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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

_ S
M(WL+WL - ZLZL)Nm_Z 1
w

e 0.5 ."\_I\V*"H-‘*—uﬁu-* o
- Oq Z
V) 0.2+ _’__i{.‘:tl W= =W
P _B q’\\’ q \\Z ) 1000 . 2000 3000
N\ JHEP 0811:010,2008
. 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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Couplings of gauge bosons
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VBS processes represent a particularly interesting probe of new physics,
as they give a unique access to the couplings of gauge bosons.

Effective field theory:

- Without committing to a specific model, a convenient instrument for testing

experimental data against the presence of BSM effects is that of effective
field theories (EFTs).

Wilson coefficients dimension 8 operators

/ \

Mass or NP scale | | dimension-6 operators

Assume experimentally accessible energy E < A — low-energy approximation for NP.

- ¢;;: dimensionless, parameterize the strength with which the new physics couples to

the SM particles.

- lowest independent aQGC interactions at dimension 8 (dimension 6 also makes

aQGC, but also aTGC)
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VBS signature

EW-VVijj

ssWWijj, 8TeV Phys. Rev. Lett. 113, 141803 Wjj category:

S —— - EW-WVijj (including VBS)
— - QCD-WVj
« VBS topology:

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

EXPE RIMENT L v

< . . yi—0.5(yj1ty;j2)

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

a0 I

VBF, VBS, and Triboson Cross Section Measurements staus: February 2022 fLde oo
-1
L R B e e R A e E e e o ST | | CMS
yyYy o= ﬁr\?@?tﬁeig)zm(da'a) 20.2 PLB 781 (2018) 55
Zyy—ttyy TSy sy oz -oso @ | ATL AS  Preliminary 20.3 PRD 93, 112002 (2016)
— [Njer = <r:3M4th0,\.‘6Lgf(‘g.eﬁoﬁryJ)r0,370.26lb(da(a) 20.3 PRDpa—+ic000/0040
Wyy—tvyy 7 = SICEM N (heanyy Vs =7,8,13 TeV T 20.3 PRL WEW i Phys. Lett. B 809 (2020)
— [Njet = 7 = RHCEM N (insoty P ) 20.3 PRL W) 135710
WWy—evurvy 7= RN B3R LS theory) 20.2 EPJ
o= OSZ:OUI:OOpr(dala) 139 arXiv|
WWW, (tot. oo (heow) —
(tot) o R o 203 ] WHIW T SMP-21-001
— WWW - ¢tvévjj 7 = ibirapng ¥ SMONLS (heary) ) 20.3 EPJQ
- WWW - {vlvly 7 = Sioarapn + SGNLS faony > €@ 20.3 EPJQ
WWZ (tOt) o= 085:58253?2-5’]19%)013:t?mata) 79.8 PLB WZ .. PhVS Lett. B 809 (2020)
o =403 40.3-0.4pb (data) Theory 139  ATLA ]] 135710
Hii VBE LHC-HXSWG (theory) _—
” 7= A HRBWE TR (haary) 20 PP (2 20.3 EPJQ
e LHC pp Vs =13 TeV y
_ H(—)WW)jj VBF o= 0RE 220 NLoe?N((onégrpb (data) - 139 ATLA ZZ .. ths Lett. B 812 (2020)
i - 203 PRD J] 135992
7= 65}—1%:?@(%@%%&%??)“) stat © syst 139 ATLA
— H(-yy)jj VBF 7= BERENE freaip o 20.3 ATLA
T e LHC pp V5 =8 TeV I 45 il  ZYjj PRD 104 (2021) 072001
Wjj EWK (M(jj) > 1 TeV) 7= 4§aaﬁe%:§yfﬁuée 20 (heory) - SDtiltta 20.2 EPJQ
. o =159 + 10 + 26 fb (data) ) 202 EPJ(Q
_ Powheg+Pythia8 NLO (theory) stat ® syst . ..
M) > 500 GeV' | oyt oo ’ a7 e Wyjj | PLB811(2020) 135988
o =37.4+3.5+5.5 fb (data) LHC PP \/§=7TeV 139 EPJQ
Zii EWK Herwig7+VBFNLO (theory)
J) 7 =1074092 101 data) - Data 20.3 JHEP 04, 031 (2014)
Zyijj EWK Uza“”t%;'g;"ﬂ:’zwg) (8 ooy :g@ syst 139  ATLAS-CONF-2021-038
Yh 7= R Do 0t 20.3 JHEP 07 (2017) 107
- WW 7= 3M135§’M38Nt|_gfgyzxm§ Dsurv. Fact (0.82) (theory) 139 PLB 816 (2021) 136190
vy 7= O AR e dsta) 20.2 PRD 94 (2016) 032011
(WV+2V)jj EWK 7 Raierana + SMCNLG + P{ihEA (ineory) 35.5 PRD 100, 032007 (2019)
WEW2ii EWK 7 aregBo ooy 200281002 36.1 PRL 123, 161801 (2019)
i) o= 1pg %%55%3.&"'3 (aa) e 20.3 PRD 96, 012007 (2017)
. 7 =087 + 0,14 0.13 +0.07-0.05 b (date) [ =] 36.1 PLB 793 (92019) 469 L
Sherpazzz(m ry) .
WZjj EWK 7= VBRI earyy 00701 00 S T | 20.3  PRD 93, 092004 (2016)
ZZjj EWK 7= a5 heory) 139  arXiv:2004.10612
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http://dx.doi.org/10.1016/j.physletb.2020.135710
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html
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 WEW2jj \WHWij | WZjj | ZZjj | Zyjj | Wyji | yy = WW
ATLAS | 6.50 - 5.307%| 5.50%| 100 - 840
CMS 5.50*%| 560%| 6.80 | 4.00 | 9.40%| 5.30* -

A
[ 1

« 1stobservation at LHC: *  Z(ll)yjj CMS Z(wv)yjj ATLAS

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

* More details of recent observations will show in the next pages.

Mainly leptonic decay channels, semi-leptonic
decay channels are not included.
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S . T ATLAS Phys. Rev. Lett. 123 (2019) 161801
ame-sign )
VYA RN =T m
m 11
-1 etel e e etut e U whut g Combined
[ ]
13Tev’ 361fb Wz 148+ 032  1.09+ 027 116 + 1.9 79 + 14 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 — — 13.9 + 2.9
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)

-E | | | | | _— > L T T T T | T T T T I T T T T | T T T T I T T T T ]
o —e— Data 3 ® L ATLA —+— Data 4
~ éTLAS p WAWHj electroweak 3 G o257 S 4 WAWj electroweak —
fg 250 — \s=13TeV, 36.11b WEWE strong - S - \s=13TeV,36.11fb WAWEj strong 7
o Control regions Non-prompt . ~ Non-prompt -
Lﬁ I e/y conversions 7 ~ 20 I e/y conversions 7
200 c r T A4 . *2 T A i
Ko C Other prompt J o) _ Other prompt 7
c\r) 50 » <4444 Total uncertainty = LI>J L 44444 Total uncertainty _
150 S a0k | E 15— -
Lﬁ . 1 ] C ]
100 30 E 108 g
20 - | ]
50 - ] o T -
10 + =
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

YEZAAE | AdMRT | | Jing Chen

&%/ SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institut 3 ’ } g Page " 9

am ATLAS Phys. Lett. B 793 (2019) 469
WZ) e

18 ®Fatas’ | eow 1 =
* 13Tev1 361fb S 4of e-ratev.erw Cawrew 3 g [ ATAS \s=13TeV, 36.1 fb”
n r W*Z-QCD - Qo ® Data
"GE)' 35 z_ WZjj SR — f/l?sid. loptons _z q:z — She“rpa (scaled)

- WZ decay @ s0f mbe 4 2 TENGodNes P
leptonicall BE 3% [ [T
epto y 20F i = il .............

« Significance: of wr ] L
5.30(3.20) 5E | Gz - Apeve

0 2%—{ g 15F
- 1 & 1
* Best fit results: s | 1 & 1
S v | s 71 o R RCTCTC TN R
o 1y } 'I; T 1 2 e
UEw = 177t82§ C . . . ] c 0'55 ..........................................................
4 05 o0 05 A ok T
BDT Score A ¢, [rad]

- . 1st differential measurement
https://atlas.cern/updates/briefing/weak-lightsabers


https://www.sciencedirect.com/science/article/pii/S0370269319303211
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CMS Phys. Lett. B 809 (2020) 135710

a0 I

Same-sign WWjj & WZjj

Observed (WEWE)  Expected (WEWE) Observed (WZ) Expected (WZ) Observed Expected
-1 (TeV ™) (TeV ™) (TeV ™) (TeV™) (TeV™) (TeV ™)
° 13TeV, 137f b 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]
fri/A* [-0.12,0.15] [-0.16, 0.19] [-0.37,0.41] [-0.49,055]  [-0.12,0.14] [-0.16,0.19]
° i fra/ 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]
Leptonlcally decay fvo/ A* [-3.0,3.2] [-3.7,3.8] [-5.8,5.8] [-7.6,7.6] [-27,29]  [-3.6,3.7]
) e v /A [-4.7,4.7] [-5.4,5.8] [-8.2,8.3] [-11,11] [-4.1,42]  [-5.2,55]
« Significance(WZ): fw/a*  16065) 7.5, 7.6] [12,12] (15,151 [54,58]  [7.2,73]
fwr /A [-6.7,7.0] [-8.3,8.1] [-10, 10] [-14, 14] [-5.7,6.0]  [-7.8,7.6]
6.80 (530' ) foo/A* [-6.0, 6.4] [-6.0, 6.2] [-19,19] [-24, 24] [-5.7,61]  [-5.9,6.2]
for/A* [-18, 19] [-18, 19] [-30, 30] [-38, 39] [-16, 17] [-18, 18]
CMS 137 fo”' (13 TeV) CMS 137 fo” (13 TeV) .
s P w1 3 F 0 mm om ] ¢ Constraints are
% ; =‘é)vtrl:,:rgbi€.n sg\'l(\?Kl\jl\rl‘; ; g : -\‘:\;;ongsign &\\?\lk*%\lrnc : Obtained On the
o 150 | mwz i o i [ Other bkg. B EWK Wz | .
i -ﬁinprompt ] - 1 -‘ZNZZ —] Structu re Of quartlc
| B tvx N - [ Nonprompt -
100+ t 1Rt (] ] — N I ] vector boson
WL o BV LT = e S VY (LU = e )] SN
NS S ] | interactions in the
i 0.5 —
50 . . 1 framework of EFT.

. » Differential
- fiducial cross-
sections also
measured.

05 1500 2000 2500 00
m; [Ge%

1
BDT score


http://dx.doi.org/10.1016/j.physletb.2020.135710
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+\AJ-i: CMS SMP-21-001
W*Wi; AN

13TeV, 138fbh~1

« Two opposite-sign
leptons(e or u)

- Main background: s e Ce/IH 11 Tov

— 138 fb™' (13 TeV CMS
QCD W*W~=. tEDY 2 oo ot Iy g !
y ) c 105 —4— Data Higgs Nonprompt c E —4- Data [ |Nonprompt [ IMuttiboson 3
°>’ E Multiboson  [[7] DY QCD-induced WW °>') C o Ezi [ ]acDh-induced Ww [1] DY no PU jets
L 104: tWandffi = VBS w 10 L7 [Jov1pujet| Jtwandit — VBS -
: e . 3 Fze 3o .>300GeV  Z,<1 3
- Significance: : 5T meeow A
10° & N i _
5-60'(5.20') 0 % 103; g i E“i E"‘u:SO:O 75:0 100:0 150:0 200:(>Gev g
102§ u % c i i ]
. : —— e b o
* Cross-sections: = S T S S e
L S 10 ———
— E E = : : =
O-EW - 10.2 i Z.Ofb 71: ] C i i i ]
010§..|......|‘..|...*§ ) S S S SN S __ B
Pred _ 9 1 + O 6 b % 1.51 f— [J Uncertainties - _‘_41%%% Jr:{“_ % 1'_21 — UnCertamhg: . E : i_ ié
O-EW —_ . L . f 8 05 F + H 3 82 3 — E
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 6 7 8
DNN output Bins

1 1
Zy = > Zy, +leerl = _E(njl +1j,)


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html

Se x> A4 )
YIEXEA%

SHANGHALI JIAO TONG UNIVERSITY

;h.g Ve

Tsung-Dao Lee Institu

Jing Chen
Page. 12

ATLAS  arXiv:2004.10612

oS — el

ZZjj

13TeV, 139fbh~1 .

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:

- llljj: QCD background, fake lepton
background, WWZ...

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

% 4071|||‘||\\|\\|||\|1D\|t|||||\\|Z\Z‘(|E|V\\I)|||v|| % T v\||D|t| “IZZI(EI\NI)IIYA %40| bata IZZEW)I
15 o o Data m 8 ¢ Data m ° -
Q F ENZZ(QCD) mgg9ZZ E o5 90 B ZZ(QCD) mg9ZZ ] ot = ZZ(QCD) = 77
< 35 . I=) . 4 S 35 = W. = NonRes ]
3 = % @ Others /2 Uncertainty - I @ Others 777 Uncertainty ] 5 mmOthers /7 Uncertainty
) C ] ~ i Ny
§ 30 / ATLAS ) £ ATLAS L 2 o ATLAS .
m F Vs =13 TeV, 139 fb o Vs =13 TeV, 139 fb o Vs =13 TeV, 139 fb
F 122471 122271 w CEvvjj

25; QCD Control Region Signal Region Signal Region

20—

15

10

5

B 125t } P R J} ] 13112'2 ' ) b
ped . 2 fed . = = 1.
S W A 071 2 &5 Y
£ o75H /(/7 % 7, Z g 075t W/( 7 ‘( VA £0.75 ki f o
a Fe.V a E A4 E A 05

0-%""700 200 300 400 500 600 700 800 05500 1000 1500 2000 2500 500 1000 1500 2000 2500

m, [GeV] m, [GeV] m; [GeV]



https://arxiv.org/abs/2004.10612
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» To extract EW process, a profile likelihood fit is performed on Gradient Boosted
Decision Tree (BDTG) response.
« Observed and expected distributions:

c 70— T 2 S e L L B B c T "I"'I"'Y"T"'l"'l"‘
a ¢ Data BmZZ(EW) & e Data B ZZ(EW) ) ATLAS' mmZZ(EW
P EmZZ(QCD) mHggZZ S 20p EmZZ(QCD) mHg9ZZ 5 35 ls=13Tev, 139 fb1-0thefs =ﬁ%L%CB)
S 60 @ Others 7z Uncertainty P @ Others 7z Uncertainty S cewji -ggZZ zzzaUncertainty
> c 181 3 3ol Signal Region
@ ATLAS L% ATLAS -

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

et 14l eeeeji ] »

0l QCD Control Region Signal Region

30

20

10
5 1.8 T 5 1.g 5 1_8 T T T T T T T T
21.25 )/}t/ 2 1.25 /L j/ ©1.25 } i
%07;4/(// W/ ////////////f///////%//////// %07;»‘/%/// /( //(/ % S /f////// S
T T T . . : . . . . A
e 0'5—1 —08 06—04 02 0 02 04 06 08 1 © 0'5—1 -0.8 06—04—02 0 02 04 06 08 1 © 0'5—1 -08-06-04-02 0 02 04 06 08 1

MD

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

* Nature Physics has accepted the paper and now the team is working on
proofing and journal layout quality control.
https://atlas.cern/updates/briefing/milestone-electroweak-symmetry-breaking



https://arxiv.org/abs/2004.10612
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B9 > Z2Z
B EW ZZjj

element likelihood approach (MELA)
for EW and EW+QCD measurements. 1

« Significance: 4.00(3.50)
* Cross-sections:

opw = 0.332575 (stat.) X505 (syst.)fb

)] VaeN—" 0 .
« 13TeV, 137fb~1 < 0S8 TeY)
° . ry/ % E E
Channel. ZZ — lll l § 1032— mii>100 GeV :gf)t? _§
¥t} - il .
R cArimi : - CJfiz, wz ]
Discriminant based on a matrix ok D97 >22 ]

107"

gw 3 Sps= 4.00 %

pred g M—é—i—-«}%
Opw = 0.275 + 0.021fb O 001 02 03 04 05 o? 07 08 09 1
KD

Coupling Exp. lower Exp.upper Obs. lower Obs. upper Unitarity bound

fro/A* —0.37 0.35 —0.24 0.22 24
fr1/ A —0.49 0.49 —0.31 0.31 2.6
fro/ A* —0.98 0.95 —0.63 0.59 2.5
frs/A* —0.68 0.68 043 0.43 1.8

fro/ A* 15 1.5 —0.92 0.92 1.8



http://dx.doi.org/10.1016/j.physletb.2020.135992
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. ATLAS ATLAS-CONF-2021-038
(i) TNEn )
. 13TeV, 139fb~" =
+ Channel: Z(~ ee/uu)yjj ’ -G

Sy Total unc.

« EW component is extracted with a N
maximum likelihood on m;; distribution.

« Simultaneously fit in SR and CR. 8
- Significance: 100(110) 8 R
500 1000 1500 2000 2500mii [GGS{?]OO
* Cross-sections: g BT Ty
3 ATLAS Prellmlna_r1y ] EW-zyjj 3
£ 1s=13TeV, 139107 e ACD. 2y E
ogw = 4.49 + 0.40(stat.) + 0.42(syst.)fb g r gt E
obre® = 473 + 0.01(stat.)
+0.15(PDF)*323(scale)fb
OEW+QCD = 20.6 + O6(Stat t%%(syst )fb
oPred = 20.4 + 0.1(stat.) :
+0.2(PDF)*%8(scale)fb 8
500 1000 1500 2000 2500mjj [GeG\'E)]OO


https://cds.cern.ch/record/2779171
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.n CMS PRD 104 (2021) 072001
(i) TNEn )

 13TeV, 137fb_1 « Channel: Z(—> ee/uu)yjj JCMS _ | 137 o (13 TeV

- Simultaneously fit in the SR with 2D m;;- An;; S Ec‘;azfij;iz;;’

L—=

do/de [fb/GeV]
)
IIIIHIl 1 lIIHII| L L

binning and the CR with 1D m;; binning in 4 - [ syst.unc.
categories for u/e and barrel/endcap photon. §1°°= e —
o ]
« Significance: 9.40(8.50) 107 l s
9] oL ' e ‘ ' ' ' ]
. . . . =
» Exclusion limits on aQGC are derived at E 1:’1‘57 """ ——————
95% CL in terms of the EFT operators M, S L Ty
50 100 150 200 250 300 350 400
to M5, M7, TO to TZ’ and T5 to Tg. plTl[GeV]
cms = 137 fo™ (13 TeV) cms 137 fo™ (13 TeV)
5 200 | CHEWZy STTyW i 5 ' E STTTY,W ]
2 eey M QcD zy 7stat@syst 1 2 300 yy  WAcDZy 7/ Stat © Syst
@ 150 barrel  Nonprompt y - o barel  Nonprompt y ; ]
w i : ] w E : ]
100 Z'SSIAT]JJ|S4'5§. b 45<ian<6 §|Anjj| > _§ 200 Z‘SSIAnjjIS4~5§ 45<jan] <6 §|Anjj| 3
50 - 100 L_q
= ' 0 S
8 1_ /%/ é L % l/ Jr i ) g 1_ & ; T 4 L X )
% i t * ¥ % i ' ¢ ¢ 1 7
S 0.5 0.5-0.8 0.8-1.2 1.2-- 0.5-0.8 0.8-1.2 1.2-0 0.5-0 S 050508 0.8-1.2 1.2-- 0.5-0.8 0.8-1.2 1.2-0 0.5-

m; [TeV] m; [TeV]



http://dx.doi.org/10.1103/PhysRevD.104.072001
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ATLAS Eur Phys. J. C 82 (2022) 105

Z(vv)yij el

c 1801 LI B L B .' L B L B
- 13TeV, 139fp~! S Rl — g o
*q&" 140 EW Z(—-vP)yjj ., J XN 3 \\\Ec\;:ezrtainty
. : .
* Channel: Z(— vw)yjj D 120f n . 3 i stong 2+
. 100F S S JIEW wey
 Main background: QCD wof ; i | I stona ey
Zyji, Wyjjw — lv, lepton  «| A f{me
not reconstructed in : f 1o
detector) et
14F ' ' '
. . e 2 12F Rt PR R
. Significance: 5.20(5.15) & .ttty :
02_5-.0-5Da1taO/P015t5fg/0:25 O\SUTCOer a12“’5/0:25_0ESF,re1/(g:’os1t5mS/0:25 05 1.0 155/025 05 10 15 5 m; [TeV]
Fake-e CR W.,CR W/, CR Zi,cmCR SR-m

. Cross-sections:
ogw = 1.31 £ 0.2(stat.) + 0.2(syst.)fb

1st Observation of EW Zyjj process
in neutrino channels

« Similar signatures used to provide strong constraints for:

- Invisible Higgs decay search: H(— inv.)yjj Branching  0.37(0.34}313
- Higgs to dark photon: H(= yy,)jj ratio,95%CL 0.018(0.017+3:997



https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
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CMS PLB811(2020) 135988

Wyijj Pans— 2 A

aQGC in terms of
dimension-8 EFT operators.

CMS 3591 (13 TeV) CMS 359 fo (13 TeV)
c T T T T T T T T T T T 7 c 140 T T T T T T T T T T ]
Q2 o50F EWWy [QCD zy Psingle t ° - [WEwwy  QcD zy Misinglet
g E ¢ Data MisID lepton | e—y g 120 ¢ Data MisID lepton | e~y 1 ° 1 3TeV 359fb_1
o 2001 JUnc. [l MisID photon | WV 1 o I Aunc. [l MisID photon | VWV 1 ’
= Wocowy Wty 1 Y o00f Mocowy Wty ] _
150j_Electron barrell . _j 80:_Electron endca.p | ] ° Flrst Observatlon Of EW Wy
r 30,80) 80, 130) ! > 130 ] i 30,80) 80, 130) ! 5130 ] : . .
080 e (S0 1074y > 150 O e GO 2 O production w/ leptonic final
100 = C { ]
: wf- i states.
] 20 1« Significance: 5.30(4.80)
g /}// z 1N
5¢ 8 7. 1205 S 8 7. 120p. 500.. 80 7. 500...800.., 12, 1205 500.. .50, 12 120p. 500..,800.., 12 Comblnlng CMS 13TeV &
0+ 00"25([770‘7730*”720 8030 72§g0 77gg‘ln/0 80 0“72330*7 00‘/17, 0‘8000“72030‘7731?‘//710“3 0"<"gg0*77gg‘/nf0\8 01, 20g0‘7 00*”7;
m, [GeV] m, [GeV] 8TeV datasets.
CMS 35.9fb" (13 TeV) CMS 359! (13 TeV) .
__g g0 T T T T T T T T T T T ] c L L R B B (] CrOSS—SeCt|OnS
2  [Ewwy [QCD zy B single t 2120 Ewwy [QCDzy [isinglet ]
i) L ¢ Data MisID lepton [ e—y 2 [ ¢ Data MisID lepton [ e—y ]
§ 250:_ )Unc. [l MisID photon WV ] § 100[~ 7] Unc. [ MisID photon | WV i O-EW == 20.4 i 4.5fb
L C Wocowy Wty ] u C Bocowy Wiy
200:_ Muon barrel B 80~ Muon endcap ] O'EW_l_QCD = 108 + 16fb
150[ m, (30, 80) m, (80, 130)§ my, > 130 3 L my, (30, 80) m (80, 130)§ my, > 130 ]
[ : : g r : v ] .
roob ] - 1« Constraints are placed on

N

N
3
.?

500..,800..
0~5500 133801528

1200, 7, 1 5008
200~ 7‘70~/n?0* 6,000~ 7 2520*7 700*”79& 85 00-; 2500\ ; 700\ iy

500~80

00,1200 12 6800+ ,1200..1700..500-.,800.. , 12
0125201500 200~5550 12500~ 1590~inf*~80° 72000‘77”0 in

m; [GeV] m, [GeV]
B


http://dx.doi.org/10.1016/j.physletb.2020.135988
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ATLAS Phys. Lett. B 816 (2021) 136190
- WW
vy A=zl

« 13TeV, 139fp~1 ! e wr
» Photon-induced production of W- "

boson pairs, WW — etvutv

Yy - WW: y W W

- 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

XA ){@K? | %‘bhﬁ“j’i")’ Y o Jing Chen

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Instit 474 . i Page " 20

ATLAS Phys. Lett. B 816 (2021) 136190
ﬁ
vy - WwW A=zl

« Signal characteristics:

> T LI B B B | T = > T T L LA A LA B A B 3
3 ATLAS 16 ATLAS 5
_ o 2000 {5 =13 TeV, 139 fb" w150 Vs =13TeV, 139 b ]
nt'l"k - 0 .\‘ﬁ 1<n, <4 1 @ Ny =0 i
5 1500 —e— Data - § —— DataWW -
. 2 ] iR B
Quark- and gluon-induced WW o 3 4ol =R 7
1 I Drell-Yan - g? I Drell-Yan i
or top-quark production — . + re-e EEE oW 1
1000 I Non-prompt ] ' I Non-prompt a
I Other qq initiated B Il Other qq initiated |
e ll 44444 Total uncertainty - 50 44444 Total uncertainty 1
500 — b
yy — ]
LT o e
5 14 : ‘ 5 1.4 : Bt
eu 8 4f | ¢ .
1.2 ' { 1.2
> 30GeV S SO 9% 177, 1 1), ) M )
T s e TGN s gep (% y
S 08 ¢ 4 8 os8f . 21 /
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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Summary e [

 VBS observations in ATLAS and CMS:
ssWWijj, osWWjj, WZjj, Z2Zjj, Zyjj, Wyjj, yy - WW

W

EFT interpretation

* More details of CMS Zy, Wy measurements can be found in

Measurement of the electroweak production of Zy and two jets in proton-
proton collisions at sqgrt(s) = 13 TeV and constraints on anomalous quartic
gauge couplings

Measurement of electroweak production of Wgamma with two jets in
proton-proton collisions at sqgrt(s) = 13 TeV from CMS

Ying An

Jing Peng
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VVij final states o(VVjj-EW) /fb o(VV;;-QCD) /b
WEW*  tvlvijj 4.28 +0.01 1.69 + 0.02

WHW~—  (tvlvjj 15.57 4+ 0.08 35.24 +0.13
Production cross-

77 Lvvij 0.39 + 0.01 0.55 + 0.01 section for EW and
QCD VVijj production:

ZV 00jjii 0.98 + 0.07 3.13 4 0.22 -All results are
- obtained from
Z 0l 9.24 + 0.02 71.28 4+ 0.33
’ 17 SHERPA
WZ il 2.36 + 0.01 7.19 +0.01
-Pre-VBS cuts
77 00eljj 0.12 + 0.01 0.21 + 0.01 applied



https://cds.cern.ch/record/1753849?ln=en
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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 Z457—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

ATLAS
e o

* Event yields:

Process ety g vvjg

EW ZZjj 206+ 2.5 12.3+0.7

QCD ZZjj 77T £25 17.2+3.5

QCD ggZZjj 13.1+ 44 35+1.1

Non-resonant-£/ - 21.44+4.8 o

W2z — 22.8+1.1

Others 3.2+ 2.1 1.2+0.9

Total 114 +£26 78.4+6.2

Data 127 82

C = Ngetector—tevel B Naata — Npackground
Npy—truth B LXC

* Cross-sections:

The definition of fiducial regions are
very similar with detector-level
selections by using particle-level
physics objects.

Fiducial cross-sections for the
inclusive production of the EW and
QCD processes are measured
separately in individual channels.

lllljj C factor | 0.699 + 0.031
llvvjj C factor | 0.216 + 0.012

Measured fiducial ¢ [fb]

Predicted fiducial o [fb]

000055 | 1.27 4 0.12(stat) + 0.02(theo) £ 0.07(exp) + 0.01(bkg) & 0.03(lumi) | 1.14 + 0.04(stat) & 0.20(theo)

evvjj | 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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Zyjj

ATLAS ATLAS-CONF-2021-038

. 13TeV, 139fp~1

« Channel: Z(— ee/un)yjj

a0 I

= 1000:- LI I I BN B B LN T
Q 900E- . ATLAS Preliminary e Data
2 = ! Vs=13TeV, 139 10" CJEW-Zyjj -
GCJ 800K : Pre-fit B QCD-Zyjj
> = : [0 Z+jets
W 7005 | SR:CR = Ty

= i Wz

N Total unc.

Data
Prediction
*
<
-

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

P > 20,30(leading) GeV, |ny| < 2.47
N, >2

Lepton

Photon El >25GeV, |n,] <237
B < 0.07E]

AR(¢,v) > 04

Jet > 50 GeV,  yje] < 4.4
|Ay| > 1.0
mj; > 150 GeV
remove jets if AR(v,7) < 0.4 orif AR(¢,5) < 0.3

Fl

ducial phase space

Event Myp > 40 GeV
My + My > 182 GeV
C(lty) <04

NP = ()



https://cds.cern.ch/record/2779171
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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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ATLAS
vy > Ww rans—vA

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




