]  [-11.3, 11.3 farr/AY 230,300 [15, 15
faon/A*  [[14.2,14.2] [-10.4, 10.4 faon/A*  [-41,41]  [-18, 18
for/A* 42, 41] -30, 30] fe1/A* — —

with unitarisation
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expected and observed event number €9

AR

SR, Njets —_ 2 SR Nets -~ 3 b‘CR ZZ‘CR
Data 169 477 6606 210
Total pred. 170 = 13 476 £ 22 667 += 20 212 + 14
W Z79-EW 63 += 14 bo = 18 4.84 = 0.27 0.724 = 0.014
WZij-QCD 58 4+ 16 307 4+ 27 77 4+ 18 63 + 0.7
W Z79-INT 0.9 = 04 4.4 = 2.3 0.97 = 0.29 0.22 =x= 0.11
tt+V 0.99 = 0.10 18.3 = 2.4 2062 + 34 9.0 = 1.3
t47 1.0 = 1.9 20 £ O 169 = 30 0.4 = 0.09
2 Z-QCD 10.3 = 1.0 4.6 £ 3.2 10.1 == 0.5 171 = 15
4 4-EW 1.9 = 04 3.7 £ 0.9 0.21 = 0.05 19 T 9
VvV 0.41 = 0.10 2.0 = 0.9 0.39 = 0.10 4.2 = 1.0
Misid. leptons 13 += 4 20 £ 6 143 T 39 L.7 = 0.9

post-fit numbers
all sources of uncertainties included
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systematic uncertainties 9

A A
SOurCe Ow Zjj—EW [(7] G;M/ZZH —tstrong [%]
jj —strong -~ "

. Uwzgg EW '

- W4y j —EW theory modelling

» W Z77—QCD theory modelling
WZj ] j “EW and WZj 77— QCD interference
PDFS

Electrons
Muons
b-tagging
_MC statistics
i, MlSld lepton background
~ Other backgrounds

SN OO0 O | = oo

Luminosity 0.
All systematics 16 1
Statistics 10

Total 19

SN OoO|oloi- oo oolu] o ol =

—
o
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ATLAS VBF WH




event yields 9

RATLAR
Negative Awz Positive Ay
_ 0.30 0.21
k7 0.88 3 0.96 733
0.34 0.33
kw 1.12 755 1.25 %555
0.39 0.37
kwy 0.32 *.3 0.31 %5,
1= 0/0pred -0.027 10> 0.9 13
SR™ SRit)ose SRgght
tt 42 +19 172 +35 15,0 £ 5.8
W+jets 26 +13 84 + 32 14.1 = 7.6
Wt 46+ 7.0 8 + 13 0.8 = 1.5
Other background 54+ 1.6 16.2 + 4.2 3.0 £ 1.5
Total background 777+ 8.6 279 15 329 + 5.8
VBF WH, pre-fit 285 45 4.15+ 0.56 2.30+ 0.62
VBF WH, pOSt-ﬁt -8 17 4 + 17 2.2 + 98
Data 70 274 37
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CMsS VBF WH




The CMS result e

CMS 138 fb~! (13 TeV)

Type Yield Stat. Unc. Syst. Unc. ' SM expected 95% CL CMS (2022)
Signal 366 3 63 B <95%CL (20)obs. WM <99.99% CL (50) obs.
Background 108 14 14

Observed 130

The background yield estimated from data and
ignal yield (kW=-1, kZ=1) predicted by MC
simulation in the BSM signal region

2,

-18 -14 -10 -06 -02 02 06 10 14 1.8
Kw
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ATLAS exclusive WW




systematics A@

Source of uncertainty Impact [% of the fitted cross section]
Experimental
Track reconstruction 1.1
Electron energy scale and resolution, and efficiency 0.4
Muon momentum scale and resolution, and efficiency 0.5
Misidentified leptons, systematic 1.5
Misidentified leptons, statistical 3.9
Other background, statistical 3.2
Modelling
Pile-up modelling 1.1
Underlying-event modelling 1.4
Signal modelling 2.1
WW modelling 4.0
Other background modelling 1.7
Luminosity 1.7
Total 8.9
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CMS exclusive yy




CMS

systematic uncertainties

source 2016 2017 2018
Integrated luminosity 1.2%  23%  2.5%
Background estimation 23.3% 25.2% 20.9%
Photon ID scale factors 31%  7.0%  2.9%
Proton survival probability 10%  10%  10%

Particle shower reconstruction in PPS — — 1.7%
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ATLAS Z/




event yields

Process Cetljj ttvvjj
EW ZZjj 314+ 3.5 15.0+0.8
QCD ZZjj 77 +25 17.2 +£3.5
QCD ggZZjj 13.1+ 44 35+1.1
Non-resonant-£¢ — 21.4+4.38
WZ — 246 +1.1
Others 3.2+ 2.1 1.2+0.9
Total 124  +26 829+64
Data 127 82

EEEEEEEEEE
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