CUAPP

Laboratoire d’Annecy de Physique des Particules

Vector Boson Scattering @ the LHC

Terascale meeting, Marseille, October 2023

Q £ UNIVERSITE
ld'smous

MONT BLANC
Iro Koletsou



dAPP Overview

* Whatis (and what isn’t) vector boson scattering?

* Why s it interesting?

e How can we study VBS?

* First observations from both ATLAS and CMS

* Interpretation of the results

Note: this is an incomplete list of VBS-relates activities that leaves space for future
discussions at Terascale meetings
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cUAPP

Vector Boson Scattering

Electroweak VVijj production via Vector Boson Scattering:

n n
q q
" "
q q
w w*
Z Z
q q
’ ’
q q
10
—8- 1 0 _’ T T VvlvaI._Y) vIVLI LoswnhH T T T T 1171 l T T T T 1T 171 L
9 - == = W,W,— W W,os without H
= 1 0 n W, W, — W W, sswith H —
o ww__. ;v st:tshmthout H
o= W.W,—ZZ, withoutH 3
W.Z - W.Z, withH
1 07 - W,Z, — W,Z, without H ol
» 2.2,-57,7, withH ) S
= - ewzET
10° |- P ]
10° — ot . -
10— ]
—1 L 1 Lol 1 ey 11l | Lol
1 0 3 4 5
10 10 10
E., in GeV
C. Bittrich, CERN-THESIS-2015-039 cm

7 "
q q
" "
q q
w+ w*
I
HO
Z Z
q q
’
q q
35.910 (13 TeV)
.E B T T T | | T T T T | T ]
Neo] | CMS —— Data N
- - Il 2 .
(7)) L i
c 30— [ Nonprompt N
g *r - ]
L - B vy B
i [ aco-wzj ]
20— B Ew-wzjj ]
: E : : :: Fro=Fr=0,F =3 Tev :
L [ JFe=32,F =16 Tev* i
- : Fuo=8, Fy,= -4 Tev* f
or- Stat@®Syst. ]
8 2
o ) i
s [T
g +
o o= :
0 500 1000 1500 2000
m{(W2Z) [GeV]

Terascale 2023

Iro Koletsou



CUA\PP Electroweak VVjj production

EW VVijj

Electroweak VVjj production:
(including vector boson scattering) \/

oL
* Characteristic kinematic signature /L\i"‘\/[
a q

e Challenging S/B

Interference between the two processes

\ 4

Main background:

 QCD VVjj production
* Different kinematic signature
* Important criterion for all VBS analysis strategies

q
QCD WVjj

N M N
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CUA\PP VBS: kinematic signature

boson V, /

Characteristics of a typical VBS event: /
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* Generally central diboson products

/
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https.//arxiv.orqg/abs/hep-ph/9605444
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https://arxiv.org/abs/hep-ph/9605444

: kinematic signature

280 ET |GeV

U ujj Candidate Event
mji=2800 GeV |Ayi|=6.3

|
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 EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC
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dAPP VBS @ NLO (and beyond)

"

EW VVjj Interference QCD VVjj e
2 0(a®) 0(asa’ 0(aZa®) v
\ / y / N
0(a’) O(as C)(as a®) O(ada*)
EW VVjj ? ? QCD VVijj

Adding higher order corrections makes VVjj-EW and VVjj-QCD obsolete

* Currently: include interference into the signal (or background) and assign an
uncertainty on it

e Solution: make inclusive measurement creating ah high VVjj-EW purity phase space?
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VBS (leptonic) channels

CUAPP

Non exhaustive list of VBS channels:

canal état final 0{}7% i 0'85;?]-
WEW=*j5 | Wivjj | 4.2840.01 | 1.69+0.02
Z~4j llyjj | 9.2440.02 | 71.2840.33
W*Zjj Ulvjj | 2.36+0.01 | 7.19+0.01
AT 55 | 0.1240.01 | 0.2140.01

W=*W ? : |ead to the first observation in 2018 - suffers from high fake background
« WZ: first observation in 2018 - suffers from high QCD background

e 77: first observation in 2021 - very low cross section

e Zy: first observation in 2021 - suffers from high QCD background

Notes:
* not all leptonic channels will be discussed in details, see some references (last slide)
* semileptonic VBS is of high theoretical interest - to be followed (not discussed today)
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C()APP The W*W+?jj channel: ATLAS
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- ATLAS —+— Data
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60~ Non-prompt
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Total uncertainty

Events

Signal region: m;>500 GeV
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41 signal events

t

32 WZ events
from dedicated CR (m;<500 GeV)

v

+ 23 events from reducible background m [GeV]
Source Impact [%]
Experimental
Electron energy scale and resolution, and efficiency 0.6
Muon momentum scale and resolution, and efficiency 1.3
. . o Jet energy and ER* scale and resolution 3.2
Main systematic uncertainties: b-tagging inefficiency 2.1
Pileup modeling 1.6
Theory modeling
W*W=jj electroweak-strong interference 1.0
W*W=jj electroweak, EW corrections 1.4
W*W=*jj electroweak, shower, scale, PDF & a; 2.8
WEW=jj strong 2.9
wZ 33
fid. _ +0.51 +0.24 +0.14 +0.08 -
‘wErw=jj —EW 2.89 T(4g (stat) —0.22 (exp syst) —0.16 (mod syst) —0.06 (lumi) fb
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CUA\PP The WZjj channel: ATLAS
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[ /A
U T
 EW/QCD VVjj separation using dedicated BDT BDT Score
. . . - Source Uncertainty [%
Main systematic uncertainties: - - ty (%]
W Zjj—EW theory modelling 4.8
W Zjj—QCD theory modelling 5.2
WZjj—EW and W Zjj—QCD interference 1.9
Jets 6.6
Pile-up 2.2
fid. _ +0.14 +0.05 +0.05 +0.01 .
Owizii—pw = 057 113 (stat.) Zgos (exp.syst.) Zg oy (mod.syst.) Zyg; (lumi.) fb
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CUA\PP The WWijj/W?Zjj analysis: CMS

EW W =W 210 £ 26 2D fit using: using 137 fb'*
QCDW*W=* 13.7+£2.2 my, M
Interference W¥W+ 8.7+ 2.3 g

EW WZ 17.8 + 3.9 EW WZ 69 15

QD Wz e QCD WZ 117 +17
Variable W=W= WZ 2D fit using:
Leptons 2 leptons, pr > 25/20GeV | |3 leptons, BDT m. '
pr > 25/10/20GeV S
jun > 50GeV > 50GeV
| — my| > 15GeV( ee ) < 15GeV
My > 20GeV -
My - > 100GeV
pruiss > 30GeV > 30GeV
b quark veto Required Required
max (z;) < 0.75 <1.0
mij > 500GeV > 500GeV
|A’I7jj| > 2.5 > 2.9

R 3.98 & 0.45
EW WEW 0.37 (stat) +0.25 (syst)
Simultaneous measurement: EW W7 1.81 +0.41

0.39 (stat) =+ 0.14 (syst)
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The Zyjj channel: ATLAS
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Sample SR, m;; > 500 GeV C ]
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Sample CR, mj; > 500 GeV 0
New-zyj ~ 256 8 1050
Nocp-zyif 224 +18 I | s, e
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Acewloew [T]  +9 +1 +1 +4 j; +2 +13
+4 + +12
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cUAPP Status of theoretical calculations

QCD NLO corrections using different generators (W*W £ channel):

Note: all previous results use
LO samples for the signal
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» Non negligible effect when using approximations

https://arxiv.orq/abs/1803.07943
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 UAPP Status of theoretical calculations

Note: all previous results use
LO samples for the signal

QCD and EW corrections (W*Z channel):

do /dM; ;,[fb GeV~!] do /d My w+z[fb GeV )
2x 1074 ' , ' ‘ ' ' ' )
1073¢
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- Lo 1075} — LO
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» Important shape effects on m; distribution

J. High Energ. Phys. 2019, 67 (2019)
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https://doi.org/10.1007/JHEP06(2019)067

cUAPP

EFT for VBS analyses

Anomalous triple and quartic gauge boson couplings on a EFT frame

SM effective Lagrangian

Gauge boson interactions
as described by the SM

t” ©) 57
1 J
> 700|270

dim-6 operators

Describing aTGCs and aQGCs
VBS not really competitive for
their constraint

dim-8 operators

Lowest order operators
describing only aQGCs

Can only be constrained
by VBS (and tribosons)
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cUAPP

EFT for VBS analyses

Three different types of parameters:

»CT,O =Tr -W;WW“"- x Tr WQBW""’

»CT,l ="Tr —WQUW”B- x Tr -WMBW(W

»CT,Z =Tr —WauW”ﬁ_ x Tr Wﬂ,,Wua
ET,5 =Tr -WMVWMV_ X BaBBaﬁ

ET,G =Tr WQVW#'B X BﬂgBa”

,CT’7 =Tr :WQHWW: X BﬂuBua
Lrg = B, B" B,sB*?
Lr9 = By,B"’ Bg,B"™
pure field-strength tensor (fr)

pure transverse: only neutral
couplings can be induced

k)

Laro =T [WWW“”; x |(Dg@)! D] | o 9 [(D,) (D,9)] x [(0*9)! (00)
Lag = Te [Wu W) x [(Dgo) Dr0| | £o) _ CSI 1 (0.0 (D) x [(D,2)f (D)

L2 = [BuwB"™] x |(Ds®)! DP® , ,
e [- B [( s®) ] pure Higgs-field (fs) pure
Ly = |BuB"” ] x |(Ds®)" D¥ q’] longitudinal: cannot induce

WﬂvDﬂcb] x BPY couplings with photons

Lya=

@)" W, WP Dra|

( ®)
Lars = ( &) Ws, D@ ] x Bo#
Ly = ( ®)
(

Lz = [(Du®) Wa, WP D
mixted Higgs-field-strength (fy)
mixted longitudinal-transverse

WWWW | WWZZ | ZZZ7Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA

Ls0,Ls1 X X X 0] 0] 0] (0] (0] 0]

L0, £, Ly, Lmr X X X X X X X (0] (0]
Lm, Lms, Lma, Lms (0] X X X X X X () 0]
Lro,Lr1,L72 X X X X X X X X X

Lrs,Lre, L7 (0] X X X X X X X X

Lrg,LT9 (0] O X O (0] X X X X
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The WWij/WZjj EFT analysis: CMS

: CMS _ - '137‘fb'1‘(13‘TeV) CMS ' '13'7ft3'1(1‘3TeV)
s B tvx -#- Data § 10 . vy ] -4 Data I
2] 104 Vy 200 Bkg. unc. @ [ Wrong sign 200 Bkg. unc.
. . . . . S Wrong sign w'w* S er bkg.
Discriminative variables: 8 —pouinbey — e g10° et mmwr
fp/A'=29Tev' Wz 102 —f A% =20 TeV* 2z
102 5y /A" =20 Tev* z Nonprompt
Nonprompt I tvx
10 _-—$ 10
* MY (BSM vs SM) n; 1
. . . . _ § —1
in combination with 107 10
102 |« 102
m” (EW VS QCD) 10 ;_ 10
S 15 _— : —— ] = 15 F —
@ r 1 € B s 3 I
o] - ] fu = - - - - =
- bt 1. : f
" 500 — °0 500 7000 7500
m"W [GeV] m¥*Z [GeV]
Considering that EFT model is valid at < 1.5 TeV:
Observed (Wiwi) Expected (Wiwi) Observed (WZ) Expected (WZ) Observed Expected
(Tev™) (TeV ™) (Tev™) (Tev™4) (Tev™4) (Tev™?)
fro/A* [-15, 2.3] [-21, 2.7] [-1.6, 1.9] [-2.0, 2.2] [-1.1, 1.6] [-1.6, 2.0]
fr/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 [-21, 44] [-2.7, 5.3] [-2.7, 3.4] [-44, 5.5] [-1.6, 3.1] [-2.3, 3.8]
fao/A? [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]
fan /A [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fue/ A [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
faz/ A [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
foo/A* [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
for/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]
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cUAPP

The Zyjj EFT analysis: CMS

Discriminative variables:

[ ] mZv
Exp. Exp. Obs. Obs. Unitarity

Coupling lower upper lower upper bound
Fyo/A* —12.5 12.8 —-15.8 16.0 1.3
Fa /A* —28.1 27.0 -35.0 34.7 1.5
Fyp/A? =521 5.12 —-6.55 6.49 1.5
Fyi/A* -10.2 10.3 -13.0 13.0 1.8
Fya/A* -10.2 10.2 -13.0 12.7 1.7
Fyis/A* -17.6 16.8 -22.2 21.3 1.7
Fyi /A* —44.7 45.0 —-56.6 55.9 1.6
Fro/A* -0.52 0.44 —-0.64 0.57 1.9
Fr/A* —0.65 0.63 —-0.81 0.90 2.0
Fry/A* -1.36 1.21 —-1.68 1.54 1.9
Frs/A* -0.45 0.52 —-0.58 0.64 22
Fre/A* -1.02 1.07 -1.30 1.33 2.0
Fry/A* -1.67 1.97 -2.15 243 2.2
Frg/A* —0.36 0.36 -0.47 0.47 1.8
Fro/A* -0.72 0.72 -0.91 0.91 1.9

a

137 b (13 TeV)
| | |
Nonprompt y

ST, TTy,VV
—Frg/A*=0.47 TeV™*
—F,/A*=0.91TeV*

Events / bin

10

10~

0.15-0.4 0.4-06 0.6-0.8 0.8-1.0 1.0-1.2 1.2-
my, [TeV]

Unitarity strategy:

Computing the energy scale for which
the value of the limit violates unitarity
(and thus EFT model isn’t valid)
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c UAPP Conclusions and open items

* Vector boson scattering first observed during Run 2 of the LHC

* Several channels, each giving access to different quartic couplings

* Interpretation of the results using Effective Field Theory

* To do: global fit using several channels for simultaneous constraint of dim-8 operators
— Status: preliminary studies, such as W*W4jj/WZjj

* To do: ultimate goal is the study of V|V, = V/ V|
— Status: (simple cut-based) studies indicate a future observation at HL-LHC
— Polarized inclusive VV production: see next talk
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