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Recent VBS measurement progresses at ATLAS

#) \Vector boson scattering physics at ATLAS in a nutshell

Standard Model Summary Plots June 2024

Standard Model Production Cross Section Measurements Status: June 2024
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/
http://www.apple.com/cn

Introduction: Why VBS interesting?
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@) Test of electroweak sector of the Standard Model (SM) at the TeV scale

Sensitive to Anomalous Quartic Gauge Couplings(aQGC)

@ Can used to set limits on effective field theory (EFT) operators

Sio® 4 Sig®)

4

=

S channel T channel

@ without a “light” SM Higgs boson (my < 1TeV) VBS would violate unitarity.
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https://arxiv.org/abs/1412.8367

VBS signature
Energetic and forward jets

Large rapidity separation, Anjj

Tag Jet

Large invariant mass, M,
Tag Jet
Centrality g

Low hadronic activity in the central region(color singlet exchange)

V activity
Key discrimination for EWK V'V + jj and VBS components
@ VBS experimental challenges 0.25 11— 0.0012
Rare process and large variety of background processes 0.2 rapidity gap 0.001
0 0 v . = . 0.0008
Forward jets identification g 0.15 g

VBS can not be directly extracted to due gauge invariance § 0.1 1\5 00008
= S 0.0004
— EWK V'V + jj in VBS enhanced phase space 0.05 2 0.0002

Interference with QCD V'V + j;j production 0 0 L - :

0 500 1000 1500 2000
/I \T=T1SJTU ﬁ L
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VBS measurement progresses at ATLAS

@®) SM VBS processes in the ATLAS experiment in different channels

Channel m Luminosity m Journal Reference
VV +jj semi — leptomc 35fb~! 2019-08-22 Phys. Rev. D 100 (2019) 032007

vy > WW(y — induced) evuv 139fb~! 2012-05-10 Phys. Lett. B 816 (2021) 136190

Zy +]j oy + jj 140fb=! 2022-08-26 JHEP 06 (2023) 082
Zy +jj lly +jj 140fb~! 2023-05-30 Phys. Lett. B 846 (2023) 138222

212v + ] ] 139fb~! 2023-02-09 Nature Phys 19(2023) 237

ZZ + jj llll _|_]] 139fp~! 2023-11-16 Phys. Lett. B 855 (2024) 138764  ° Today’s topics

" WEWZ + jj lly + jj 139fb~! 2023-12-01 JHEP 04 (2024) 026 ;‘
i WHW~ + jj evuv + jj 140fb™! 2024-03-07  Submitted to JHEP, arXiv:2403.04869  §
Wy +]j vy +jj 140fb~! 2024-03-05  Submitted to EPJC, arXiv:2403.02809 |

WZ+ JJ il + jj 140fb~! 2024-03-22  Accspted by JHEP, arX:2403.15296

MJTJ— B
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032007
https://www.sciencedirect.com/science/article/pii/S0370269321001301
https://link.springer.com/article/10.1007/JHEP06(2023)082
https://www.sciencedirect.com/science/article/pii/S0370269323005567
https://www.nature.com/articles/s41567-022-01757-y
https://www.sciencedirect.com/science/article/pii/S0370269324003228
https://link.springer.com/article/10.1007/JHEP04(2024)026
https://arxiv.org/abs/2403.04869
https://arxiv.org/abs/2403.02809
https://arxiv.org/abs/2403.15296

77 + jj: Introduction and selections sepo1 2024004 g

Differential cross section for EW ZZjj and strong ZZjj processes

are measured to study SM VBS process and access the accuracy of q q
the perturbative QCD calculations. W z 7
Event selection criteria: y Z Z

@)-Two SFOS lepton pairs with smallest | m, — m,| + | my, — m, . .

Leading pair with highest |y, |, my > 130 GeV
Pr. 1, > 40(30) GeV, my; > 300 GeV, AY; > 2

Feynman diagrams for EW Z Zjj production (left) and strong Z Zj j production (right)

‘ E 10 ?_ T1ll.34rsvl 140I fb"l ' '\/E:S-Enhanoed rQQiQHI, (<04 I ?g 10 ?_ TLA'S ' ’ \}Bs-éupplressjed region, { > 0.4

T . . . s= eV, -®-Data 7~ Pred. syst. s=13 TeV, 140 b ata "~ Pred. syst.
VBS enhanced region with low centrality (£ < 0.4) P Moot ewsy P i o
= § 1 [ other B Non-prompt § 1 W other .Non-prompt
VBS suppressed region with high centrality (¢ > 0.4) B GQoF

Non-prompt background estimated by lepton fake efficiency o

N
9
5

Z + jets(light flavor decays) and t#(tight flavor decays)

@ f/(1 — f) applied to CR with one or more leptons falling £ o2¢ : S T2
O 04 g ; & 08F
i e 4x107 10° 240° 3x10° 9 0hE g $
to meet the signal lepton definition ™ [Gov] e =
m, [GeV]
Predicted and ob d yield d in VBS-enh i i
redicted and observed yields measured in en armg"%‘ﬂ&/ﬁpjw Feglﬁn
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https://link.springer.com/article/10.1007/JHEP01(2024)004

JHEP 01 (2024) 004 f

Z1.7. + jj: Differential measurements and EFT

@®) Differential cross-sections measured in VBS-enhanced

® Observable m,; and m,; in VBS-enhanced region are used

ATLAS 3
s=13TeV, 140 fb”

and VBS-suppressed regions with various variables to limit EFT operators

o VBS observables

o Polarization, charge conjugation and parity observables

-20 — — Expected 95% confidence imerval_;
agn Observed 95% confidence interval 7
o QCD-sensitive observables T
1 15 2 25 3
E. [TeV]

Wilson coefficients fr as a function of a cut-off scale, Ec

1 T T T T T T T T T T T T
§ ATLAS VBS-Enhanced region, § < O.A'I. § 10-' ATLAS VBS-Suppressed region, { > 0.

& 10 (=13 TeV, 140" ~¢- Data, stat. unc. & 102 (=13 Te, 140 " ~¢- Data, stat. unc. Wilson  |Mgs|?>  95% confidence interval [TeV~*]

o| Total unc. o| & Total unc. coefficient  Included Expected Observed

ol 10 ——— ol5 3 Lo Fro/ AT es [-0.98,0.93] [-1.00, 0.97]
780 age * —— OT,O and OT,l most " };10 [-'23’ 1'7] [-'19’ 1§]
Y . . 2 2
L -SRI D SO , 1 R e tightly constrained fri/AF yes [[1.2,12] [-1.3, 1.3]
1 S T - R [ 160 120] [ 140 140]
10_4 e A A" AR AL AR ALALR AR . no - s - N
10° Tral AT ves [2.5,24] [2.6.23]
10~ A Strong 4ij (SHERPA) + EW 4ljj (MG5+PY8) 18- =& Strong 4j (SHERPA) + EW 4ij (MG5+Pv8) no [-74, 56] [-63, 62]
E s=o== Strong 4jj +PY8) + EW 4lj (MG5+ : Strong 4fjj (MG5_NLO+PY8) + EW 4lj (MG5+Pv8

- e B Masarpy ) EW A UGSV frs/AT yes [25.24] [2.6.25]

108 EW 4ljj (POWHEG+PY8) + ZZV(V—> jj) (SHERPA) T EW 4ljj (POWHEG+PY8) + ZZV/(V— jj) (SHERPA) no [-79, 60] [-68, 67]

£ 12 ' ' R E < 23 ' ' ' ' E fre/A* yes [-3.9,3.9] [-4.1,4.1]

o osF N 1 s l 'S E 1§H1_L+‘l = 1 - fr7/A* yes [-8.5,8.1] [-8.8, 8.4]

0.4F ; x - 0E e pea Fre/ A yes [2.1,2.1] [22,22]
2x10% 3x10? 10° 2x10°  3x10 no  [-4.6,3.1]x10* [-3.9,3.8]x10*

m,, [GeV] m,, [GeV] Fro/A* yes [-45,45] [-4.7,4.7]
no [-7.5,5.5]1x10* [-6.4, 6.3]1x10*

7 I Xd M Lod U
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https://link.springer.com/article/10.1007/JHEP01(2024)004

JHEP04(2024)026 f

W=*W= + jj: Introduction and selections

In the SM, couplings to the Higgs boson prevent the divergence of longitudinally « as - @
: : : : o : : v, s - v o v f
polarised VBS amplitudes at high energies and unitarity violation at the TeV scale e ; 'R 2
Vi, fz Vag Va ;3
@®) Background Estimation: largest ratio of EWK/Strong XS . .
q2 q4 2 4
® Dominant background comes from WZ/y* jj (22% SR) « @ g «
A Vs f V. J1
@®) Data-driven method: non-prompt lepton and electron charge misidentification backgrounds o f2 ! f2
f3 f3
V2 = =
Sl . . . . —_ V. f4 f4
@ Event selection criteria: Reduce Drell — Yan process ‘
q2 qa g a2
Requirement SR y/ijR WZ CR > T .lwwl ....... .|WW||: > ggE T T ey
i i (> 40 ¢Daa W EW (bin 1) BIWW'jj EW (bin 2) C e Data I WA EW (bin 1) IWAWEj EW (bin 2) ]
Leading and subleading lepton pr - > 27 Ge'V Py 35:_.wtw¢jj EW (bin 3) [l W*W*jj EW (bin 4) BIW*W'jj EW (bin 5) 3 g 30 MWW EW (bin 3) BIWAWSj EW (bin 4) BW-WEj EW (bin 5)
Electron |7| < 2.47((1.37 in ee)) excluding 1.37 < |n| < 1.52 = = W EW (bin 6) lWW Int WAWHj QCD ] e = W EW (i &) BWEWS it W 0D .
Muon [n] <25 € 30f mwzaco Bwzew [l Non-prompt = *g 255 @wz acb BwzEw Non-prompt -
Leading (subleading) jet pr > 65(35) GeV L%) 25;* Gonversions Otherprompt 77 Tot. Uncert é L%J 20§_ Conversions Other prompt 77 Tot. Uncert. E
Additional jet pr > 25 GeV 20F ATLAS = 1 3 ATLAS
Jet |n] <4.5 15E Vs=13TeV, 139 fb” 3 5 Vs=13TeV, 139 fb"' ;
3 10 Low-m. CR -
Myy > 20 GeV 10 E ! ]
Exis > 30 GeV E e
Charge misid. Z — ee veto |mMee —mz| > 15 GeV - L o =
b-jet veto Nb_jet=0,p£’l§J8t>20GeV,|nb'jet|<2.5 s 1_2"""""'/"""'""""" """" prrrr s ?'5:
Nyetoleptons =0 =0 =1,pr > 15 GeV % 1 /47 /1’ Z' 4' A %, 7 % =
Myeee - - > 106 GeV 5 D700 7 Z 2 B 08
o o 2
mJJ >500Gev 200<m]]<500GeV >200Gev 0'8..|....|....|....|.,,,|,,,,|,,,,|,,,,|,,,,|,,,, 0- Erolovov o b b by b b b by Pya s 3

| Ay;;s]

> 2

50 100 150 200 250 300 350 400 450 500
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https://link.springer.com/article/10.1007/JHEP04(2024)026

(2 W= + jj: Di ' inti JHEP04(2024)026 ..

& EW(inclusive) WEW=jj signal strength are extracted in the fiducial region Systematic uncertainties
JJ

Description oEWV [fb oEWHItHQCD gy, : .
P nd_ ) 6 (] non-prompt background estimate(dominant)
Measured cross section ~ 2.92 + 0.22 (stat.) = 0.19 (syst.) 3.38 & 0.22 (stat.) £ 0.19 (syst.)
0. 22 0.34
MG5_AMC+PYTHIAS ~ 2.53 4 0.04 (PDF) 10 %g (scale)  2.90 = 0.05 (PDF) 92 (scale) 1
SHERPA 2.48 +0.04 (PDF) 029 (scale)  2.92 + 0.03 (PDF) * 59 (scale) Source Impact [%]
SHERPA ® NLO EW 2.10 +0.03 (PDF) *0:33 (scale) ~ 2.54 +0.03 (PDF) 033 (scale) Experimental 46
POWHEG BOX+PYTHIA 2.64 Electron calibration 0.4
Muon calibration 0.5
o0 mi y miss 2 Jet energy scale and resolution 1.9
mr = (ET + ET ss ’p + E Emiss scale and resolution 0.2
b-tagging inefficiency 0.7
C Background, misid. leptons 3.2 )
m[[a ]]]’ mTa Ngapjets’ 5]3(Zeppenfeld) Background, charge misrec. 1.0
Pile-up modelling 0.1
e I B B e = AL L L B L B L B AL B s
E 02;_ AITLAls I l OI Data | | . | _; E 025:_ ATLAS 1 M 322 aMC. Herwig7 _: LumanSIty 19
2 0185 (513 TeV, 130 " * 19820 ety £ S | 's=13TeV. 1397 Ty amcsPytias ] Modelling 45
£ 0-16— EW Wiwill o Powheg+Pythia8 = “g. 0.2 Inclusive WW+]j Og;wheg;;y:r;iagl\lliw * . EW Wi Wijj shower. scale. PDF & o 0.7
S = » Sherpa 2.2.1 = i C 2 Sherpa 2.2. . 1 ) ) ) s .
5\211: v Sh::z: 2.2.11 ®NLO EW ] % C ” v Sherpa2.2.11 EW ® NLOEW * 1 EW W:«:Wijj, QCD corrections 1.9
©0.12 i = B 0.15F 7 Total Uncertainty - ESy /== ;
-8 0 1_ //%;(;tsat:e:rjmr:t:iinj:\r::nainty = '8 C Hoﬁ% 7/ Systematic Uncertainty ] EW Wi Wfl: ] J, EW corrections 0.9
0 OBW W E F Y H’O%l * plus Sherpa 2.2.2 QCD ] Int W=W=jj, shower, scale, PDF & o 0.6
E M° 3 0‘1_ B ( QCD W=W =74, shower, scale, PDE & o, 2.6 )
0.06- WW% E W 4 ] QCD W*W=jj, QCD corrections 0.8
0.045— vo0y, — //W_; 0. 05 s #8004, mm”mgmmm,; Background, WZ scale, PDF & o 0.3
0'02;_ | | | | | | T N LT E/ ‘ | ® | Ly g Background, WZ reweighting 1.5
© © ""'""o&'"'“'"""""": Background, other 1.3
§ g 2 ¢ 3 Model statistical 1.8
> > E
$ S 7 forruaa S —— E Experimental and modelling 6.4
F E 05 LT medhy N Data statistical 7.4

ok 50 100 150 200 250 300 350 400 450 500 ol = 100 200 300 400I 500 600
m,.[GeV] my [GeV] Total B ., . . ?.8 _\_,JT m
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https://link.springer.com/article/10.1007/JHEP04(2024)026

3 types of EFT operator related to WiWijj

@ Four Higgs boson covariant derivatives (OS0 1 2)

@ Two Higgs boson covariant derivatives and two field-
strength tensors (O )

@ A quintuplet of fermiophobic Higgs bosons (H*,
H*, and Ho)

(GM model) @

point (global significance 2.50)

@ Four field-strength tensors (O ) S — — “
0,1,2 8 g ATLAS 4 =
= Py o . —_— sin(6.) = 0. . oy — Obs. 95% CL upper limi
@) Cut-off scale energy scan and 2-D limits §5p smaen  —enageen o o e ATHAS et
frr 20 . WEW Conversions _7| +'; o ’ Bt ]
(5B . . o 4 . wz Other prompt ] N Expected limit (+10)
@ Better limits are on O s L X i-m -
g ] & pEWWEW=5i — 0,79 £ 0.15 _
10F 3 < 102 3
— — 10.0————T T : ] T f E
3 3> ot ATLAS ] 5f 7 K
S S 75 VS =13TeV, 139 b~ 7 . Loe s f
< L 50 ] ] ::‘ + | | E 10¢
- F o ] 2 b : -
0.0F - o 08 E 500 1000 1500 2000 _ 2500 3000
E ] 06 F . , 3 m,.. [GeV]
—2 5= Obs. 95% CL limit 4 0 500 1000 1500 :
g [ == Exp.95% CLlimit ] . [Gev]
fr4 IA* ' _5.0~ M. Expected (£10) -
=g | [ Eoted(x20) 3
~"" Unktarity botinds. -75F Unicarty bound. = b1 41 I
I I L e ovee(Hs™) x BH™ > WEW™) =12+ 25 b
My cut-off [TeV] fTO//\4 [1 /TeV“] . + "
EW W*W=*jj process pFWW*W=3i = 0.79 £ 0.15._
7 1 \Tm= 1od Ul Tl
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https://www.sciencedirect.com/science/article/pii/0550321385903256?via=ihub
https://link.springer.com/article/10.1007/JHEP04(2024)026

@® First observation of EWK WtW=jj (140fb~') at ATLAS

q v q
@® Two neural networks(final states with 2 jets and 3 jets) are trained IR " -
w- P w-
to distinguish signal from largest background: top and QCD WW production v .
q -
@) Event selection criteria: !
' el . . £ AL L R BN BN
1 One electron and one muonfwith opposite electric charges S o500l ATLAS ®Data [ JEWKWWj ]
. = o T — . w - Vs=13TeV, 140 fb"---- Ewk W'wij []ti .
No additional lepton with pt > 10 GeV, Loose |solation, " 2jets SR B singio top [T strong Wwj ]
Tight/Medium (electrons) and Loose (muons) identification 2000 FOstFH =a"f:s ZZ”::;T;::; -
Mey > 80 GeV —» Suppress Higgs boson mediated W boson pairs via VBF - / ]
EP' > 15GeV — Reduce Drell-Yan'events 1500 g
No b-jet .
Two or three jets 1000E E
> 0.5 I ]
¢ 0L e -
g = Centrality = min { [min(nl’]’ nfz) - min(ﬂjp 77]2)] 5 [max(njp 77]2) - maX(Wp’]t’g)]} L '
5T ) | _ o 43 3 122; Pre-fit/Post-fit RN
& . y 1eoF ; 4
wo signal regions: 2 jets and 3 jets : 1?%/'%%_ . /W%W
. _ . 8 075 E
(differ by the radiation of an additional gluon) 0,85 : = 5 55 !

Top CR: same cuts as the SR except for requiring one of

the two leading jets to be a b-jet.

Centrality

Events

Data / Pred.

102

q y
l+
H/Z)v" Wt
w-
-
q 7
_|||||||||||||||||||||||I||||||\|||||||||||||\||\_
10° ATLAS ® Data [ JEWKW'Wijj
E Vs=13TeV, 140 fb'---- Ewk W'Wij []t 3
[ Top CR [ singletop [ Strong W'Wijj |
10* - Post-Fit W Z+jets [ Multibosons |
E [ W+jets 777 Uncertainty 3
10° =

Pre-fit/Post-fit

0 01 02 03 04 05 06 07 08 09 1

NN output

/T(\J%‘i%ﬂﬁ
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https://arxiv.org/abs/2403.04869

W*W™ + jj: Uncertainties and observed results arXiv: 2403.04869 ..

@ A profile likelihood fit is performed on the NN output observable,

T T T T T T T
I T I T I T T

ARRRERESE: 9 [ T
ATLAS ¢ Data [CJewkw'wii 7

RRRRRERS
ATLAS @ Data [ JEWK W'Wij

2 2
c =
) [}
] 1 R i} -1 P
i Vs =13 TeV, 140 fo' - ewk w'wj [t w Vs =13 TeV, 140 fb"---- Ewk w'wjj [Tt
= = 2 jets SR [ single top [ Strong W'Wjj 3 3 jets SR [ single top  [] Strong W'Wjj
SI I I | u |ta n eo u S I y I n S R a n d C R Post-Fit W z+jets [ Multibosons 3 Post-Fit W z+jets [ Multibosons
[ w+jets 777 Uncertainty [ w+jets ~~ Uncertainty

@ Main uncertainties impact
Theoretical: Top quark, EWK, MC stats

@) Experimental: The calibration of jets

@) The observed and expected signal significance are 7.16 and 6.2¢ RE S L B, e
fa] 3 3 a 3 3
0.5 : 0.5 E
2_ )2 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Sources M [070] NN output NN output
(MC statistical uncertainty 1.7 @ The signal strength obtained from the fitis: u = 1.211“8'%%
Top quark theoretical uncertainties 6.3 :
Signal theoretical uncertainties 5.8 = : . e N
\Jet experimental uncertainties 4.9 @ The observed(expected) fiducial cross-section is 2.7 = 0.5fb (2.20f8'}§fb)
Strong W*W~ j j theoretical uncertainties 1.3 Caogory Roquiroments & )
; ; ATLAS s =13 TeV, 140 fb’
Lu‘n:nnOS?ty . 0.8 Leptons  pt > 27GeV and || < 2.5 , | . , .
Misidentified lepton uncertainty 0.5 bets  pr>20GeVand Jg| < 2.5 | 005
b-tagging 0.4 Jets pr > 25GeV and ] < 4.5 T 1.00 05 u(top)
Lepton experimental uncertainties 0.1 Events One electron and one muon with opposite electric charges :
No additional AT
Others 0.3 > B0GY —e—t 0.84 %' | u(Strong W'Wij)
(Data statistical uncertainty 123 ) fI'T“i : ?t15 GeV E
0 D-)el
Top quark normalisation uncertainty 49 Towo or three jets | o 12102 L(EWK W'Wj)
. . . " -0.21
Strong W*W~ j j normalisation uncertainty 2.2 ¢>05 , !
‘ Total uncertainty ‘ 18.5 ‘

Fiducial region /\V(\J%SJTLJQL
Xi Wang ATLAS VBS measurements 12



https://arxiv.org/abs/2403.04869

q q q q

q q
+
W w q <
i@’ﬂ: “fﬂ:
" Z A

Z yA q g
q” q//

q/l q// q// q/

® Events containing exactly 3 leptons and 2 jets are selected.

®) Backgrounds:

® Dominant irreducible backgrounds are ZZ and tt + V

@® Reducible backgrounds with non-prompt or fake leptons:

Z + jets, Zy, tt, Wt and W W (Matrix method)

® SR(N,, = 2), SRWV,,,, > = 3), b-CR, ZZ-CR

Jjets

& BDT: as final discriminant to separate electroweak and strong W*Zj production modes,

Adversarial-NN: trained to regress the classification output to reconstruct m;; in order to

reduce the modelling uncertainties from mg;.

Events /0.2

Data/MC

Events

Data/MC

T
ATLAS ® Data
Vs=13TeV, 140 fb"! — xg-ggn r
50 wzjjsR,N_ =2 ‘ 2
Post-fit Jets = isid. leptons
t+V
40 N tZj and VVV

#4%% Tot. unc.

BDT score
(@
100 T T : .
ATLAS ® Data
90E (5-13Tev, 140 b =] xg-g\éln e
80F ZZ-CR vzz oot
Post-fit - Mif/id. leptons
[
70 N Zj and VWV
60 ### Tot. unc.
50
40F
30F
20F
10F
1.5

0 5 1 1 1 1
~0 180 300 500 800
m; [GeV]

T
o ATLAS @® Data ]
~ 160 {s=13Tev, 140 1" CIwzZEew -
@ WZjSR.N_ >3 WZQOD4INT
S 140 Postfit Jets W Misid. leptons
> sV

N tZj and VWV =
#4#% Tot. unc. !

Data/MC

4 25 0 05 1
BDT score

T T
® Data

ATLAS '

(=}

~ 400 (s=13Tev, 140 " Ewzew

[%) WZ-QCD+INT
€ gsof BCR !

[ I Misid. leptons
> eV

W 300 I 1Z) and VWV

Data/MC

k| 205 0 05 1
b-CR BDT score

The post-fit distributions in SR and CRs
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https://arxiv.org/abs/2403.15296

WZ + jj: Integrated and differential measurements arXiv: 2403.15296 ..

WZjj— EWand WZjj — Strong integrated measurements

WZjj— EW: A good agreement of the MC predictions with the measured

— T T T T T T T T | - o
> [ ATLAS o Data 1 =
WZjj — QCD: The integrated cross-section is measured to be lower than % " Vs=13Tev, 140 o7t~ HacHrah (soaled)
the prediction from both MC event generators by a factor of 0.7 ;;"—10_2 —_Wizjj_) oVl WZE:QCDXX 071 = <b]
P g y ' S e Sherpa 2.2.12 (scaled) 3
owzjj-ew = 0.368 +0.037 (stat.) +0.059 (syst.) +0.003\Jumi.) fb § - —— _51
= 0.37 £0.07 fb, % S 1 :
Owzjj-swong = 1.093 +0.066 (stat.) +0.131 (syst.) + 0.009 (lumi) fb N i i
= 1.09 +£0.14 1b, 1073 —
WZjj differential cross-section measurements — 10"
sensitive to aQGC: Ept, A¢(W, Z), m)'* g@ 3 ! Lo, .
S . : < T L T
. : < . Apr>40GeV b : c 1.5 ¥ -
the kinematics of jets: ]\GJS : ijj, n, Agbjj S 120 Q S g - H ’
5 3 o s ] - 1o —_—— -
L2 I ® 1F 1 ¢ e { --------- -
@) the jet activity in the gap: ]\715;?5 Z, 0.8F S T = et i R -
0.6F 3 S - ¥ -
- 3 05— —
- ® Data - O - -
BDT score DA 4 escrgnumynas E = e Tt | S :
02F 25 Someren o E S & | | L1 -
A - v -2 A 200 400 2500
owzjj-ew [fb] ZpT [GeV]

s \s=rsrul L
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WZ + ij: Dim-8 EFT limits

arXiv: 2403.15296 f

A two-dimensional combination of the BDT score, separating WZjj — EW from E 12_?3; mlfb | I_‘ébplTé’é*s;fgf.'hT_
WZjj— QCD events, and m;vz observable is used to look for dimension-8 EFT contributions. jﬁ__ 051_ E
@ No deviation with respect to the SM predictions is observed and the expected and 0— —
observed 95% confidence level (CL) lower and upper limits on the given Wilson coefficients _051: :
@® Coefficients associated to the Or, and Oy, operators are the most tight constraint. —1-§;' B RS | R (Y R W 2

£ /A* [TeV]

@ The unitarity bounds from Ref. are used with only one non-zero Wilson coefficient in the myy, cut-off energy figure.

% 10* f—‘?’;ﬁi ; 4; fb... - 1 wrew -7} g VW < E 7= AN L N B
A S it T PN e ] Expected  Observed
BN Misid. leptons s f/A*=15Tev* S - 1 _ _
103 BDT score <-0.25 E-O.25£BDT score < 0.17 : 0.17£:DTscore<0.72 : BDT score 2 0.72 F 1 0—_ E 13 Tev’ 140 fb 7] [TeV 4] [TeV 4]
10° < fro/A*  [-7.0,7.0
= T0/ 70,701 [-1.5, Lol
10 EF fri/A* [ [-1.1,1.0] [-0.7.0.6]
j g fro/A* [[12,6]  [-2.4,1.8]
g | o fuo/A* 60,601 [-12, 12]
O 14 = 1 , fmi /A [-32,32]  [-15, 15]
E 1.2 O _10+ ==« Unitarity bounds | 4
s < L e — Observed 95% CL limit fm7/A [-30, 30] [-15, 15]
g 0.8 ff) : N Expected 95% CL limit 4
06 (o] B PRI T R S T S N SRS S S B S S SR fsoz/A [_41, 41] [_18, 18]
RS 0.5 1 1.5 2 25 4
N My, Cut-off [TeV] Js1/A —

ATLAS VBS measurements
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003
https://arxiv.org/abs/2403.15296

@ Full run2 data at

s = 13TeV is used U >

arXiv: 2403.02809 f

d
To observe EW Wyjj production Wt
@ To measure a fiducial and differential cross section NEaPt
_ ] ) jets ¥ Y7 A
@) Background estimation
g > 1| CRa CRb
Dominated by QCD Wyjj U —> U £x:)
) I ""
@) Data-driven methods: j — e/u,j — y, e — y, pileup ol sr CRe
Neural Network is used to classify signal and background processes. s L )
£ ' ' i i - 0.35 10
SR, CRa, CRb, CRc regions with n1;; > 1000 GeV are defined for signal extraction. 35 &
B ool e eI TG £ 4800 T T T T T T T 2 ATLAS  Postfit Vs=13TeV, 140 f5", EW W( —Iv)yij
§ 1600[- ATLAS ¢ Data 016 L ATLAS ¢ Data 3 Q 40 oseit Vs = v, L (=1v)7i
it F {s=13TeV, 140 fb" WEW Wyij @ 1600 Vs =13 TeV, 140 fb" WEWWyj w ¢ Data E EW Wyjj Strong Wyjj
1400~ EW W(—1v)yj Strong Wyjj ] EEW W(=Iv)7ji Strong Wyjj 7 %% Non-prompt [l Top Bkg. M Zyjj 772 Uncertainty
r CR™ [ Non-prompt | 1400~ SR™ [ Non-prompt—| 10° | . )
1200~ Post-Fit BWTopBkg. [ Post-Fit I Top Bkg. CRA X CRB . CRc . SR
: W 2yi 1 1200 W2y ] o : e
1000~ ) 7~ Uncertainty —: 1000 :_ ) 7 Uncertainty _: 102 ! :«‘a— i
o = T mE |
SOOW —: 6003 . 10
400:— —; 4002 1
. of 2 . of 8 15 : , :
E 12F 3 E 11E S v ; . '
3 e e I I E: VWW/WMW%”M%W/WI%M
8 o8 3 8 o9f a ' i '
0'6(; 01 0.2 03 04 05 06 07 08 09 -1 0'80_ 01 02 03 04 05 06 07 08 09 1 0.5 1 I 2 I 3 I 4 I 1 I 2 ' 3 ) 4 I 1 I 2 I 3 ' 4 ' 1 I 2 I 3 I

NN score

NN score
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Wy + jj: Signal extraction and differential cross section arXiv: 2403.02809 ..

® Signal extraction

@ Observed(expected) significance well above six standard deviations (6.30) Uncertainty Source Fractional Uncertainty [%]
- MC Statistics 11
@ Measured signal strength gy, = 1.5 = 0.5 (using Sherpa) Jets 8
Lepton, photon, pile-up 8
Measured fiducial cross section oy, = 13.2 = 2.5fb EW Wy jj modelling 7
Data Statistics 6
#) Differential cross section measurements Strong Wy j j modelling 6
Non-prompt background 2
Unfolded using an iterative Bayesian method Luminosity 2
T Other Background modelling 2
@ Measured in M]J, pjj, J], Mly, pl ; ACI)ly Exmiss 1

do / dm, [fb/GeV]
o
|

[=] MadGraph5+Pythia8 |

1T I LI | LI | LI I LI I T I T 17 I I T I LI

ATLAS

Vs =13 TeV, 140 fb' : : : :

EWW(—=Iv)7j Large signal modeling uncertainty " ATLAS (s =13 TeV, 140 f5" |

i EW W( —Iv)yjj NEP =0, £, <0.35(SR) |
from the choice of event generator n vl jets

Data (syst) (total) I : i ) Data stat. unc. ]

13.2+25fb L = [] Total unc. ]
T *o |:+ [2] Sherpa 2.2.12 1

Sherpa 2.2.12 +o
8.9" 00 (scale) " (stat+PDF+ot,) b 1073F :
a
t
o
© +
MadGraph5+Pythia8 w15 B
+0.8 +0.4 o 1 U+ n+ + | +
13.0 07(scale) (stat+PDF+a ) fb o o C 5 —
005
ool b b by g Iy |||||| | I "(E '3 '3 '3 '3
0 2 4 6 8 10 12 14 16 18 14 2x10 3x10 4x10° 5x10
m. [GeV] _ m
fid 4
OEw w(-1v i [P] 7 1 NI LU U
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SM terms.

) The constraints on thefT3 andfT4 operators represent the first such limits at the LHC.

The D-8 and interference terms are generated at LO using MadGraph5+Pythia8, with the same PDF and parameter tunes for modeling as the

—  400f L A ae Coefficients [TeV™*] Observable My, cut-off [TeV] Expected [TeV—4] Observed [TeV~*]
3 - ATLAS 1 fro/A* py - [2.4,24] [-1.7,1.8]
,I,: 300 Vs = 13 TeV, 140 fb fri/A* ry - [-1.5,1.6] [-1.1,1.2]
< N 7] fro / A4 E“ ) _ 4.4,
& - . L fralAt ry -
ha . ] | T.
200 C ] \ fra/A® 1}34’ - - _ _[2222)
- ]  frs/A Py 1.1 [9.9,9.9] 75751
100 - fre/A* py 1.3 [-7.4,7.6] [-5.2,5.4]
- ] fralA* pl/ - [-3.8,3.9] [-2.7,2.8]
O - furo/A* Pl - [-38,37] [38,37]
- ] 4 ! ] ] ]
- —— Exp.95%CLLimit fMl/A4 Py [-57,58] [-41,42]
-100 —— Obs.95% CL Limit — fu2/A PT 0.8 [-110,110] [-88,82]
- — Unitarity Bound st/A: Py 1.1 [-100,110] [-73,77]
. . faza/ A p 1.0 [-118,111] [-89,83]
t 1 | 1 1 1 1 I s
4 5 st/A: p; 1.3 [-57,80] [-32,77]
My, cut-off [TeV] Sur /A Py - [-96,95] [-69,68]

Expected and observed 95% CL limits of the tensor-type operator coupling fT3

Xi Wang ATLAS VBS measurements

Expected and observed 95% CL limits for specified My, cut-off values
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https://arxiv.org/abs/2403.02809

#) ATLAS collaboration has made significant advancements in vector boson scattering physics. VBS
has proven to be an essential tool for testing the Standard Model and exploring new physics.

— 80T T T T T T 3
a ~  ATLAS Online Luminosity .
= 70— 2011 pp Ys=7TeV -
> -  —— 2012pp {s=8TeV =
= T  ——2015pp {s=13TeV ]
3 - ——2016pp {s=13TeV =
2 60 —2017pp is=13Tev ]
= - ——2018pp {s=13TeV .
£ T ——2022pp {s=13.6TeV ]
3 50— —— 2023pp Ys=13.6TeV —

T e 2024 pp {s=13.6 TeV ]

'o [ -
S 40 =
= C 7
© il ]
a 30 n .

20— —
10 —
0 o | | | ' e
yo? ol W ot
Month in Year
ﬁ
7V N\TF=TSJTU
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Thanks for your attention




Vector boson scattering in LHC

Vector-boson reconstruction

@ fully leptonic channels:

P

€ not large branch ratio for W(20%) and Z(6.7%) , 7 leptons not considered due to the secondary decays.

W cleanest final states and satisfactorily cover the phase spaces of all VBS processes

W same — sign WFW=jj: golden channel in the study of VBS

Semi-leptonic channels:

& Even larger cross sections but overwhelmingly dominated by single-boson processes ->negligible sensitivity compare to fully leptonic channels

W Boosted vector bosons pr(qg) 2 220GeV

y¢most stringent limits on the Wilson coefficients of EFT operators

Fully hadronic channels:
Dominant multi-jet background
Two boosted gauge bosons

Even better sensitivities than semi-leptonic channels on EFT operators, there are no public LHC analyses

/T(\J%‘i%ﬂﬁ B
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717 + jj: Systematic uncertainties and differential cross sections

/A

Systematic uncertainties Differential cross-section measurements

% f_ATLA's ' VBS-Enhanced region,‘§<0.4_f % E ATLAS | " VBS-Enhanced region, C < 0.4
% E s=13TeV, 140 fb" -e- Data, stat. unc. E % 10 'E_ Vs=13 TeV, 140 fb" —e- Data, stat. unc. 3
: =10 Total unc. =5 :f s F Total unc. B
cE 3 =102 —=
i N e o 7 olw T E E
: °© 102 = E %5 E
Source Uncertainty (%) e I E
w0 s = E R e 3
VBS-enhanced region | VBS-suppressed region S E O 0 R sememmasmm— &
1074 E E 3
1 i _ _ F s Strong 4l + EW 4fj (MG5+1 3 5[ s Strong 41 (S + EW 4fj (MG5+Pv8) _
LumanSIty 0'8 2’1 0’8 2'0 10°E g 2:&33:}} El\sll'g;_P:I)LOfr\lrg;”«-(’g\(l;viljlj)\zra)(is-:-ws) = 10 E =g s:ang 4lﬁ EM’ZEE;EQ)LO+PV8)H+(EW54IH (M)GS+PV8) E
E EW 4ljj (MG5+PY8) 3 £ EW 4ljj (MG5+PY8) =
Y ISP EW 4ljj (POWHEG+PY8) + ZZV(V—> jj) (SHERPA) __ .Y I EW 4ljj (PoWHEG+PY8) + ZZV(V—> jj) (SHERPA) -
Leptons 0.8-1.6 1.0-1.5 215’_;:5‘;.‘;...J{;V.VH‘E.‘{,‘.‘J‘\J.‘H.{‘,‘ ] .‘31:’.6::' t y . 1 ”; —— T
S 14F ; = S 14F =
o 14 ; E o 148 E
Jets 2.7-18 3.4-13 ° "21L+_l+_i}= l ] o "4 4 :
g ospl He Al g ost . E
. 0.6F 5 e
Pile-up 0.0-2.5 0.0-0.7 O S e e e S
0 50 100 150 200 250 200 400 600 800 1000 1200 1400
Backgrounds 0.9-9.0 1.2-7.0 Py [GEV] S, 4 [GeV]
Theory modelling 0.6-7.5 1.2-8.8 N , R A , e
% E ATLAS VBS-Suppressed region, § > 0.43 - 10 E ATLAS VBS-Suppressed region, § > O.é
UnfOIding method 0.9-12 1.2-12 % 107~ Vs=13TeV, 140 fo" -e- Data, stat. unc. g 10,23_ (s=13TeV, 140 fb" -e- Data, stat. unc. _]|
: T2 i_ Total unc. _i :;f E Total unc. 3
Total systematic 6-22 5-17 ojd T ETT e 1 S 0 e -
10° L2 E E oy 3
£ LI 3 104 v -
0 s E g D e
10*52— —i 10»5% --------------- 3
F sespe Strong 4ffj (SHERPA) + EW 4fjj (MG5+Py8) E 106 i—A— Strong 4ljj (SHERPA) + EW 4ljj (MG5+Pv8) —_.:
107 - mmmgm=  Strong 4ljj (MG5_NLO+PY8) + EW 4fj (MG5+PY8) = E m==ge== Strong 4ij (MG5_NLO+PY8) + EW 4ljj (MG5+Py8) E!
E EW 41} (MG5+PY8 3 E EW 4} (MG5+PY8) 3
107 e EW 4|§} EPOWHE;-P)‘VB) + ZZV(V=> jj (SHERPA) ] Q-7 e EW 4lﬁ (POWHEG‘:-PVS) +Z2V(V—> jj) (SHERPA) .
L L
8 15f " 8 1sf - & .
2 d ie) I\
° 1§‘|+-_ITI IT o 'Emt IT- _+.
T 05F ° 5 05F 1
e S ] e S O O S
0 50 100 150 200 250 200 400 600 800 1000 1200
Py [GEV] St [GeVI
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1.7 + j): Selections

) the centrality of the four-lepton system

_ |yae = 0.5y, +v5)]

Ayjj
@)Selection table
“ Event Selection H Cut Requirement H
Event Trigger Fire at least one lepton trigger
Preselection Vertex At least one vertex with 2 or more tracks
Quadruplet Lepton Kinematics pt > 20 GeV for two leading leptons
Selection Lepton Separation AR;; > 0.05 between leptons in quadruplet
Pair Requirement Two SFOS lepton pairs
Mmee > 5 GeV
Minimal Amz Select quadruplet with smallest |m2 — mz| + |m3s — mz
Leading Pair: pair with highest |y;;|
Z.7. Mass mgr > 130 GeV
Quadruplet Signal Quadruplet All leptons in quadruplet are signal leptons
Categorisation Not-Signal Quadruplet At least one lepton in quadruplet are baseline-not-signal lepton
Dijet Different Detector Sides nji1 Xnj2 <0
Selection Rapidity Separation AYjj > 2
Leading Jet pr pr.j1 > 40 GeV
Dijet Mass mj; > 300 GeV
Signal Region Dijet Both jets required to pass either JVT or FIVT
Event =~ ~ VBS Enhanced Region” ~ =~ “signal quadruplet, signal dijet & centrality ({) < 0.4~~~
Categorisation VBS Suppressed Region signal quadruplet, signal dijet & centrality ({) > 0.4

/Y\J%“:%ﬂﬁ
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W*W= + jj: Limits on EFT

)
&
&/

Expected and observed limits on the Wilson coefficients

JHEP04(2024)026

Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound E . E ‘:Z < EI Reé
[TeV—4) [TeV—4] N w I m *
. Exp. 3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV < 8 OSSR o
Fao/A Obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV N : L T L
fuan /A Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV ) ®) @
Obs. [-6.8, 7.0] -45 at 1.4TeV, 54 at 1.3 TeV < f —
. Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV E o
Furr /A Obs. [-9.8, 9.5] -39 at 1.7TeV, 42 at 1.7 TeV
4 Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
fsoa/A Obs. [-5.9, 5.9] -
. Exp. [-22.0, 22.5] =
fsr/A Obs. [-23.5, 23.6] - @
. Exp. [-0.34, 0.34] -3.2 at 1.2TeV, 4.9 at 1.1 TeV S 5.
Fro/A Obs. [-0.36, 0.36] 7.4 at 1.0TeV, 12.4 at 0.9 TeV : " e
. Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV : : o
fri/A Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV S
o Exp [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV |
fra/ Obs. [-0.63, 0.74] - s

Table 8. Expected and observed limits on the Wilson coefficients for various operators without any
unitarisation procedure and with a unitarisation cut-off at the unitarity bound. The last column
represents lower and upper limits at the respective cut-off value, where the unitarity bound and
experimental bound cross. Cases where no crossing with the unitarity bound was found in the scanned
region above 600 GeV are labelled by “—”. The notation S02 is used to indicate that the coefficients
corresponding to the operators Ogg and Ogy are assigned the same value. The limits on M7 are
obtained without taking into account the SM-EFT interference for the EW W*Z3; final state.

()

®)
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71T\

Figure 10. Two-dimensional median expected (dashed line) and observed (solid line) 95% CL
intervals on parameters corresponding to the quartic operator combinations (a) M0-M1, (b) M0-M?7,
(c) M1-M7, (d) S1-S02, (e) T0-T1, (f) TO-T2 and (g) T1-T2 EFT parameters with a unitarisation
cut-off scale of 1.5 TeV and unitarity bounds (green line). The two-dimensional unitarity bounds for
pairs of operators are obtained for the two non-zero Wilson coefficients from the eigenvalues from
ref. [99]. The 1 (green) and 2 (yellow) sigma bands show the 68.3% and 95.4% CL regions for the
expected limit curves, respectively. The limits on M7 are obtained without taking into account the
SM-EFT interference term and EFT cross-term for the EW W*Zjj final state.

<
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https://link.springer.com/article/10.1007/JHEP04(2024)026

W*W= + jj: Differential measurements and uncertainties

D) The agreement is worse for mT where an overprediction of the data in the region 170 < mT < 210

GeV and underprediction in the region 310 < mT <410 GeV are observed, which follow the
behaviour at the reconstructed level.

+ + .. . —+ + .-
Variable X2E /]Viffdz/ Zv;l]ue ;I;C/l]lifs:le Wp—Zluzej Max. value in data
Mes 4.5/6 0.605 7.34/6 0.291 1081 GeV
mT 13.0/6  0.043 | 16.33/6 0.012 1270 GeV
mi; 7.6/6 0.266 8.67/6 0.193 6328 GeV
Ngap jets | 2.5/2 0.282 2.53/2 0.282 5
&is 4.2/5 0.517 | 4.93/5 0.424 1.74

Table 7. x? and p-values obtained from the measured differential cross sections and the nominal
MG5__AMC+HERWIGT prediction, computed using the covariance matrix of the measured differential
cross section and the difference between data and model. The number of degrees of freedom Ny is
equal to the number of the cross section bins. The uncertainties in the MC prediction are ignored when
computing x2? and p-values. The values are provided for both EW and inclusive differential W*W*;;
cross sections. The last column shows the maximum value of the respective variable observed in data.

/T(\J%Z%ﬂﬁ
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Figure 5: The measured owz;j-Ew and 0wz j —strong Cross-sections (a) for Njers = 2 and (b) Njers > 3 compared with ©
predictions from MADGRAPH+PYTHIAS (upward pointing triangle) and SHERPA 2.2.12 (downward pointing triangle). Figure 6: The measured oz ;-gw and 0wz, —svong Cross-sections per m; bin, (2) 500 < m;; < 1300 GeV, (b)
C IU. sned contours aroun € dal oints correspond to 0 an 0 , TESPEC ively. < mjj ,(C)mjj 2 eV, compared with predictions from MADGRAPH+PYTHIAS (upwar
The full and dashed t around the data t: d to 68% and 95% CL. tivel 1300 < < 2000 GeV, (c) m;; > 2000 GeV. d with predictions from MapGRrAPH+P 8 ( d

pointing triangle) and SHERPA 2.2.12 (downward pointing triangle). The full and dashed contours around the data
points correspond to 68% and 95% CL, respectively.
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@) WZ + jj: Additional cross section results
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Figure 5: The measured owz;j-Ew and 0wz j —strong Cross-sections (a) for Njers = 2 and (b) Njers > 3 compared with ©
predictions from MADGRAPH+PYTHIAS (upward pointing triangle) and SHERPA 2.2.12 (downward pointing triangle). Figure 6: The measured oz ;-gw and 0wz, —svong Cross-sections per m; bin, (2) 500 < m;; < 1300 GeV, (b)
The full and dashed contours around the data points correspond to 68% and 95% CL, respectively. 1300 < m;; <2000 GeV, (c) m;; > 2000 GeV, compared with predictions from MADGRAPH+PYTHIA8 (upward

pointing triangle) and SHERPA 2.2.12 (downward pointing triangle). The full and dashed contours around the data
points correspond to 68% and 95% CL, respectively.
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Table 1: Summary table for signal and control regions for the fiducial and differential cross-section measurements.

SR (N.gap - 0) CRfd (N.gap > 0)

jets jets
Fiducial cross-section SRfd CRfid EW WYj '] 520 £ 141 120 + 49
Strong Wyj j 1550 + 830 1970 + 950
NEP =0 NEP > 0 Non-prompt 692 + 57 698 + 58
Differential cross-section SR CRa CRp CRc Top quark Proccsses 109 + 18 183 + 37
» » » » EW + strong Zyj j 128 + 34 163 + 77
mj; > 1 TeV Nie =0 Nigg >0 Nigyg >0 Niew =0 Total 3000 + 830 3140 + 960
&1, <035 £, <035 035<¢,<1 035<é,<1
Data 3341 3143

Table 3: Particle-level definition for the fiducial and differential EW Wy jj measurement.

Object

Selection requirements

Dressed muons

Dressed electrons

Isolated photons

Jets

Missing transverse momentum

pr > 30GeVand |n| < 2.5

pr > 30 GeV and [n| < 2.47 (excluding 1.37 < || < 1.52)

EY > 22 GeV and |n| < 2.37 (excluding 1.37 < || < 1.52) and EX° < 0.2E7.
At least two jets with p.. > 50 GeV and |y| < 4.4, b—jet veto

EF'ss > 30 GeV and m)Y > 30 GeV

VBS topology

Ne =1, Ny > 1, |m57 —mz| > 10 GeV

ARumin(£, 7) > 0.4, ARuin(, 7) > 0.4, ARmin(£,7) > 0.4
ARmin(jij) > 0.4, A(bmin(E'Irniss’ ]) >04

Nies = 2, pi', pi? > 50 Gev

mj; > 500 GeV, |Ay;j| > 2

Fiducial measurement
Differential measurement

VBS topology
VBS topology & (m; > 1000 GeV, NP = 0, and ¢w, < 0.35)

Jets

/\T\J%Z%ﬂﬁ
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