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Introduction
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* Vector boson scattering (VBS) measurements offers
an important way to probe electroweak symmetry

breaking.

* Sensitive to new physics: probe aTGC, aQGC ...

VBF, VBS, and Triboson Cross Section Measurements sius: June 2024
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« A good probe of the SM in the electroweak (Ew) [LY Y/

WW, (tot.)

sector. Measure VBS via the corresponding EW

productions.
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« CMS Wyjj:

Phys. Lett. B 811 (2020) 135988"™"""™

* For VBS processes, many
channels have been measured
and observed at LHC.

Higgs boson exchangef H }--{:

: ] :

Four boson Vertex :Kj :
Vector boson exchange é H

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

Phys. Rev. D 108 (2023) 032017
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(WV+2V)jj EWK
WHW-jjewx

WEW*jj EWK
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ZZjj EWK
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ATLAS Preliminary

\/s = 8,13 TeV

Theory

LHC pp Vs =13 TeV
- Data
stat
stat @ syst

LHC pp V5 =8 TeV

Data
- stat
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- 2.5 3.0 35 l4.0
data/theory

15t observation of EW Wy jj at ATLAS.
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https://www.sciencedirect.com/science/article/pii/S0370269320307917?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017
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 EWW(- lv)yjj: * VBS topology:
- Observation of EW WYyjj production.
- Differential cross-section measurements. 77ji A Ve et =
- Limits on aQGC. cam— ___....T i
/ ‘ o Jh= L - i |' Event with m;; = 2228 GeV; ma = 605 GeV
* Full Run2 datasets (140 fb~1). =" ¥ =

d ¢

| - N

{ '}

! ! EXPERIMENT
Run: 340368

d M- Event: 454611985
2017-11-09 04:06:14 CEST

d —<— 1 NN T

I~
2.

Nature Physics 19 (2023) 237-253

U —a>—-=a NN~ 7 d EW signal Y u U Forward jet
(-ve rapidity)
q < v * Perform measurement in VBS-enhanced
dA Wt phase space.  TTTTTTTTTTTTTOORSST— TN T
NNANN~
U AW - two energetic jets in the forward and backward region. , )
< ) / Forward jet
q - ngh m]], la rge Ay]] V;” /Z (+ve rapi(jity)
g f‘ﬂnné‘fwnﬂ g i g
Irreducible QCD background W(= Wyjj



https://www.nature.com/articles/s41567-022-01757-y

Analysis strategy =N

* QObservation and fiducial cross section measurement

A control region (CR) is defined to constrain the QCD background.

Data driven method is used to estimate all non-prompt, fake, pileup backgrounds.

Fit the Neural Network (NN) output to extract the signal strength (ugy,).

Fiducial cross-section is obtained by correcting the detector effects.

* Differential cross section measurement

- Three CRs are defined to constrain QCD background. Apj; = d);' _ d)é' - y]{ > y,f

- Observables: mjj,p%j, pt., my, (VBS observables, sensitive to aQGC), Ag;j, A, (Charge
conjugation and Parity observables, probe CP structure). Ady, = s — by = Y5> )

- EFT interpretation: The six unfold observable distributions are used to constrain dimension-8
(D-8) operators (sensitive to quartic gauge couplings).




Object & event selection
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* object selection:

Yji1 tYj
Viy —(ﬂ#]z)/()’ﬂ - sz)

% lepton Jets Sy =
- Atleast1tightand |- 1tightandisolated |- At least 2 jets.
isolated y. lepton. pr > 50 GeV. NP1
- pp>22GeV. pr > 30 GeV. In| < 4.4. Jets \(
- In]<2.37. In| < 2.5. No b-jets (DL1r at > 1] CRa CRb
2"d |epton veto. 85%WP)
* Event selection: J (xi)
- my >30GeV. - |my, —my| > 10 GeVv. =0| SR CRc
ET%5 > 30 GeV. - Standard object overlap removal. g L A
_ — _ Differential 0.35 1.0 é‘l
Observation & fiducial cross-section Cross- m .
|} section
SR CR i Aij > 9
Ay;i >2, m;; >500 GeV m;; > 1000 GeV
1] /] Nfz?sp:Number of jets in /)
NI =0 NI% 50 Je
jets jets rapidity gap Ay.
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Background estimation

aaSs—

QCD background:

Main background.
Strong Wyjj.

A control region is defined to constrain the QCD background.
Simultaneously fit the NN output in signal region and control region.

Prompt background:

Top + Zyjj.
Estimate by using MC simulation.

Non-prompt background:

Jet fake photon: Largest non-prompt background (W+jet). A data-driven

template fit is used.

Jet fake lepton: Leptons arising from mis-reconstructed jets or in-flight decays

of hadrons. Fake factor method is used.

Electron fake photon: Arise from conversions and inefficient calorimeter to
track matching (Z+jets & tt). Tag & probe method is used.

Pile-up photon: A photon originating from one pp interaction is selected
alongside a Wjj event from another pp interaction from the same bunch

crossing. Data driven method is used.

EW Wyjj z Strong Wyjj
non-prompt @ prompt (Top+2yjj)

EW Wyjj = Strong Wyjj
non-prompt & prompt (Top+2yjj)




Background estimation
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e Jet fake photon:

mym:s Intermial )
E e e i chamel

Events/(2)
.
3
g

4 0 20 0
E.cone40 - 0.022pT(y) [GeV]

LI PUPL SR Y
s %4 “fi H‘“ ;

ents/(2)

Ev

3
2

A

-—’—lﬁ

- ull

o =z

H

H

[

Ed

a

8

5

Lol il

) a0
E,coned0 - 0.022pT(y) [GeV]

“‘hu“i*@h;#;&*i“i —i

" Events/(2)

300

250

200

150

100

50

FATLAS Internal T4
[ e+ Wchannel i . Tlght Data
1 Fit
— Jet fake y
— Real y
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Tight Photons

0.20 < NN score < 0.40

20
E,cone40 - 0.022pT(y) [GeV]

40

- Prompt y isolation shape « tight ID y.
- Non-prompt y isolation shape < non-tight ID y.

- Uncertainties: Stat. uncertainty in template &
fit, choice of y ID criteria, real y subtraction,

E iso,y

r  modelling.

-  ABCD method is used to cross check.

* Jet fake lepton:

Fake efficiency: Néigm Fake factor: F = —<
€ = W l —€

Fake lepton background in SR:

Nfakelep = Fe/,u A (N:/}Ltidz;fzt - :/Ztipgfr’::;)t—lepton)

R o e o e e A A

- Dijet sample is used to get fake % 06" e -

factors. A closure test has £ o5 TS

performed between dijetand & °* E

gamjet samples. zz i F
- Fake factor with different pr ol | :

and n bins are measured. JATLAS _ Internal

100 200 300 400 500 600 700 800 900 1000

e_pt[GeV]

- Uncertainties: Stat., jet composition uncertainty (y + jet vs dijet),
variation of selection cuts, prompt lepton subtraction with
different QCD MC samples, variation of pr, 1 binning of fake
factor, background subtraction in dijet region.




Background estimation
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* Electron fake photon:

- Fake and real enriched regions defined by the presence -

of a probe electron or a probe photon.
- Fake rate: NJe<og,
F‘-’_’}’ = Nrec‘oe_e
[

€y, €. the identification efficiency for y and e.

- uncertainties: Stat., variation of fit range, integration Ney
range, pr, 1 binning, different fit function in the fit.

* Pile-up photon

Cis a normalization

Pile-up fraction: factor derived by

comparing the MC
to data.

|Az[=50mm Az | =S50
data Nyre *C

fPU N Ndara *0.32

- Only converted photons with hits in the silicon
tracker are used to ensure good resolution.

- Real photon purity is applied to fake fraction to
avoid double counting pileup jets with fake
photons.

- fou=(1.7%1.6)% in SR.

CReg ® Data

{0.666667 }
o
3

pt: [22, 30] mmm Signal + background

@

- Estimated under Z peak: : =
|Mz — M,y | < 10 using =

300

a signal + background fit

It

¥4 Signal on
Inl: [1.62, 2.00] ekorl

® 4 Background only

M{e«,-) [Ge
_ Ney  Sey+Bey  SeytSeolzp) S Utgg) S,
Y 2Nee  2(Seet Bee)  2(See + See(5ip))  2See (14 515)  2See

* Eventyields:

SRfid (N.gap _ 0) CRfd (N.gap > 0)

jets jets
EW Wyjj 520 + 141 120 + 49
Strong Wy jj 1550 + 830 1970 + 950
Non-prompt 692 + 57 698 + 58
Top quark processes 109 + 18 183 + 37
EW + strong Zvyjj 128 + 34 163 + 77
Total 3000 + 830 3140 + 960
Data 3341 3143




Observation & fiducial cross-section

* Signal extraction: e Observation: ATLAs D
Vs =13 TeV, 140 fb'
) ) - UEW = 15 i 05 EW W(—Iv)yjj
- Simultaneously fit the NN output Observed (expected) significance: 9.00 .. .« (owm
in signal region and control (6.30) 1t observation at ATLAS! | 722"
region. s : '
& _ o * Fiducial cross-section: Sumzze e
- Two floating normalization N 8.9°2% (scale) * " (statsPDFay) o
factors: ugw & Ustrong- fid YJJ
EW Wyjj ~ L-Cew woii
Y1J
MadGraph5+Pythia8
%1600;‘;'}7‘.;4:3"””“'”"IH‘HHI”“I.HIQ)Ia‘lIa”‘IHH{ %1800?J'q",\"'-lﬁfs‘|“'f|"”|‘"‘\"‘'|"“|."E)"a\l;]"‘l"'LE Nreco. 13.0|(sca\|9)0(|Stat+PD‘F+0ﬁs)| | I
> [ (5=13TeV, 140 fb" EWWyj | 31600 Vs =13 TeV, 140 fb" EWWyj R o b e b Lo L BSIGR T
- 1400~ EW W(—Iv)yjj StrongT‘J}VYij__ - E EW W(—=Iv)yjj StrongYWyjj . CEW W’}/]] - Nfld 0 2 4 6 8 10 12 14 16 18
- CR™ Non-prompt 1400~ sR™ Non-prompt—| GfE'c\’,V W(iv)yji [fb]
1200~ Post-Fit B Top Bkg. 1200: Post-Fit B TopBkg. I
- o . F W Zi - . : -
1000~ . zuﬁienaimyj o0of . %U’ﬁi‘,enainty 7 Uncertainty Source Fractional Uncertainty [%0]
C P, IO ] - 22 = — .
F ) 1 F 1 MC Statistics 11 ¥ ——
800 - e ] B 800 P P 3 Tets g Dominant
600 :1////‘////// J —: 600;’ i o 199> E ;
C coor Merses ] . 1 Lepton, photon, pile-up 8
400 - 400 - EW Wy jj modellin 7 Large JES
. - " YJiJ & g
2001 R 200; N Data Statistics 6 & JER
- o 4 Strong Wvyjj modelling 6
8 12 3 1 3 Non-prompt background 2
9: | T T R T ///ﬁ@%‘// 9: 1 /W ST Tttt S 0, /;//;// /%/ Luminos i'[y 7
O] ©
3 8'2 i3 8 gg i Other Background modelling 2
0 01 02 03 04 05 06 07 08 09 1 90102 03 04 05 06 07 08 09 1 miss
NN score NN score ET 1




Differential cross-section P

0_25:_ -+ Unfolding — Total _ _______

: JjJ
- Observables: m;;, p7 ,pT, My, Apjj, Adyy.
- Simultaneously fit in signal and control regions with

o
N
I

|

> 0.4 : ‘ : ‘
: ion: € | ATLAS Vs =13 TeV, 140 ' |
* Signal extraction: 8 0,351 EW W(—1v)7jj Nige = 0., <035 SR) ] —~— == ===—-= I
SR + 3CRs: defined by N9 & 8 |~ umnosy 1 S Wi oddin <_: Dominated
- + S: e Ine * S 03 IEOI’G:’Ir non- modellin modellin —:
y ]ets Ely (—DU *Elon-r?rtompt\ggcﬁg?ouno‘ljs“ ¢ Iﬂ-'glvg'é'lvgtﬂ'ﬁcsd - '_' | Uncerta|nt|es :
S
3]
©
L

bin by bin reweighting of signal and QCD components 0.15] g
in each region. 0.1F - E
. el ] IR ) —— ]

The extracted yields are unfolded to produce 005 . I =

differential cross sections. Ol:::l—*-;O%———;()b—o—j$o—;05;
E " ATLAS ' (s=13TeV,140%6' | & | ATLAS 'arﬁiéfe\‘/ 140 5" | m; [GeV]
8 oo EW W)z Nie=0.& <035(SR) | & | EWW(=Iv)yj N = 0,6, <0.35 (SR)
I_:; ; ¢ Data, stat. unc. =10 F ¢ Data stat. unc. E . . .
£ . 1 Totalunc. 3 (=3 Totatune i« Differential cross-section:
“6 *o D+ [=] Sherpa2.2.12 -'6 [c] Sherpa 2.2.12 i
© B [2] MadGraph5+Pythia8 ] o F [o] MadGraph5+Pythia8 -

t | Tt 13| - The predictions from both
3| | B | .
hll: 1 r + f ] MadGraph5+Pythia8 and
iy o 1 : . * ; ! Sherpa are in agreement
_91 5 } + o 15 — F—— —_— I:: — With the data Within
= : 8 8- 5 . P
I PO S ¥ b s 1 f P o f 3 uncertainties.
:.20'5 \ . , . 80'5 [ P BN R | PP PR 1
< 210? 3A0°  4x10° 5x10° © 3 -2 1 0 1 2 o e
ii

m; [GeV]
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EFT interpretation P

: H . Coefficients [TeV~%] Observable My, cut-off [TeV] Expected [TeV~%] Observed [TeV 4]
* The effective Lagrangian: o " o e T i I
. . . . . fri/A? ry - [-1.5.1.6] [-1.1,12]
- 4 77 . _ _
Wilson coefficients dimension-8 operators N o P : 444.7) 3.135)
Jr3/A Pr [-3.3,3.5] [-2.4,2.6]
\f(g fralA* type p{;’ - [-3.0,3.0] [-2.2,2.2]
(8) frs/A* pl 11 [-9.9.9.9] [-7.5.7.5]
Ler = Lsm + Z O fro/A* operators p:: 1.3 [-7.4,7.6] [-5.2,5.4]
fri/A* Py - [-3.8,3.9] [-2.7,2.8]
T fm/A: pT’T - [-38,37] [-38,37]
energy scale of new physics fei® Mixed- ﬁ{ 08 oo 4880
fm//\: scalar Py 1.1 [-100,110] [-73,77]
. . . . faal A p 1.0 [-118,111] [-89,83]
* The differential cross-section can be decomposed into fus/At operators p} 13 [-57.80] [:32,77]
8) fu1/A Pr - [-96,95] [-69,68]
3 terms: scales Iinearly W/ f:, Coefficients [TeV—*] Observable Expected [TeV~*] Observed [TeV 4]
\ Jro/A? py [-2.4, 2.4] [-1.8, 1.8]
2 2 2 4 i . ) 2
M= =M +2Re( Mg Mp-3) + . fri/A Py [-1.5,1.6] [-1.1,1.2]
M IMswl ( sM77D 8) +| d Fra/A* p{r{ [-4.4,4.7] [-3.1,3.5]
. (8) fra/A* pT [-3.3, 3.5] [-2.4,2.6]
« Wyjj: scales quadratically w/ f] FralN* PT. [-3.0, 3.0] [-2.2,2.2]
frs/A? P! [-1.7, 1.7] [-1.2, 1.3]
it : - - f;,//\4 p}f [-1.5, 1.5] [-1.0, 1.1]
- Sensitive to potential anomalous quartic couplings of .y T 2 O 1
WWyy & WWyZ frr/A P [-3.8,3.9] [-2.7,2.8]
. /A ! [-28, 28] [-24,24]
JjJ e l ;ﬁ?/m 5%5 [-43, 44) [-37, 38]
- P (.rr? ost sen§|t|ve to tensor-type operators), p7 (most Fara/AY ) 10, 10] (8.6,8.5]
sensitive to mixed-scalar operators). st/Af1 Py [-16, 16] [-13, 14]
. .. A [-18, 18] [-15, 15]
- Constraints on the fr3 and fr4 operators: 1%t such limits ;ﬁifﬁ ﬁ; 17, 14] 14 12]
at the LHC. fur/A? 2 [-78, 77] [-66, 651




>ummary Al

* 1t observation of EW WYyjj at ATLAS.

- Observed (expected) significance: 9.00 (6.30).

* Measurements of EW WYyjj fiducial and differential cross-section are reported.

ol =13.2 4+ 2.5 fb.

- Differential cross-sections are measured as functions of six kinematic observables.

- The data are corrected for detector effects of inefficiency and resolution using an iterative Bayesian
unfolding method.

- These differential measurements are used to search for anomalous quartic boson interactions using D-
8 operators in the context of an effective field theory.

- The first LHC constraints on fr3 and fr4 are presented.

* Publication: Eur.Phys.J).C 84 (2024) 1064
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Particle level definition P

Object | Selection requirements

Dressed muons | p; > 30 GeV and |p| < 2.5
Dressed electrons | p, > 30 GeV and || < 2.47 (excluding 1.37 < || < 1.52)
Isolated photons E% > 22 GeV and |n| < 2.37 (excluding 1.37 < || < 1.52) and EiTSO < O.ZE%/
Jets | Atleast two jets with p. > 50 GeV and |y| < 4.4, b—jet veto
Missing transverse momentum ETmiSS > 30 GeV and m}r’V > 30 GeV

VBS topology | Ne =1, Ny > 1, |m¢y —mz| > 10 GeV

ARmin(€,j) > 0.4, ARmin(y,j) > 0.4, ARnin(€,y) > 0.4
ARwmin(j1,j2) > 0.4, Admin (EXS, j) > 0.4

Niets > 2, p%'l,p%'z > 50 GeV

mjj > 500GeV, |Ay;;| > 2

Fiducial measurement | VBS topology

Differential measurement | VBS topology @ (m; > 1000 GeV, Nﬁf =0, and {wy < 0.35)

14



MC samples P

Process Prompt/Non-prompt Generator ME Accuracy PDF Shower & Hadronization = Parameter Tune
Signal. Sh-2.2.11 Nominal, EW Wyjj Prompt Madgraph5 LO NNPDF3.1 LO Pythia8+EvtGen Al4
MGS5 systematic L ¥ Sherpa 2.2.12 LO NNPDF3.0 NLO Sherpa Default
Irreducible bkg. Sh-2.2.11 [ QCD Wyjj Prompt Sherpa 2.2.11 NLO NNPDF3.0 NLO Sherpa default
Nominal, MG5 systematic | i Madgraph5 NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
EWZy) "\ Prompt Madgraph5 LO NNPDF3.1 LO Pythia8+EvtGen Al4
QCD Zyjj Prompt Sherpa 2.2.11 NLO NNPDF3.0 NLO Sherpa default
Reducible prompt bkgs. tty Prompt Madgraph5 LO NNPDF2.3 LO Pythia8+EvtGen Al4
tWy Prompt Madgraph5 LO NNPDF3.0 NLO Pythia8+EvtGen Al4
tqy Prompt Madgraph5 LO NNPDF3.0 NLO Herwig7+EvtGen Default
\ Single Top / Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
/" W+ets )  Non-Prompt Sherpa 2.2.11 NLO NNFDF3.0 NNLO Sherpa Default
Z+jets Non-Prompt Sherpa 2.2.11 NLO NNPDF3.0 NNLO Sherpa Default
Diboson Non-Prompt Sherpa 2.2.12 NLO NNPDF 3.0 NNLO Sherpa Default
E‘:c’:('gpr':lmﬂi T— Dijet Non-Prompt Pythia8 LO NNPDF2.3 LO Pythia8+EviGen Ald
DO faloes esthnates EW Wjj Non-Prompt Sherpa 2.2.1 LO NNPDF3.0 NNLO Sherpa default
EW Zjj Non-Prompt Sherpa 2.2.1 LO NNPDF3.0 NNLO Sherpa default
tt Non-Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
. W ) Non-Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4




MadGraph & Sherpa signal comparison P

e The difference certainly comes from having the 3rd jet included in the matrix element in Sherpa.

LT IR AL U ECLEUR T LTS DAL [RRIT =

* Diagrams with gluon emission from the incoming or outgoing “F B il
. . . . . TE —— MGs+Py8 3

quarks interfere destructively, resulting in a suppression of o E
centrally produced jets. (More details) E 1

* Sherpa sample predicts more hadronic activity in the gap ]
between the two leading jets. N Nj1+ N2

FI TR F T ET AR R AOR ] T 3

Sherpa 2212 t-chan o 1 2 3 4 5 6 7

N,

gapjels

l T T T T T l T T T T I T T T T

—t— Sherpa 2212 t-chan 7]
—}— Sherap 2212
—+— MGs5+Py8

10! —
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https://indico.scc.kit.edu/event/507/contributions/5055/attachments/2604/3726/b1c_zeppenfeld.pdf
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