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LHC / HL-LHC Plan ( mi P

Run 1 Run 2 Run 3 Run4-5...

LS1 EYETS LS2 EYETS LS3

Diodes Consolidation
LIU Installation

splice consolidation

HL-LHC

button collimators
R2E project

installation

2025 2026 2027 2028 | 2029 |||||||| 2040

ATLAS - CMS
HL upgrade

Civil Eng. P1-P5

2017 | 2018 2019 2020 2022 | 2023 | 2024

A

| 2011 | 2012 | 2013 2015 | 2016

ATLAS - CMS

experiment upgrade phase 1

beam pipes

ALICE - LHCb
upgrade

3000 fb!
4000 fb

30 fb™' 190 fb™!

450 fb!

e Almost 10 years from Higgs boson discovery

Quality and amount of measurements beyond expectations:
it started with Higgs detection, we target di-Higgs production

Excellent performance of and CMS detector at the end
of the LHC Run 2 data taking

CMS Integrated Luminosity, pp, 2018, Vs = 13 TeV
Data included from 2018-04-17 10:54 to 2018-10-26 08:23 UTC
B LHC Delivered: 68.18 fb !
CMS Recorded: 63.98 b '

501 CMS Preliminary Offline Luminosity

150 fb-1 goal
reached
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"The" laws of physics look extremely compact

¥
A
EW INTERACTIONS

;¢
1
% STRONG
0}/ \ INTERACTIONS
i

Targeting di-Higgs measurements
3 ArXiv.2011.12373



However, Standard Model is observationally unfit. ..

What is the dark matter in the Universe?

Why QCD does not violate CP?

How have baryons originated in the early Universe?
What originates flavor mixing and fermions masses?
What gives mass to neutrinos?

Why gravity and weak interactions are so different?

What fixes the cosmological constant?

Each of these issues one day will teach us a lesson!

4
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Accelerators are still excellent probes for

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-03 17:51:00.384032 GMT
Run / Event / LS: 315689 / 536317648 / 468

M. Presilla

ewk physics, but...

Production cross-
sections among the
smallest ever
measured

Challenging
experimental
signatures (high-
multiplicity jets final
states, missing pT,

)

Theoretical
uncertainties and
experimental
uncertainties both
quite relevant



Vector Boson Scattering physics at hadron colliders

Challenging signatures:
first evidence for semi-leptonic VBS

Recent anomalous couplings bounds and SMEFT

Towards a global EFT

INFN M. Presilla



PRECISION ERA

SM keeps resisting with reasonable agreement across 10 orders of magnitudes of cross-sections!

LHC was proven to be a powerful 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

May 2021 CMS Preliminary
. \/E‘F g( \/E S i 7 TeV CMS measurement (L < 5.0 fb™)

o E o # 8 TeV CMS measurement (L < 19.6 fb™)
e T # 13 TeV CMS measurement (L < 137 fo')

Jet(S) P EW PVOCQSSQS — Theory prediction

% & Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7



LHC AS THE VECTOR BOSON COLLIDER

Major effort undertaken to investigate VBS processes in CMS with full Run 2 dataset

PROCESS  LUMI [tb-1] RESULTS REFERENCE

2016 data (36/1b)

VBF Z Inclusive XS+ dim-6 EFT limits EPJC 78 (2018) 589

2016 data (36/1b)

VBF W Inclusive XS+ dim-6 EFT limits EPJC 80 (2020) 43

VBS in Full Run 2 (137/1b) Observation & XS+ dim-8 EFT
ssWW + WZ limits

polarized VBS
SAA

PLB 809 (2020) 135710
Full Run 2 (137/1b) W W measurement PLB 812 (2020) 136018

VBS 77 Full Run 2 (137/1b) 400 + dim-8 EFT limits PLB 812 (2021) 135992

VBS OSWW Full Run 2 (137/1b) Observation & XS CMS-SMP-21-001

Full Run 2 (137/1b) Evidence with full Run2 + PLB 834 (2022) 137438

VBS W
2016 data (36/fb) Dim-8 EFT limits with 2016 data ' /0 “P348
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OVERVIEW

PHYSICS OF THE VBS
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THEORY PERSPECTIVE
(BORN LEVEL)

exemplary

case of
ssWWjj

Gauge invariance complicates the picture...

set of LO electroweak VVjj diagrams afw)
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https://arxiv.org/pdf/1708.00268.pdf
http://www.apple.com

1A ""' & o - |f\ _.’-'.‘ g v* . f ‘/’. W

. R/ 41 T e/, R

.i“'l R i >
4,

LIKE
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Gauge invariance complicates the picture...

set of LO electroweak VVjj diagr @(afw)
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https://arxiv.org/pdf/1708.00268.pdf
http://www.apple.com

HOW VBS LOOKS LI KE

CMS PERSPECIVE

THEORY PERSPECTIVE
(BORN LEVEL)

e \ector Bosons produced in the central part

exemplary of the detector

case of

ssWWjj * detector region:

highest invariant-mass in the event

e Large pseudorapidity separation
between the VBS-jets - for the low QCD
activity btw partons

(no color flow at LO arXiv. 1805.09335)

Gauge invariance complicates the picture...

set of LO electroweak VVjj diagrfw)

ENDCAP BARREL ENDCAP
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VBS EVENT TOPOLOGY

+ QCD induced
processes O(a’a..)...



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

HOW VBS

(BORN LEVEL)
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(INCLUDING CORRECTIONS)

All contributing orders at both LO and NLO for VBS processes at the LHC (arXiv:1708.00268)

LO

It is not possible to define an NLO signal or background
without making assumptions.

+ QC inuced N5 <
processes O(a2a’ ) ] , VBS EVENT TOPOLOGY
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VBS IN HADRON COLLIDERS

e At the heart of EWSB, probing non-abelian
structure of the SM: triple and quartic gauge
couplings
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VBS IN HADRON COLLIDERS

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

RS/ T

Undergrad typical QFT exercise:

SCATTERING WL W| = W W

e Unitarity of the SM: VBS amplitude explodes
with energy, without H mediation!
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Undergrad typical QFT exercise:

SCATTERING WL W| = W W

e Unitarity of the SM: VBS amplitude explodes s
I
with energy, without H mediation! JJI&:’L‘
W, +W, - W, +W, lMgauge = —1 m%v [s + 1] lMHiggs ~1 %V[S + 1]

\\ ““““““““““““““““““““““““““““““““““““““““““““““ ‘
gms 72 N ; Higgs exchange exactly cancels /

Py high-energy (E2) growth if its
10° = )7 St —— N : couplings are SM-like, matrix S
B element is unitary for ¢

1T [ 3 < 1TeV 77

(Lee, Quigg, Thacker bound)




Polarization measurements

: CMS simulation 13 TeV
CMS-SMP-20-006, arXiv:2009.09429 L AN A LA
< 018 _—— Eww;w: E
0.16F — EWW:W: &
e Extremely challenging at the LHC as V| V\->V\ V| is ~10% of the total 0_143_ — EW WiW; —I:
EW WW scattering cross section 0.123_ _I__l_—l— _
* Possibility to access different polarization states already with Run 2 0.1;— L+ o ._:
data, with the Golden channel of VBS ssWW o —— =1
008 ﬂz# T —l ! i
i . §
* Measurement of WLWL, WLWT and WTWT processes (reference- 0'06;_ Y — B
frame-dependent: parton-parton and WW CoM reference frames) 0.04, —+ =
0.02k High—sensitivity of angular E
* Significance of ~1 (3) standard deviations for WLWL (WLWX) 05 variables +o polavization components ]
0 0.5 1 1.5 2 2.5 3
137 fo™ (13 TeV) Aq)"
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10° & =
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oL separate likelihood fits
| Process o B (fb) Theoretical prediction (fb)
= | | | 1 WiWr 032705 0.44 + 0.05
= 15 = At +051
% WiWi  3.06702 3.13 + 0.35
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° Wiws 211704 1.94 + 0.21
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https://arxiv.org/pdf/2009.09429.pdf

Polarization measurements

: CMS simulation 13 TeV
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https://arxiv.org/pdf/2009.09429.pdf

/OOM ON CMS ANALYSIS, PHYS. LETT. B 834 (2022) 137438

FIRST EVIDENCE FOR VBS IN
SEMI-LEPTONIC FINAL STATE

14



SEMI-LEPTONIC VBS

Good balance between:

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

* Larger irreducible backgrounds
SIGNAL J g IRREDUCIBLE
BACKGROUNDS

CMS-SMP-20-013, _arXiv:2112.05259
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SEMI-LEPTONIC VBS



https://arxiv.org/pdf/2112.05259.pdf

SEMI-LEPTONIC VBS

Both ATLAS and CMS have reported studies of
semileptonic VBS final states in the 2016 subset of
the 13-TeV LHC data, including W+V and ZV .

Thanks to advanced techniques for background
estimation and signal extraction, CMS got

extremely close to observation of WV process with
Run 2 data!

There are no public predictions beyond LO
accuracy for any of the semileptonic signatures

Advances in signal modeling of parton-shower
effects (Dipole recoil scheme arXiv:1710.00391
used for first time)

CMS-SMP-20-013, _arXiv:2112.05259
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SEMI-LEPTONIC VBS

Both ATLAS and CMS have reported studies of
semileptonic VBS final states in the 2016 subset of
the 13-TeV LHC data, including W+V and ZV .

Thanks to advanced techniques for background
estimation and signal extraction, CMS got

extremely close to observation of WV process with
Run 2 data!

There are no public predictions beyond LO
accuracy for any of the semileptonic signatures

Advances in signal modeling of parton-shower
effects (Dipole recoil scheme arXiv:1710.00391
used for first time)

A relevant exception, worth to be discussed, is related to the modelling of the third-jet
kinematics. It has been observed that, for predictions matched with PYTHIA8 [83, 84|, the
global-recoil scheme leads to a large unphysical enhancement of the third-jet activity in the
mid-rapidity region, related to a wrong assignment of the phase-space boundaries for processes
with initial-final color connections. Such an enhancement, absent in predictions obtained with

Arxiv 2102.10991

CMS-SMP-20-013, _arXiv:2112.05259
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SEMI-LEPTONIC VBS

Central-rapidity enhancement
observed for predictions matched
with Pythia8 is unphysical
(arXiv:2003.12435)

Pseudo-rapidity of the third jet
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e Both ATLAS and CMS have reported studies of
semileptonic VBS final states in the 2016 subset of
the 13-TeV LHC data, including W+V and ZV .

e Thanks to advanced techniques for background
estimation and signal extraction, CMS got

extremely close to observation of WV process with
Run 2 data!

e There are no public predictions beyond LO
accuracy for any of the semileptonic signatures

e Advances in signal modeling of parton-shower
effects (Dipole recoil scheme arXiv:1710.00391
used for first time)

A relevant exception, worth to be discussed, is related to the modelling of the third-jet
kinematics. It has been observed that, for predictions matched with PYTHIA8 [83, 84|, the
global-recoil scheme leads to a large unphysical enhancement of the third-jet activity in the
mid-rapidity region, related to a wrong assignment of the phase-space boundaries for processes
with initial-final color connections. Such an enhancement, absent in predictions obtained with

Arxiv 2102.10991

CMS-SMP-20-013, _arXiv:2112.05259
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CATEGORIES AND

High jet-multiplicity at the

reconstructed level

=\

BACKGROUND ESTIMATION

llep+MET

v !

category category

off-shell V hadronic on-shell off-shell [, hadronic | ©
reco mass reco mass

Objets Objets >1bjetg : Objets  Objets >1bjets :
#D jets i #b jets

\ 4 \L A4 \ 4

W+Jets CR Top CR W+Jets CR Top CR
: region i region \ :

‘ Boosted } { Resolved 1




CATEGORIES AND

High jet-multiplicity at the

reconstructed level
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LARGE ANGULA™
SEPARATION

RESOLVED

SMALL ANGULAR
SEPARATION

BOOSTED

BACKGROUND ESTIMATION

llep+MET

v !

Boosted Resolved
category Category

off-shell V hadronic on-shell off-shell [, hadronic | ©
reco mass reco mass

Objets Objets >1bjetg : Objets  Objets 21bjefs :
#b jets #b jets

\ 4 \ 4 \ 4 \ 4

© W+Jets CR ‘Top CR | : W+Jets CR Top CR\
: region o region :




CATEGORIES AND BACKGROUND ESTIMATION

High jet-multiplicity at the
reconstructed level

A

i

>°\\

Ny

e Good description of the data by MC
thanks to the data-driven strategy

applied to improve the modeling of
the Top and W+jets backgrounds

e Top: one free floating parameter per
category in the ML fit

e Wijets: several free floating parameters
per category in the ML fit, to perfect
the modeling of VBS-jets momenta.

llep+MET

Yes No

v !

[2 2 AK4 jets ’ 24 AK4 jets

\ 4 \4
Boosted Resolved
category category
A Y
off-shell V hadronic on-shell off-shell [, hadronic | ©
reco mass reco mass
Objets Objets >21bjets Objets Objets 21bjets

v v v v
i ign
W+Jets CR signal Top CR| W+Jets CR signal Top CR
region region
CMS L=1381" (13 TeV) CMS L=138fb" (13 TeV)
® L LA L L BN B B O 1L = L B B L
S 107 —4— Data VV+VVV S 101 —— Data W+VVV
@ . B oy [0 vBF-v, vy, VBS-Z(I)V(jj) @ 100t M oy [0 VBF-v, vy, VBS-Z(I)V(jj) 1
10 Nonprompt - Top 108 Nonprompt - Top
10° Widets || VBS-W(W)V(j) 107 Wrlets [ | VBS-W(W)V(j)

Syst.

10° Syst.

Data/Expected

Data/Expected

\ N
15 2

1 0‘00 2000 3000 : 1000 2000 3000
mj‘j’Bs (boost) [GeV] mj‘j’BS (resolved) [GeV]



A PLAYGROUND FOR DNN

Exploit multi-variate techniques to optimize the sensitivity to the EW Vector

Boson Scattering process.

14 INPUT
VARIABLES

. SHALY ranking
Variable Resolved Boosted Resolved Boosted
Lepton pseudorapidity v v 13 12
Lepton transverse momentum v v 16 10
Zeppenfeld variable for the lepton v v 2 2
Number of jets with pr > 30 GeV v v 7 3
Leading VBS tag jet pr - v - 11
Trailing VBS tag jet pr v v 7 6
Pseudorapidity interval Aiyj‘j/ BS between tag jets v v 4 4
Quark/gluon discriminator of leading VBS tag jet v v 9 7
Azimuthal angle distance between VBS tag jets v - 10 -
Invariant mass of the VBS tag jets pair v v 1 1
pr of the leading V4 jet v - 14 -
pr of the trailing V4 jet v - 12 -
Pseudorapidity difference between V, 4 jets v - 8 -
Quark/gluon discriminator of the leading V.4 jet v - 3 -
Quark/gluon discriminator of the trailing V4 jet v - 5 -
pr of the AK8 V4 jet candidate - v - 8
Invariant mass of V} 4 v v 11 5
Zeppenfeld variable for V, 4 - v - 9
Centrality v 15 13

T — —

Fu\\\j'covw\ec-(;ed

Deep Neuvral Netwov!

a, = fiW,a,,+b,)

n hidden layers, m, units in layer £

arbitrary unit

— —
o o
N w

—_
o

107"

1074

eBasic approach: all Backgrounds vs Signal

BINARY

CMS L=138fb" (13 TeV)
El TTTT TTTTTTTTTTTT TTTT TTTT T T TTT T T TTTT T TTTTTTTT |4
= VV+VVV DY
_ VBF-V, Viy, VBS-Z(IVij) Nonprompt
f_ Top W-+Jets :
VBS-W(WV(j)
Pl Bl
E TR ey ':[I =
C ¥ -_l_llll.'-_‘ __:ﬂ:.t*:l-:_n.-'kh'rrl- ’ ]
L L

;_l 1 I 1 1 | 111 | 1 | 11 1 I 1 11 111 1111 1111 111

0 01 02 03 04 05 06 07 08 0.9 1

DNN resolved

*DNN models trained for the resolved and boosted category to

separate the VBS signal from the large backgrounds

*DNN architecture: 4 layers of 64 (32) nodes for resolved
(boosted) category models.



A PLAYGROUND FOR DNN

Exploit multi-variate techniques to optimize the sensitivity to the EW Vector

Boson Scattering process.
14 INPUT

VARIABLES

SHAY ranking

Fu\\\j'covw\ec-(;ed

Variable Resolved Boosted Resolved Boosted
Lepton pseudorapidity v v 13
Lepton transverse momentum v v 16
Zeppenfeld variable for the lepton v v 2
Number of jets with pr > 30 GeV v v 7
Leading VBS tag jet pr - v -
Trailing VBS tag jet pr v v 7
Pseudorapidity interval AI’]jY BS between tag jets v v 4
Quark/gluon discriminator of leading VBS tag jet v v 9
Azimuthal angle distance between VBS tag jets v - 10
Invariant mass of the VBS tag jets pair v v 1
pr of the leading V4 jet v - 14
pr of the trailing V4 jet v 12
Pseudorapidity difference between V, 4 jets v - 8
Quark/gluon discriminator of the leading V.4 jet v - 3
Quark/gluon discriminator of the trailing V4 jet v - 5
pr of the AK8 V4 jet candidate - v -
Invariant mass of V} 4 v v 11
Zeppenfeld variable for Vi 4 - v -
Centrality - v 15
T — —
e N
-
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CMS event: Run 317640 event 954295051

Deep Neuvral Netwov!

a, = fiW,a,,+b,)

arbitrary unit

n hidden layers, m, units in layer £

Resolved category
DNN = 0.99
Mjj VBS jets = 880 GeV

BINARY
CMS L=138fb" (13 TeV)
103l5_|||||||||||||||||||||||||||||||||||||||||||||||||§
& VV+VVV DY =
10@— VBF-V, Vy, VBS-Z(Il)V(jj) Nonprompt é
1oL LT Wilets ]
VBS-W(W)V(j)
e E
I B
10 5 T —
= e ‘m—“'.":.:;?:-n'-'l'hvrl.-l. Ve n
1 0—2 = ' 'n'wn'-.’.i.-l-‘__; :-j; “'—""h‘--.':e
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DNN resoived



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

Three different measurements from the same data



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

Three different measurements from the same data

e SM electroweak signal strength:



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

. CMS L=138fb" (13 TeV)
Three different measurements from the same data - -
= 108@ —— Data VV+VVV j
o 75 B oy U VBF-V, Vy, VBS-Z(IWV(jj) 1
% 10 §_ Nonprompt -Top _§'
e SM electroweak signal strength: joel [ Wadets [ ] vBS-W(W)V(j) .
= [ ] syst. 7
. 10° —
o gy =0"/oM =0.857028 = *02](syst )0 12( stat ) °
10* £ E
e signal significance of 4.4 standard deviations F -
10°
(5.1 expected). :
. Observed fiducial CrOSS_SeCtiOn g N R Y \ ...................... :
(mgg>100 GeV, ptg >10 GeV) of 1.9 +- 0.5 pb § .................................................. &; B 3
Q : 0.8 1
e Considering EW and QCD WYV production as signal, the DNN boosted
. . 3 =
signal strength is measured as: - X10 C'.V'$ T .Ll 138 To |(1.3.Te'.v)
Z ]
% —e— (Data - Bkg)
g 7] Tot uncertainty i
% Signal | | .
5'3 i
s |
; »——0—:_%_ ; N
, \
1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 |
0 0.2 0.4 0.6 0.8 1

DNN boosted
(NN



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

. CMS L=1381b" (1 3 TeV)
Three different measurements from the same data - -
= 108@ —4— Data VV+VVV j
o 75 B oy U VBF-V, Vy, VBS-Z(IWV(jj) 1
% 10 '§_ Nonprompt -Top _§'
e SM electroweak signal strength: joP [ Wadets ] vBS-W(v)V(j) .
E Syst. E
> -
o gy =0"/oM =0.857028 = +021(syst )02 ( stat ) 0
10* £ E
e signal significance of 4.4 standard deviations F -
10°
(5.1 expected). :
. Observed fiducial CrOSS_SeCtiOn g I ceccncncacecanncanccencscedecannctcccancesascurccancecnmessenascecacsensesnnentseacscbratesarcsasescncasscesssanane .......................... :
(mgg>100 GeV, ptg >10 GeV) of 1.9 +- 0.5 pb S I I
e . 0.8 1
e Considering EW and QCD WYV production as signal, the DNN boosted
signal strength is measured as: _ X10° C'.V'$ T .LT 138 To |(1.3 Tev)
Z ]
% —e— (Data - Bkg)
. b SM +0.20 _ +0.19 +0.07 g ] i
* Hpwiocp =0 10> = 0987577 = T6( syst )y stat) z ;:’;n“;"e”a'my |
e and the total EW+QCD measured cross-section is: e
16.6 +34 59 pb g i
s} '
; »——0—:_%_ ; N
0 : :
1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 |
0 0.2 0.4 0.6 0.8 1

DNN boosted
(NN



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

Three different measurements from the same data

e SM electroweak signal strength:
2 J CMS 138 fb! (13 TeV)
S ) ) ) ; . | | | L | | L | 1T T 1 | L | L | ]
* Hew = oM = 0-85i8§g = ig%( syst )igg( stat ) S 2 45 ----- 68% CL expected J
2.2 — - 95% CL expected
e signal significance of 4.4 standard deviations ) S R 68% CL E
(5.1 expected). 1.82— :} Ss)i;/o CL _
e Qbserved fiducial cross-section 1.61 //" T~ + best fit .
(mag>100 GeV, ptg >10 GeV) of 1.9 +- 0.5 pb R E
1o :_ l :.,' / - e, . \\\ _:
e Considering EW and QCD WV production as signal, the e \\ i_{/ .43: ‘\\ \\ E
signal strength is measured as: Y \\\\ o /! \l E
* Hpwegep = 070 = 0.984070 = 0P syst ) (T(stat 08 SN e
0.4F ~ ’// —
* and the total EW+QCD measured cross-section is: 0.2k - ]
16'6 +34 —29 pb O:I I | | I | I I I | I | I I | | | I | | I | | L1 1 1 | l:
0 0.5 1 1.5 2 2.5 3
e Simultaneous 2D fit of the EW and QCD WV signal Haco

strengths



FIRST EVIDENCE OF SEMI-LEPTONIC VBS

Three different measurements from the same data

e SM electroweak signal strength:

o Uy = GObS/GSM — O.85+0'24 . +().21( SySt )—1—0.12( stat )

~0.20 — -0.17 0.12
. o o Uncertainty source Augw
e signal significance of 4.4 standard deviations Statistical 0.12
(5.1 expected). Limited sample size 0.10
X L fiducial _ Normalization of backgrounds 0.08
e Observed fiducial cross-section Experimental
(mgg>100 GeV, ptg >10 GeV) of 1.9 +- 0.5 pb b-tagging 0.05
o . . Jet energy scale and resolution  0.04
e Considering EW and QCD WV production as signal, the Integrated luminosity 0.01
signal strength is measured as: Lepton identification 0.01
W Boosted V boson identification  0.01
* Upwsgep = 0210 = 0.98% 01 = 151 d(syst) i stat ) Total 0.06
d the total EW+Q : ion is: ey
e and the total EW+QCD measured cross-section is: Signal modeling 0.09
16.6 +34 59 pb Background modeling 0.08
. . . Total 0.12
e Simultaneous 2D fit of the EW and QCD WV signal Total 0.22

strengths

e Main sources of systematic uncertainties from signal
modeling, background estimation and statistics of data



EFT

IMPACT ON BEYOND-THE-
STANDARD-MODEL THEORIES
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VBS AND NEW PHYSICS

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

New

/\ pavticle

\4

Hevents

We wiss the
resonance,
but get its tail

lwayriant >

MASS

MasSS

"— —

C BSM physics with mass scales beyond the LHC direct reach.
INFN



EFFECTIVE FIELD THEORY AND VBS

We can invoke some UV theory that we are still not able to catch

Bottom-up approach: build a Taylor expansion, truncated up to

some order, with a well defined validity domain /\E“e“)‘j
Loy — Len 2Lyt Lst Lot L+ L+ yy
(E<M)
./\”c‘u'E—o{-‘;

Z Ci% EFT

i BSEM scale




EFFECTIVE FIELD THEORY AND VBS

We can invoke some UV theory that we are still not able to catch

Bottom-up approach: build a Taylor expansion, truncated up to

some order, with a well defined validity domain

Loy — Lo = L4+ ZLs

Zs

27
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EFFECTIVE FIELD THEORY AND VBS
We can invoke some UV theory that we are still not able to catch
Bottom-up approach: build a Taylor expansion, truncated up to
some order, with a well defined validity domain /\Ev‘e”)‘j
Lpsu —> Lo = Ly %5 Zs j/? Lyt Ly
(E<M) ) )
./\”c‘u'E—o{-‘;
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EVT
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EFFECTIVE FIELD THEORY AND VBS

We can invoke some UV theory that we are still not able to catch

Bottom-up approach: build a Taylor expansion, truncated up to
some order, with a well defined validity domain /\E“e“)‘j

Loy — Ly 2Lyt Ls+ Lo+ L7+ Lg+ Wy

(E<M)

/\”gu'k— of§

EVT

Avomalous quartic gauge couplings
(dim—8 EFT)




VALIDITY OF THE EFFECTIVE FIELD THEORY

Well-known example:
Fermi theory for beta decay domain

/\EV\ evgy

cut—ott
eneygy ~ 4100 GeV

gFermi Nj,uj'u X




VALIDITY OF THE EFFECTIVE FIELD THEORY

Well-known example:
Fermi theory for beta decay domain

5?/
0\}*

3g‘<\)§ En evgy
e q"l‘
'\% \N _ 085( . /\

cut—off
eneygy ~ 4100 GeV

gFermi Nj,uj'u X




VALIDITY OF THE EFFECTIVE FIELD THEORY

Well-known example:
Fermi theory for beta decay domain

A W BOSON RESTORES
UNITARITY oF AMPLITUDES

/\EV\ evgy

cut—off
eneygy ~ 4100 GeV

gFermi Nj,uj'u x




VBS AND ANOMALOUS COUPLINGS APPROACH

* Experimentally-simplified EFT: historically, experimental VBS studies targeted dimension-8 EFT
couplings as if like dimension-6 didn't exist

* Longitudinal, transverse, and mix operators: e
‘EZEFT— gSM"' Z _@5]4‘ Z F@T’j+ Z _A4 @M,j
o j=0,...9 j=0,...7 N
’ 1o - —Tr | v i af = Tr [W,,W"] x
05 = [(D,®)' D,®| x [(D'e) Dre| ©On = T Wl | T [ WosW ] Oy E @]] {[( 5@)' D J]
: oL : o u A — Tr |W,,W"?| x |(Ds®)" D"®
0s. — [(D,8) D'0] x [(D,@)! pra] O =Tr [WalW | W L Ty o]
' T : [ O, = [B,B" ] "Do
- - - - _ up3 V. Wre M,
0s, = [(D,@)! D,8| x [(D*®) pra] O =TT [WalV | o< [, ] ) #
_ - © Op =Te [W,W"]  x BB, Om, = :BWB ] [(Dﬁcb) D @] |
Or, = Tt [Wo, W x BB, Ou, = |(D,2) Wy, D'®| x BY
Or, =Tr :WauW“ﬁ] X Bg,B"", Oum, = _(D,,KI))T W&,D"cp] x BP*
Oy, = B, B" B, ;B Ou, = |(D,2) W, WD) .

Or, = B,,B" Bs,B" .

NOT A COMPLETE BASIS FOR THE EFT (NOT LIKE SMEFT
DIM-6), BUT ACCOUNTS FOR ALL POSSIBLE ANOMALOUS

VVVV INTERACTIONS




Enhancement of cross section at large
diboson pT and invariant masses

Focus on boosted topology

Semi-leptonic decays set better
limits, even with a smaller
fraction of Run 2 data!

All explored aQGC parameters limits
compatible with the Standard Model

Both &

set constraints, but often adopting

experiments have

different unitarization schemes!

INFN M. Presilla
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3591 (13 TeV)

CMS —8— Observed I:l V +jets
Preliminary ] e [ Jacowy

l:l EW wv l:l Bkg. uncertainty

s, IAY =05 TeVieuen, m,,.. = 1000 GeV, s,=0.5

1000 1500 2000 2500

My, (GeV)
CMS-SMP-18-006, arXiv:1905.07445
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https://arxiv.org/pdf/1905.07445.pdf

AQGC IN SSWW VBS, AND EFT VALIDITY

137 o (13 TeV)

._(ED 10° -_C'MS' o -ItVX' - . Dzlata —]
- Vy N\ Bkg. unc. A L. . .
@ 10° I Wrong sign wws e Transverse masses show high-sensitivity to NP scenarios in EFT approach
cC | [ Other bkg. B EWK Wz |
G>) B f/A* =2.9 Tev* I WZ .
31 — /A" =20 Tev* 2z —] .. . . . .
w1 e - / = Nonprompt e Limits on aQGCs cited , and without unitarity bounds
10 | .
10" __ __ Observed (W*W*) Expected (WTW*) Observed (WZ) Expected (WZ)  Observed Expected
I . (TeV—4) (TeV—4) (TeV ™) (TeV™4) (TeV %) (TeV ™)
- E 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]
1078 |— = fri/ A [-0.12, 0.15] [-0.16, 0.19] [-0.37, 0.41] [-0.49,0.55] [-0.12,0.14] [-0.16,0.19]
= = —— — T2/ 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]
E 2 E =
D sE E Savo/ A* [-3.0,3.2] [-3.7,3.8] [-5.8, 5.8] [-7.6,7.6] [-2.7,29]  [-3.6,3.7]
8 | foe . ) ! : v/ A* [-4.7,4.7] [-5.4, 5.8] [-8.2,8.3] [-11, 11] [-4.1,42] [-5.2,5.5]
8 o E t | 3 Fute/ A [-6.0, 6.5] [-7.5,7.6] [-12, 12] [-15, 15] [54,58] [7.2,7.3]
o E ‘ . : faz /A [-6.7,7.0] [-8.3,8.1] [-10, 10] [-14, 14] [-5.7,60] [-7.8,7.6]
0 500 1O (Gev] foo/ A* [-6.0, 6.4] [-6.0, 6.2] [-19, 19] [-24, 24] [-57,61]  [-5.9,62]
> fo1/A* [-18, 19] [-18, 19] [-30, 30] [-38, 39] [-16, 17] [-18, 18]

2
o
W/O UNITARITY
0 / Same \;wn{s, but cutting on unmitarity violating phase
o) \'%4
8 Observed (W*W¥) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected
T (TeV ™) (TeV™4) (TeV ™) (TeV™4 (TeV ™) (TeV™4)
- fro/A* [-1.5,2.3] [-2.1,27] [-1.6,1.9] [-2.0,22] [-11,16] [-1.6,2.0]
- fri/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]
Ll fra/ A* [-2.1,4.4] [-2.7,5.3] [-2.7,3.4] [-4.4,5.5] [-1.6,31] [-2.3,3.8]
4 fmo/ A* [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]
- fvn /A [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fve/ A [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
far /A [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22,21]
: feo/ A* [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
1 23 expecte)d g wce for/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]
; 68% C.L. ;
N — Bvents violating unitarity ave vejected ~ 309 (WwW) & 50% (W2Z)

20 expected
(95% C.L.)




Plot for Stefanie Todt
From this talk

Events /0.1 TeV

This plot is certainly not
physical after the EFT scale

Actually in principle much

before that

EFT validity

EFT scale

Stolen from Olivier Mattelaer
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UNITARITY VIOLATION

HOW ARE WE DEALING WITH THIS?

Experimental approach Unitarization procedure

Cut-off

We do not consider unitarity violation

limits the theory up to the unitarity violation

K-matrix unitarization

Effectively somewhat like a very broad

We monitore the issue and report FESONATICE

how unitarity affects measurement

(based on unitarization schemes) unitarity imposed at partial wave level

Form Factors

We apply unitarization schemes
(ATLAS)

smoother suppression with a continuous

+ many other (not really used): T-matrix, Kink,

INFN M. Presilla



IIIIIIII (DL L L L L B N B R R R I R R R

WZ final state

X

Allowed region

Bounds on non-unitary theory | SOIL

° — K—matrix 95% C.L.
can over=constrain | __FF

Kink --- Total exclusion

OEChL 2~ OK-matrix =~ O > OFF

TAM not constraining in this setup
\\\\\\\\ L b b Do b b b Lo s

-0.8 -06 -04 -0.2 O : 4 06 08 1
a,
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FINAL REMARKS

TOWARDS A
GLOBAL EFT



VBS SENSITIVITY TO DIMENSION-6 EFT

INFN M. Presilla
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Only recently dimension-6 EFT

sensitivity was tested in VBS ot e
. Coq>Coq> Cow Copd Coq> €4q> Couw Cpd
processes (arxiv.2101.03180, 0,60, ¢
oL’ g ¢
arxiv.2108.03199) Gy € - " Cows Cots Cows €y

: CW’ C(/)W’ c(pFE’ c(p%

@O .3
Co1>Cp1 > Cpe

INFN M. Presilla 31



Only recently dimension-6 EFT

sensitivity was tested in VBS ot e
. Coq>Coq> Cow Copd Coq> €4q> Couw Cpd
processes (arxiv.2101.03180, 1) 0 ¢
ol "l ’ e
arxiv.2108.03199) 2T Cp N " Cows Cpps Cows Cop
’ ’ ’ : CW’ C¢W’ C¢F’ Cq)’W‘g
VBS can improve sensitivity to €yl Cy1 e

several dim-6 SMEFT coefficients

BN VBS-only (current data)
VV + VBS (current data)
BN VBS-only (HL-LHC)

95% Confidence Level Bounds

:
:
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Only recently dimension-6 EFT

sensitivity was tested in VBS ot e
. Coq>Coq> Cow Copd Coq> €4q> Couw Cpd
processes (arxiv.2101.03180, 1) 0 ¢
ol "l ’ e
arxiv.2108.03199) 2T Cp N " Cows Cpps Cows Cop
’ ’ ’ : CW’ C¢W’ C¢F’ Cq)’W‘g
VBS can improve sensitivity to €yl Cy1 e

several dim-6 SMEFT coefficients

BN VBS-only (current data)
VV + VBS (current data)
BN VBS-only (HL-LHC)

95% Confidence Level Bounds

:
:
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Only recently dimension-6 EFT
sensitivity was tested in VBS
processes (arxiv.2101.03180,
arxiv.2108.03199)

VBS can improve sensitivity to
several dim-6 SMEFT coefficients

SMEFT dim-6 basis extremely
solid and well developed !

Unitarity bounds almost not
relevant

Complementary to direct
searches. Will become more
relevant in next Runs.

INFN M. Presilla

Ken Mimasu ®

key idea: implement a comprehensive, agnostic
program

Allow combination with non-LHC measurements.
"global likelihood”

31



-------------------------------------------------------

',' ATL-PHYS-PUB-2022-037 \‘ Formation of LHC EFT WG

ST WO .‘, --------------- 0 Coordination between existing LHC
B " : : WGs: Higgs, Top and Electroweak
B  tor | HG | Ew

N - A Ultimate goal: global EFT analyses

TOP HIG E EW 6 areas of activity

S LA S 1. EFT formalism

Combination in single LHC wg's

2. predictions and tools
Bttt el g 3. experimental measurements

LHC EFT WG first exercise (started)

and observables

4. fits and related systematic

uncertainties
Common assumptions:
Warsaw basis, dim-6, common input scheme 5. benchmark scenarios from
(mW), U3l flavour assumption UV models

arXiv:2111.12515... 6. flavor physics

INFN M. Presilla 32



FUTURE PLANS AND INTERMEDIATE STEPS

e 4 write-ups public from the wg, addressing several open issues in EFT measurements

e Incredibly fast ramp-up of Area 4 techniques, thanks also to developments of tools and interaction
with other Areas for conventions and studies

e Full-experimental vs. x2-simplified fits and assess the feasibility for a subset of processes

LHC EFT WG, Area 1 CERN-LPCC-2022-01

. CERN-LHCEFTWG-2021-002
Electroweak input parameters November 16, 20

Editors: Ilaria Brivio, Sally Dawson, Jorge de Blas, LHC EFT WG note: .
Gauthier Durieux, Pierre Savard Truncation, validity, uncertainties
Contributors: Ansga.r'Denner, Ayres Freitas, Chris Hays, Editors: Tlaria Brivio*® Sally Dawson® Jorge de Blas,* Gauthier Durieus® Giovanni
Ben Pecjak, Alessandro Vicini Petrucciani® Pierre S,
Proposal contributors: November 15, 2022
November 25, 2021 ;\4. ;laobe_,m chgcm,'

LHC EFT WG Report: Experimental Measurements and

Observables
Abstract

Different sets of electroweak input parameters are discussed for SMEFT predic-
tions at the LHC. The {G,mz, my} one is presently recommended.

2020 2021 2022 2023 2024

Nuno Castro', Kyle Cranmer’, Andrei V. Gritsan®, James Howarth*, Giacomo Magni®®, Ken
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SUMMARY

« Future speaks about statistics and precision, open issues of fundamental physics can be
addressed there... lots of interest and activities

« Highlights from CMS measurements in VBS: consistency tests of the EW sector of SM at the LHC
« Many new analyses under implementation
» Leptonic decays of V bosons involved much powerful tool for SM EW measurements
« Semi-leptonic targeted mostly to BSM, now also possible to measure EW
« VBS powerful enough to infer on the presence of new physics in a “UV-agnostic” way
« Huge theoretical & experimental progress behind all these measurements
e Fine control of background sources in control regions
« Exploit machine learning techniques
» Importance of NLO calculations (up to ~15% effect on XS!)

e Run3/4 are ahead, plus many interesting results from Run 2 are yet to come!
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-THANK YOU FOR LISTENING!




