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Introduction I

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

» A good probe of the SM in the EW sector.
Measure VBS via the corresponding EW
productions.

di2

« Sensitive to new physics:
probe aTGC, aQGG ... W ......................... W
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Main interest of VV scattering m—@f

« Without Higgs, W;*W, - Z,Z, would
break unitarity.

o [nb] R a(VV = VV). no Higgs
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. o [nb ] a{VV — VV) with my, = 120 GeV
» The presence of the Higgs boson 14
prevents the VBS amplitudes from
violating unitarity at the TeV scale. "
 To understand the nature of EWSB: 001 T
— WTZ-W~Z
- precise measurements of hVV couplings , ST e e
- Measurement of VV-VV cross-sections . : :
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VBS signature

EW-VVjj

SSWWjj, 8TeV — ® Wjj category:
ot oo - EW-WVijj (including VBS)
— - QCD-WVj
« VBS topology:

- Two hard forward jets with large m;;
and large Anj;
- Sensitive variables: An;;, m;;, central

EXPERIMENT L v

. : : Yi—05(yj1+Yj2)

Run Number: 207490, Event Number: 33152138 Jet Veto, Central Ity max ( | ' ]1 ]2 |
YVji1—Yj2

360

Date: 2012-07-26 04:16:35 UTC


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
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VBS measurements
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VBF, VBS, and Triboson Cross Section Measurements status: February 2022 fLde oo
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
http://dx.doi.org/10.1016/j.physletb.2020.135710
http://dx.doi.org/10.1016/j.physletb.2020.135992
http://dx.doi.org/10.1103/PhysRevD.104.072001
http://dx.doi.org/10.1016/j.physletb.2020.135988
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VBS observations I

 VBS observations at the LHC:

13TeV | WEWjj WZjj ZZjj ZYijj Wyii  |lyy - WW
ATLAS 6.50 5.30 5.50 100 - 8.40
CMS 5.50 6.80 4 00 940 5.30 -

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

* More details of recent observations will show in the next pages.
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S m " Phys. Rev. Lett. 123 (2019) 161801
ame-sign )
VYA RN =T m
m 11
— 1 etel e e etut e whut wop Combined
[ ]
13Tev’ 361fb Wz 148+ 032  1.09+ 027 116 £ 1.9 79 + 1.4 50 £ 07 34 £ 06 30 = 4
Non-prompt 22 £ 11 12 £ 06 59 + 25 47 £ 1.6 056+ 005 068+ 013 15 =+ 5
. ¢/~ conversions 16 £ 04 1.6 £ 04 63 £ 1.6 43 + 1.1 — — 139 + 29
hd Dllepton Channel Other prompt 016+ 0.04 014+ 0.04 090+ 020 0.63+ 014 039+ 0.09 022+ 005 24 + 05
WEWjj strong 035+ 0.13 0.5+ 005 29 + 1.0 12 + 04 1.8 + 06 076+ 025 7.2 + 23
. ‘e . Expected background ~ 5.8 + 1.4 41 + 1.1 28 + 4 188 + 26 7.7 £ 09 51 4+ 06 69 + 7
[ ]
Slgnlflcance' 650_(440-) WEW*jj clectroweak 5.6 + 1.0 2.2 £ 04 24 + 5 94 + 1.8 134 +£ 25 51 + 1.0 60 +11
Data 10 4 44 28 25 11 122

* Cross-sections:
- Measured: o/ = 2891331 (stat.) 325 (exp. syst. )13 1% (mod syst.)*398 (lumi) fb
- Predicted:  2.01*933fb (Sherpa) 3.08%532fb (Powheg+Pythia8)
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o Control regions Non-prompt . ~ Non-prompt -
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200 c r T A4 . *2 T A i
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150 S a0k | E 15— -
Lﬁ . 1 ] C ]
100 30t E 108 E
20 - | ]
50 : ] o T 7
10 4 =
0 - ] |

— ce ee ew ewt wu put 500 1000 1500 2000 2500 3000

WZ CR low m, CRs m; [GeV]

https://atlas.cern/updates/briefing/weak-lightsabers
e


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
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am Phys. Lett. B 793 (2019) 469
WZ) e

N 45— T T~ T T T T T T T
—_ ) F ATLAS Data 3 =) - _ 4
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E tt+V 3 = e WZjj-EW x 1.77
e WZ decay i 30F B 1Zjard VY 3 f TE... wzﬂ-ocogo.se . i‘?
leptonicall I A ) 1% L e
p y « L
« Significance: of s 3 O
5 30-(3 20_) 5; | 1 é e WZji > v e
%) ;——milﬁ—o—z S 15fF
, s °C 7 8k 1
* Best fit results: s | 1 & 1
5 P Ll 7 -G S S
o 1 | i F R A R SRR N
_ +0.49 s s LA 1 5o
MEW — 1-77_0.43 —I T ._ o E ..........................................
1 205 0 0.5 1 o} T T
BDT Score A ¢, [rad]
https://atlas.cern/updates/briefing/weak-lightsabers 1st differential measurement


https://www.sciencedirect.com/science/article/pii/S0370269319303211
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ZZjj

Full Run2 datasets (139 fb~!) .

Measure the inclusive ZZjj cross- .
section (EW + QCD)

Evidence on EW-ZZjj production
Combine lllljj and llvvjj, fit the
multivariate analysis (MVA) output
to extract the significance of EW
component and signal strength

Two channels: lljj, llvvjj
Backgrounds:

lllljj: QCD background, fake lepton
background, WWZ...

llvvjj: Non-Resonant background,
WZ background, Z+jets background,
ZZ - UL VVV, ttV, ttVV

> 4071|||‘||\\|\\|||\||\||||||\\|\‘||\|||v|| > LI LA S L L A > 40 . ; ;
3 E 2 ZZ(EW)
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a F ] ~ ] Ny
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ZZ)) Pans— 2 A

» To extract EW process, a profile likelihood fit is performed on Gradient Boosted
Decision Tree (BDTG) response.
« Observed and expected distributions:

c 70"'N"'\"'I"'I"D'I"'I"'IZ'Z'('EIV\'I)"I"' g 22"'T"' "'I'"l''D'I'''|"'IZ'Z'('EIV\'I)"I"I < 'ATLAS "I"'l"'I' 'T"']'2'Z'IE\',V"
m ¢ Data - - ¢ Data m m ]
P EmZZ(QCD) mHggZZ S 20p EmZZ(QCD) mHg9ZZ 5 35 ls=13Tev, 139 fb1-0thefs =ﬁ%}n%06)
S 60 @ Others 7z Uncertainty P @ Others 7z Uncertainty S cewji -ggZZ zzzaUncertainty
> c 18} 3 3ol Signal Region
@ ATLAS L% ATLAS -

50} Vs =13 TeV, 139 fb™ 16¢ Vs =13 TeV, 139 fb™ ] %

eee 1ab eee ] »

0l QCD Control Region Signal Region
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©1.25 }/}7 ©1.25) 1 /L j/ 91.25 } i }/
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MD

« Significance: 5.50(4.30) Opw-zZjj = ﬂEWXGSM = 0.82 £ 0.21fb

« Submitted to Nature Physics.

https://atlas.cern/updates/briefing/milestone-electroweak-symmetry-breaking
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ATLAS-CONF-2021-038

Zyjj Pans— 2 A

1000 LIS B L B B LA T T
-1 5 = | ATLAS Prelimi Data
« Full Run2 datasets (139 fb™") s EL B-taTevia Wz
§ 8008 | Pre-fit = QCh 2
& 700E- | SRCR o LHels
E ! W ity
= : Wz

N Total unc.

« Channel: Z(— ee/un)yjj

.?::

Data
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.
<
-

0 02 04 06 08 1 12 14 16 18 2 22

z L)
a ;; q Lepton P > 20,30(leading) GeV, |ny| < 2.47
N, > 2

Photon El >25GeV, |n,] <237

' % ' EF* < 0.07E]
AR(¢,v) > 04

P Jet > 50 GeV,  yjuf < 4.4
' ;V; ‘ . @f . |Ay| > 1.0
VMV mj; > 150 GeV

E remove jets if AR(v,7) < 0.4 orif AR(¢,5) < 0.3

AVAVAVAVAVAVAV
q % q ¢ % z Event Myp > 40 GeV
v g Myy + mgg,y > 182 GGV

QCD - Zyjj Fiducial phase space <) <04

NP = ()
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Zyjj

ATLAS-CONF-2021-038

« EW component is extracted with a

maximum likelihood on mjj distribution.

« Simultaneously fit in SR and CR.
« Significance: 100(110)
* Cross-sections:

ogw = 4.49 + 0.40(stat.) + 0.42(syst.)fb

obre® = 473 + 0.01(stat.)
+0.15(PDF)*023(scale)fb

OEW+QCD = 20.6 + O6(Stat )t%%(syst )fb

obr¢® = 20.4 + 0.1(stat.)
+0.2(PDF)*%8(scale)fb

Events / bin

Data / Pred.

Events / bin

Data / Pred.

a0 I

800"'I""I" "'b't"'l B
ATLAS Preliminary :—’— E\E;V?Z ) 3
Vs=13 TeV, 139 fb’ L. 3
I QCD-Zyjj 3
Z+jets -
SR . £
_Fi Nty 3
Pre-Fit W2 3

Sy Total unc.

500 1000 1500 2000 2500 3000

m, [GeV]

800 —————— R 5
ATLAS Preliminary —*— 252 E
\5=13TeV, 139 o7 = EW-Z¥ii 3

I QCD-Zyjj 3

| Z+jets -

CR
Post-Fit

500 1000 1500 2000 2500 3000
m; [GeV]
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Phys. Lett. B 816 (2021) 136190

- WW
44 ANl L
 Full Run2 datasets (139 fb~1) i W oy W
» Photon-induced production of W-
boson pairs, WW — etvutv
s yy - WW: . o o

- Trilinear and quartic gauge boson :
interactions. Directly test the gauge structure

- AtLO, only involves diagrams with self- of the EW.
couplings of the EW gauge bosons. Sensitive to aTGC, aQGC.

 Signal process: pp(yy) » p*W W p*

P2
.
T

\

elastic single-dissociative double-dissociative
B


https://www.sciencedirect.com/science/article/pii/S0370269321001301
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Phys. Lett. B 816 (2021) 136190

a0 I

vy - WW

« Signal characteristics:

> T LI B B B | T = % T T L LA A LA B A B 3
8 ATLAS 4o ATLAS B
_ o 2000 {5 =13 TeV, 139 fb" w150 Vs =13TeV, 139 b ]
nt'l"k - 0 .\‘E 1<n, <4 1 @ Ny =0 i
b5 1500 —e— Data - 5 —e— Data -
. — > Ww -
Quark- and gluon-induced WW i o 19 ool i 7
H I Drell-Yan - g? I Drell-Yan _
or top-quark production — ] + ot agowWW ]
1000 I Non-prompt ] ' I Non-prompt a
I Other qq initiated B ] ?lhe]r qq initiated |
44444 Total uncertainty - - otal uncertainty _
eu ] 50 w55
500 — b
yy — ]
-
5 14 : ‘ 5 1.4 : : : e LA
eu 8 4f | ¢ .
1.2 - i 1.2
> 30GeV A SN 2.2 1) 1 1/, ) R .71 ,
T 1 1
P laiad ORI g YA ¥RZ Y
8 08 C * - ] 8 08 C I [ /
yy - TT 0.6 I I I ! I 0.6 L I I | 21
0 20 40 60 80 100 12( 0 20 40 60 80 100 120
P [GeV] ps* [GeV]

« Significance: 8.40(6.70)
 Cross-sections:

- measured: 3.13 + 0.31(stat.) + 0.28(syst.)fb
- predicted: 3.5 + 1.0fb


https://www.sciencedirect.com/science/article/pii/S0370269321001301
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 VBS observations in ATLAS:
ssWWijj, WZjj, ZZjj, Zyjj, yy - WW

« CMS VBS measurements can be found in

W-Boson Scattering and Interactions at the LHC-CMS experiment- Qiang li(dt IR X %)

* Next step:

More differential measurements, longitudinal polarization
extraction, BSM constraints ...



Backup
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VBS measurements R o

VBF, VBS, and Triboson Cross Section Measurements staus: February 2022

Zyy—tt

e 2 I 5.5(5.7)0
Wwi—m'w . e ))

— |Njet =
WWy—evuvy .. 6.8(5.3)0
WWW, (tot.) ATLAS Preliminary WZjj

— WWW - £vtvij —

— WWW s tvbvey Vs=7813Tev 77jj 4.0(3.5)0
WW?Z, (tot.)
Hjj VBF Zyij 9.4(8.5)0

— H(»WW)jj VBF

) 5.3(4.8)0
— H(>y7)ij VBF Theory Wyjj
A S

Wijj EWK M) > 1 Tev) LHC ppD‘ﬁ; 13 Tev

B M(Jj) > 500 GeV 2:2%&3 syst AT LAS
Zjj EWK LHC pp Vs=8 TeV
Zyii EWK a %iti 1 0§1 1_}0‘

stat & syst
yy = WW LHC pp V5=7 TeV 8.4(6. )U
(WV+2V)jj EWK mm O 2.7(2.5)0
WEWHjj EWK stat @ syst 65(44)0-
.. I —

WZjj EWK B ——————— 5.3(3.2)0
szj EWK PR T T T PR IS T R T T ST SO ST S N SN S} 1 1 5-5(4-3)0-

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0
data/theory



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
http://dx.doi.org/10.1016/j.physletb.2020.135710
http://dx.doi.org/10.1016/j.physletb.2020.135992
http://dx.doi.org/10.1103/PhysRevD.104.072001
http://dx.doi.org/10.1016/j.physletb.2020.135988
https://cds.cern.ch/record/2779171
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://arxiv.org/abs/2004.10612
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032007
https://www.sciencedirect.com/science/article/pii/S0370269321001301
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VVij final states o(VVjj-EW) /fb o(VV;;-QCD) /b

WYW~—  tulvjj 15.57 4 0.08 35.24 +0.13
Production cross-

77 Ui 0.39 = 0.01 0.55 £ 0.01 section for EW and
QCD VVijj production:

ZV 00jjii 0.98 & 0.07 3.13 £ 0.22 -All results are
obtained from

Z~ (lvjj 9.24 + 0.02 71.28 +0.33

’ 1 SHERPA

Wz (vbljj 2.36 + 0.01 7.19 £ 0.01
-Pre-VBS cuts

77 00eljj 0.12 + 0.01 0.21 + 0.01 applied
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Source Impact [%]
Experimental
Electrons 0.6
Muons 1.3
Jets and Ep° 3.2
b-tagging 2.1
Pileup 1.6
Background, statistical 3.2
Background, misid. leptons 3.3
Background, charge misrec. 0.3
Background, other 1.8
Theory modeling
WEW= 77 electroweak-strong interference 1.0
WEW= 77 electroweak, EW corrections 1.4
WEWE 77 electroweak, shower, scale, PDF & a 2.8
W Wijj strong 2.9
WZ 3.3
Luminosity 2.4
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Source Uncertainty [%)]
W Z37—EW theory modelling 4.8
W Z37—QCD theory modelling 5.2
WZ37—EW and W Z75—QCD interference 1.9
Jets 6.6
Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8
Luminosity 2.1
Total Systematics 10.7
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ZZijj

* Event yields:

a0 I

* The definition of fiducial regions are

Process ety g vvjg

EW 277 506+ 55 193507 very similar with detector-level
QCD ZZjj 77T 4£95 172435 selections by using particle-level
QCD ggZZjj 1314+ 44 35+1.1 physics objects.

l‘jf;‘resonam'” - ;;giﬁ * Fiducial cross-sections for the
Others 394 21 19409 inclusive production of the EW and
Total 114 +26 784+ 6.2 QCD processes are measured

Data 127 82 separately in individual channels.

¢ — Naetector-tevel _ Naata = Npackgrouna | ULLjj C factor | 0.699 + 0.031
llvvjj C factor | 0.216 + 0.012

Nry_truth LXC

* Cross-sections:

Measured fiducial ¢ [fb] Predicted fiducial o [fb]
000055 | 1.27 £ 0.12(stat) £ 0.02(theo) = 0.07(exp) = 0.01(bkg) =+ 0.03(lumi) | 1.14 £ 0.04(stat) & 0.20(theo)
Luvjj | 1.22 +0.30(stat) £ 0.04(theo) % 0.06(exp) = 0.16(bkg) =+ 0.03(lumi) | 1.07 = 0.01(stat) % 0.12(theo)
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Theoretical uncertainties:

- PDF, QCD scale, a, parton showering (PS).

- Interference effect between the EW and QCD

processes is 6.8%(2.3%) in lllljj(llvvjj) channel.
Treat as an extra uncertainty in the EW signal

predictions.
- Generator modelling uncertainty: estimated by comparing Sherpa with MadGraph5
_aMC@NLO 2.6.1 predictions at particle level.

Experimental uncertainties:

- luminosity: 1.7%.

- The momentum scale and resolution of leptons and jets, lepton reconstruction and
selection efficiencies, trigger selection efficiency, the calculation of the EF*SS soft-term,
the pile-up correction, and the b-jet identification efficiency: 5-10%.

- Jet pile-up uncertainty.
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Source Size [%]
Electron/photon calibration =+ 0.3
Photon + 0.3
Backgrounds + 1.0
Electron + 1.1
Flavour tagging + 1.1
Muon + 1.1
MC stat. + 1.4
Pileup + 2.6
Jets + 4.7
QCD-Zvj§ modelling g
EW-Zvjj modelling o

Data stat. + 8.8

Total ﬂg’é
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Source of uncertainty Impact [% of the fitted cross section]
Experimental
Track reconstruction 1.1
Electron energy scale and resolution, and efficiency 0.4
Muon momentum scale and resolution, and efficiency 0.5
Misidentified leptons, systematic 1.5
Misidentified leptons, statistical 5.9
Other background, statistical 3.2
Modelling
Pile-up modelling 1.1
Underlying-event modelling 1.4
Signal modelling 2.1
WW modelling 4.0
Other background modelling 1.7
Luminosity 1.7
Total 8.9




