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Single and multi-boson
production @LHC

Measurement of single and multi-boson productions at
LHC is important to test the validity of the Standard
Model (SM) at TeV scale

+x Many precision differential measurements y

x VBF/S processes with relative lower cross-section, being .
key process to probe the mechanism of electroweak

symmetry breaking (EWSB)
Involve with Triple or Quartic Gauge Couplings (T/QGCs)
+ 10 look for vector boson self-couplings

+x Probe new physics through deviations from SM couplings
(3)

EFT interpretation LSMEWL§3+ZCA5_6;05®+ . %0}8)
A way to search for high mass rlesonanjoe decaying to VV
final state

This presentation focuses on the VBF/S with full Run 2
data
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The EW productions

LHC provides unique opportunity to discover the VBS/F processes ever
observed before. To pave the way for new observations we have

systematically performed detailed EW measurements to understand the

(multi-)boson production at the LHC

General signature of two jets in forward and background regions, with
large invariant mass and rapidity separation
From (multi-)V to (multi-)V + jj
+ Theoretically more complicated mostly due to the jet modelling
+ Usually use dedicated data control regions to constrain
+ Experimentally also challenging
+ Pileup effect in the forward jet-tagging region

» Lack of detector coverage in the very forward region makes it more
difficult

= Will be even more challenging at HL-LHC when luminosity further
increased
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The Experimental Status

CMS Preliminary

CMS EW measurements vs.

0
All results at:

CMS summary
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7 TeV CMS measurement (stat,stat+sys) ——o——
Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) —e—i
qqW — 0.84 +0.08 +0.18 19.3 fb"
qqW . 0.91+0.02+0.09 35.9fb"
qqZ — — 0.93+0.14+032 5.0fb"
qqZ e — 0.84 +0.07 +0.19 19.7 fb”
qqZ —e— 0.98 £+0.04 +0.10 35.9 fb
WV ] 0.85+0.12+0.18 138fb™
yy—=WW 1.74 £0.00 £ 0.74 19.7 fb™
qqWy + 1.77 £+ 0.67 £0.56 19.7 fb
qqWy — . = 0.88+0.11+0.15 1381b™
os WW et 1.12+0.15+0.17 138 b
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qqZy — o — 1.48 +0.65+0.48 19.71b"
qqZy T — 1.20 +0.12+0.13 137 b
qqWz e 1.46+0.31£0.11 137 b’
qqZZ . 1.19+0.38 +0.13 137 fb™
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Production Cross Section Ratio: o, /
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Standard Model Production Cross Section Measurements
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General Signatures

* Iwo intermediate vector bosons radiated from two
incoming quarks

+ Final state with decay products from vector bosons plus
two forward/backward outgoing jets

+ [wo outgoing jets from quarks - large rapidity separation
and large invariant mass

+ Cross-sections of the EW VBS/F are small, suffer from
irreducible QCD events

+ Due to gauge invariance, VBS/F diagrams can not be
separated from other V(V) + jj diagrams

x Experimentally usually study the EW V(VV)+jj together, with
dedicated kinematic selections to enhance the VBS/F
contribution

+ Interference between EW and QCD diagrams are usually not large
(% level), and treated either as systematic, or part of signal

August 23, 2022 Bing Li

The first evidence of VBS process at the LHC
in the same-sign WW channel from Run 1
Since then, many more studies have been
performed

puutjj Candidate Event
m;i=2800 GeV |Ays|=6.3

<
X >
=%

@ ;;AMAS
4 EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC

Candidate VBS event from ssWW
Phys. Rev. Lett. 113, 141803



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
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https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

+ Dedicated control regions used to constrain § «|

10% &

QCD Background constrain in control regions

the QCD Zjj modeling, for both normalizatior
and shape

*+ SR and CRs defined using number of gap
jets, and centrality of the Z boson

+ SR and 3 CRs fitted simultaneously when
extracting the EW component

Ngap A

jets

> 1

Strong Zjj
enhanced

CRa

9780 events

Strong Zjj
enhanced

CRb

3286 events

EW Zjj
enhanced

SR

7937 events

Strong Zjj
enhanced

CRc

1992 events

£z = |yee —0.5(yj1 +y2)| / |Ay;j|
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Clear improvement after fit in CRs
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o h
N
T

CATLAS

E Zjj—lljj

[] Luminosity
B © Lepton & pile-up @ Jet
] @ Unfolding

Vs=13TeV, 139" ] £

N¥P =0, &, <0.5 (EW SR)

jets

[ o statistics

a0
m; [GeV]

2x10°

Il © Lepton & pile-up @ Jet =

0 L 1 il
3x10? 10°

>.0.45¢

g [ATLAS

& 04LEW Zj-llj

§ 0.35‘_ [ Luminosity

= ] ® Unfolding

— @ EW Zjj del
EW A .

c

2o0.25F

(8]

o

w 0.2

0.05

Vs =13TeV, 139 fb™
NZe =0, &, <0.5 (EW SR)

jets

Il © Strong Zjj model ]
[ @ Statistics =

0

10°

August 23, 2022

2x10°

3x10°  4x10°

7x10°
my; [GeV]

Fractional uncertainty

FATLAS

:_ij —llj

C [] Luminosity

r I © Lepton & pile-up
] @ Unfolding

Vs =13 TeV, 139 fb" ]
N5 =0, &, <05 (EW SR) 7

jets

® Jet
] @ Statistics

A
102

25
10°

30 40 50 2x10?
pr, [GeV]
X % ¥ x LT | T ) X ) . LN |
[ATLAS Vs=13TeV, 139 fb" ]
[ EW Zj—lljj Nge =0, &, <0.5 (EW SR) ]
L [] Luminosity ]

Il © Lepton & pile-up @ Jet

[] ® Unfolding Il © Strong Zjj model

B ® EW Zjj model

] @ Statistics ]

N

T

30 40 50 102

10°
pry [GeV]

2x10°

Bing Li

Large systematic from QCD
modelling, especially in the high
mass, pT region — usually the
sensitive region for EW
measurement and BSM search



Differential Cross-sect

EW Zjj ogw = 37.4 + 3.5 (stat) + 5.5 (syst) fb.

Herwig7+VBFNLO agrees best with d
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Ratio to SM

from different operators

EFT Interpretations

Impact on the EW Zjj differential XS

ATLAS Simulation

VS=13TeV, EW Zjj- lljj
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Wilson  Includes 95% confidence interval [TeV=2] p-value (SM)
coefficient | Mygg|? Expected Observed
cw [ A? no [-0.30, 0.30] [-0.19, 0.41] 45.9%
yes [-0.31, 0.29] [-0.19, 0.41] 43.2%
éw | A? no [-0.12, 0.12] [-0.11, 0.14] 82.0%
yes [-0.12, 0.12] [-0.11, 0.14] 81.8%
caws /A no [-2.45, 2.45] [-3.78, 1.13] 29.0%
yes [-3.11, 2.10] [-6.31, 1.01] 25.0%
Eawa /A no [-1.06, 1.06] [0.23, 2.34] 1.7%
yes [-1.06, 1.06] [0.23, 2.35] 1.6%
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From the combined fit of the two channels, the signal
+ Partial Run 2 data used, 35.9 fb? strength is measured to be
+ BDT used to separate EW and QCD Wjj i = 0.91 % 0.02 (stat) = 0.10 (syst) = 0.91 = 0.10 (total),
CMS 35.9fb" (13 TeV) CMS 35.9fb™" (13 TeV) : . .

. -~ g corresponding to a measured signal cross section
10 -e-Data 0 t quark o 10 EI t h i Data 0 t quark
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01 r ! 8 0 1 A — NN,
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. = Bes E- - ; SSEINSNAN Total backgrounds 674 =78 412 £ 44
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ATLAS-CONF-2021-038
Phys. Rev. D 104 (2021) 072001

EW Z(ll)y + Jj

+ Measurements use full Run 2 data, from both experiments, in the Z->ee/mm

channel

+ Signal generated with MadGraph5_aMC@NLO at LO

1

Common selection prtl?? > 25 GeV, |77 < 2.5
for electron channel
prtl?? > 20 GeV, |5?17?| < 2.4
for muon channel
Pk > 20 GeV, |n"| < 1.442
or 1.566 < |n’| < 2.500
P > 30 GeV, |12 < 4.7
70 < mgp < 110 GeV, mz, > 100 GeV

AR;, AR, AR;; > 0.5, AR,, > 0.7

CMS

Common selection,
m;; > 500 GeV, IAnjj| >2.5

Fiducial volume

Control region Common selection, 150 < m;; < 500 GeV

EW signal region Common selection, m;; > 500 GeV,

|Anz| > 2.5, n* < 2.4, Adz, 5 > 1.9

aQGC search region =~ Common selection, mj; > 500 GeV,

000

g 900
S 800
@ 700
600
Lepton p,‘; > 20, 30(leading) GeV, |n¢| < 2.47 09
Ne >2
Photon E} >25GeV, |n,| <237
E;""ezo < 0.07E?r' o
ATLAS AR(¢,y) > 04 S 1.4
. g5 12
Jet T >50GeV, |yjel<44  8E
|Ay| > 1.0
mjj > 150 GeV
remove jets if AR(y, j) < 0.4 orif AR(¢, j) < 0.3
Event mee > 40 GeV
Mee + Mepy > 182 GeV
L(tty) < 0.4
a
N}'getls) =0
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Table 1: Summary of selection criteria applied at particle level.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
http://dx.doi.org/10.1103/PhysRevD.104.072001

m(up) [GeV]

JHEP 03 (2020) 054

Suppress the FSR contribution

+ Final state radiation (FSR) contribution is largely reduced by cutting on Zy inv.
mass

m(£)+m(fly) > 182 GeV to suppress FSR events

Final state radiation
(FSR) photon from

Process with photon
radiated from initial-

140 1 e 1)
a0f  ATLAS e lso 2 state quarks leptons
= Vs=13TeV, 139 10" Lt 70 1 0
120 & __'-:I Z *
- ppy - 60 /’}/ B Y
110 . q < q
100 £ 2s 150 7/
g AN Y -
3 e N
90E e R el —40 1 /
80
: 130
- B . | O > i ¢ a
60 5 e e .
50 E2 s 3:5‘;,:5!_1'{5'__';;"._-"; 10 Just for illustration of the FSR and
40 A LTI . & - = 0
70 80 90 100 110 120 130 140 150 160 170 ISR processes. Not VBS.
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m(upy) [GeV]
CMS requires m(Zy) > 100 GeV
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https://link.springer.com/article/10.1007/JHEP03(2020)054

+ Largest background comes from QCD Zyjj production

Background Estimation

* Modelled using simulation, but constraint with data

+ Other major background comes from Z+jets events, with a jet misidentified as a

photon. Estimated with data-driven method

TABLEIII. Post-fit yields of predicted signal and background with total uncertainties, and observed event counts
after the selection in the EW signal region. The yy,re; a0d ¥epgcqp cOlumns represent events with photons in the ECAL
barrel and endcaps, respectively.

Process

HHY varrel /‘ﬂ}'endcap €% barrel ee}'endcap
ST 0.7£04 0.240.2 0.6:0.3 02+£0.2
TTy 88+13 2.1=0.5 34+0.6 02+£0.2
4% 6.0+19 3212 41+13 0803
Nonprompt photon 189 £9.2 143+ 6.9 93.6 65 743 +5.0
QCD Zy 274 £10 108 £5.6 162+7.4 62.4+.39
EW Zy 133 £4.7 46.5 + 1.7 845 £.3.1 28.2:+ 1.1
Predicted yields 612 + 13 3038 349 +£9 166 + 6
Data 584 320 375 174

CMS. Events further split into barrel and endcap region
depends on the selected photon

August 23, 2022

Bing Li

Sample SR CR
NEW—Zyjj 300+ 36 55+7
NQCD—Zy]] 987+55 1352+60
Nizy 72£11 5949
Nwz 17+3 14 +3
Nzsjets 85+30 143+43
Total 1461 +38 1624 +40
Noiis 1461 1624
ATLAS
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Observation of the EW Z(ll)y + jj

Fit done using the m; distributions. CMS has further split to different dy; regions

%*
g SO
R ==L
S . ’ N QCD-Zyjj
5 600 . T Zets
. iy
wz
= Total unc.
3
o
P
©
o
1000 1500 2000 2500 3000
m; [GeV]
CMS 137 b (13 TeV)
c TP T R R L e =
s 1°°_ BEWzy STTTY,WV |
% | EQcD zy ~ Stat ® Syst |
o L endcap Nonprompt Y : i
m N : 4
50k 25<IAnI<45 45<lanl<6 5IA‘nI>j
3 ] ]
o J
E 1 @ ¢ i ’ ; ? % s
a8 0.5-0.8 0.8-1.2 120 0.5-0.8 0.8-12 1.2-0 0.5-0
m, [TeV]
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Events /bin

Data/Pred.

Events / bin

Data / Pred.

150

100

50

NO

80G"'|""|""|""|:>'t"'|
ATLAS Preliminary —t— 2at@
00 V=13 TeV, 130 16 o SNL
Bagy 5= ' I QCD-Zyjj
600 R W Zijets
500 Post-Fit L WZ
RN

lllIlIlIIlIIIlllllIlIlIIlIIIlllIl

560 1000 1500 2000 2500 3000
m, [GeV]
CMS 137 b (13 TeV)
C EWZy ST,TTy,VV 7
r EQcD zy - Stat ® Syst_]|
C endcap Nonprompt Y : ]
2 ' 25<IA11I<45 45<|An|<6 IAnl‘(_i

,'“.-

® % % 5 ry %
I ¢
0.5-0.8 0.8-12 1.2-0 0.5-0.8 0.8-1.2 12-0 0.5-0
m, [TeV]
Bing Li

Significance well above 50

Measured cross sections. Both
agree well with SM predictions.

ATLAS
oew = 4.49 + 0.40 (stat.) + 0.42 (syst.) fb

CMS
fid — 521+ 0.52(stat) + 0.56(syst) fb

Opw =
= 521+ 0.76 1b.
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do/dp, [fb/GeV]

Data/MG

do/dp,_ [fo/GeV]

Data/MG

-
3
w

- N

CMS 137 b (13 TeV)
E ¢ Data (stat. ® syst.) E
B EW Zy MadGraph ]
g I syst unc. 3
u + 5 ]
E s E
5 . ]
= T 5
50 100 150 200 250 300 350 400
Py [GeV]
CMS 137 b (13 TeV)
E ¢ Data (stat. @ syst.) 3
L ——— EW Zy MadGraph _
5 B I syst unc. 3
B * ]
3 ¥ =
C + ]
3 s i
50 100 150 200 250 300 350 400

pl [GeV]
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Differential cross section

_ 1ECMS 137 fb! (13 Tev)
> E I I ¢ ‘ Data I(stat. é syst.)l 3 . .
8 b chizbeh CMS has measured differential
o) E E .
R, 1 wstwe E (1D and 2D) cross sections for
o 10° E .
R ¥ - EW, and EW + QCD Zyjj
10°g : 3
(D N L L L ] L]
s f | Generally good agreement with
=TT wivei sitnnnohlunois "o el A 4 . .
P S e e : predictions
100 200 300 400 500 600 700 80
P, [GeV]
. ] CMS 137 b (13 Tev% TABLE VII. The signal strengths and differential cross sections from SM expectation and fit calculated as part of
2 4 Data (stat. ® syst) 3 the unfolding of 2D m;-|An;| observables for EW + QCD Zyjj. The last bin includes overflow events.
3 ]
5 107 : - EWZyMadGraph 4 |Ap.| bin my bin [GeV] [ p+ Ap | Predicted d%o/dm d|Ang| [f/GeV] Observed d2s/dm d|An| [fb/GeV]
Iy syst. unc. ]
£ 10%E : o<pn | <65 [25:45) [500,800) | 0.96+02 0.0319 + 0.0023 0.0306 + 0.0070
= & % 8773 [2.5, 4.5) [800, 1200) 1,34J_f8_'22f 0.0140 £ 0.0011 0.0189 + 0.0031
é 10 BRI o S [2.5,4.5) [1200, 2000] | 1.09+02¢ 0.00445 £ 0.00038 0.0049 + 0.0010
5 g4 f2S <hnl<as | |as<pnise [4.5,6.0) [500,800) | 0.52+13 0.0123 + 0.0012 0.006 £ 0.016
g af 1 [4.5, 6.0) [800, 1200) 1.14f8;2§’ 0.0121 £ 0.0010 0.0138 £+ 0.0053
g oF " * . 1 I 3 [4.5, 6.0) [1200, 2000] 0,86j8:§§ 0.00942 4+ 0.00076 0.0081 + 0.0020
o oF * 3 [6.0, 6.5) [500, 2000] 0.3j11‘-g 0.00864 + 0.00049 0.0024 £ 0.0014
0'5"0.80'8"7-27'2‘2 0'5"0.80'8’7. 7.2_2 0.5_2
- [TeV i
m; [TeV All close to 1 with
uncertainties
Bing Li 18



Limit on aQGC

+ CMS also set limit on aQGC, with events in dedicated search region with high pT
photon. Fit on invariant mass of the Zy system, Mz, 1ase v The expected and observed timits on the aQGC

CMS 137 tb™ (13 TeV)

- | | | [ | 7
£ 10° 3 ¢ Data Nonprompt y E
o f WEWZy  [sT,TTy,WV ]
2 | ]
S ol WQCDZy  —p /%= 047 Tev*
(1N

—F/A*=0.91 Tev*

—
i T
1

0.15-0.40.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-c0
my, [TeV]

August 23, 2022 Bing Li

parameters at 95% confidence level. The last column presents the
scattering energy values for which the amplitude would violate
unitarity for the observed value of the aQGC parameter. All
coupling parameter limits are set in TeV~, whereas the unitarity
bounds are in TeV.

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

Fyo/A* 125 128  -158 160 1.3
Fyu/A* =281 270 =350 347 1.5
Fyp/A* =521 512 655  6.49 1.5
Fys/A* =102 103 -13.0  13.0 1.8
Fyu/A* =102 102 -13.0 127 1.7
Fys/A*  -176 168  -222 213 1.7
Fyp/A*  —447 450 =566 559 1.6
Fr/A*  —052 044  —0.64 057 1.9
Fp/A* =065 063  —081  0.90 2.0
Fr/A*  -136 121 -1.68 154 1.9
Fps/A*  —045 052  -058  0.64 2.2
Fr/A*  -1.02 107 -130 133 2.0
Fr/A* =167 197 -215 243 2.2
Frs/A* =036 036  —047 047 1.8
F/A* =072 072 —091 091 1.9
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Eur. Phys. J. C 82 (2022) 105

Observation also done in the Z->vv

EW Z(vv)y + jj

Table 3 Summary of the requirements defining the baseline SR and
various CRs considered in this analysis. Where present, the values in
square brackets refer to the regions defined in the search fora H — yyq4
signal. The leading and subleading jets must satisfy the fJVT require-

VR definitions Ei"**'P™ = Eiss since no lepton is present. The mr
variable is defined in Sect. 6.4. When the same requirement is applied
to multiple regions, this is reported once in the corresponding row of
the table, centred across columns, and is considered to be valid in all

C h a n n el by AT L AS’ W ith fu | | R u n 2 ments mentioned in Sect. 5. In the SR, Zl{ev_Cen. CR, and Low-ETmiss ;2; g;)t::imns to the left or right until a different requirement is explicitly

d ata Variable SR Wi CR We, CR Z}ev.con. CR Fake-e CR Low-EXss VR
PT(]jl) [GeV] > 60
Signal generated with MG5 e o
. Njet 2,3 X Y
Mostly focus on low energy region  w. <2
| Anj| > 3.0
Also searches for BSM due to e -
. . . . ’ - miss Jep-rm = X Ya
invisible Higgs decay or dark AgGi, EF™™) - >10
N, 1
p h Oto n Agj <25[2.0] (a) Invisible Higgs boson signal (b) Dark-photon signal
Ag(y, EFS) > 18]
Several CRs defined to constrain &t R —_—
backgrounds from different oo T . % w0 o150
sources ¢ T Zen o Zes o Cot .
Ny 0 1u le 0 le 0
pr(6) [GeV] - > 30 > 30 - > 30 -
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https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z

Observation of the SM EW Z(vv)y + jj

+ Observation is achieved by flttmg on the m..

JJ’
180 T T - 1 T ]
simultaneously § . [ ATLAS A 7
s - {s=13TeV, 139 fb™ & :
T 140 EW Z(=>vP)7y i $
g) C
I 120F ko
Observed (expected) significance: 5.2 (5.1)c  100F sk
Wy and QCD Zy is floating in the fit 80 -
M Zyew ﬂz)’strong ﬁWV 605_ N
1.03 +0.25 1.02 +0.41 1012020 e
20
Signal strength for EW Z(wv)y + jj: B R I I IS AL
1.2

NN \\{ o
=

AN
NALANN NN
\\!

N
\ N N NURUNEN,
\— - - - - -]
N
A WA N

N
N RN
N\ NN

Ratio

1.03 £0.16(stat) &= 0.19(syst) £ 0.02(Jumi).

0.8

\i

l L}
0.6 -@- Data/Post-fit ; > Uncertainty , —— Pre-/Post-fit
025 05 1.0 155/02505 10 1.5 5/0.25 0.5 10 155/02505 10 155/02505 10 15 5

Fake-e CR W/, CR W JCR Z! CR SR-m

Measure fiducial cross section:
1.31 & 0.20(stat) &= 0.20(syst) fb

August 23, 2022

Rev.Cen.

Bing Li

iIn SR and CRs

-8~ Data

4 2\ Uncertainty

EW Z+y

B Strong Z+y
EW W+y

4 B8 Strong W+y
1 R ttyVyy

B 7 +et

I le—y

jet->y

m; [TeV]
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Search for H invisible decay

+ DNN is trained and used to enhance sensitivity
+ Looser event selections applied to increase statistic for DNN training

e B I L T A R A LR A I
- ATLAS Post-fit i
L {s=13TeV, 139 fb! | StaE

VBF+y B search 2l 2o Uncertainty
= inv . e EW Z+}’

N 5 . 2] Strong Z+
No evidence of new physics. alh | | —
Observed (expected) 95% CL 4 ¢+ | i =t8;;‘;39y‘;"+7
upper limit on Higgs invisible decay 10 et

is set as 0.37 (0.34)

N
o
N

Events / Bin

1Mooy

jet—>y
0 jet—e
-==H(B,, =0.37)

Ratio

05 ' -@- Data/Post-fit :\\\ Uncertainty: — Pre-/Post-fit
0 025 06 038 0 0. }" 0.8 0 0. > 06 0.8 0 _ 0.6 0 0. 06 08 1 DNN Score
Fakee CR W/ CR W/, CR Z. .. CR SR
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Events / Bin

Ratio

Search for Higgs decays to dark photon

+ Transverse mass of the photon and MET systema is used for fitting

i g = T " T g - g T = : Z T * = e T g - : T | ey | 1 O =T T T T T T T T T T T T I —
ATLAS Post-fit - £ = 3
10" L 15 =13TeV, 139 b o 2 F Observed ATLAS 3
B(H—vyy ) search 3 .\ Uncertainty — - —_— serve y -
o . ' EW Z+y S . Expected Vs=13TeV, 139 b 7]
7] I strong Z+y ,T: 1 [ Expected £ 1o Limits at 95% CL —
Sy = Expected + 26 : ; E
102 . - ) - : VBF Higgs couplings =
¢ 3 I Strong Wy I 6VBF with B(H—yy )=0.05 99 pling .
b 1M tyVyy ~ d
i 7 I 7+jet Q B
10 ? — x 107 E
..... jet—y i - =
3 jet—e m - =
""" « =« H125(8,, =0.02) >b B 7]
H500(Bw:=0.01) 5
1 S 10° =
A i A r e s : = Z
14 -®- Data/Post-fit !\ Uncertainty — Pre-/Post-fit E - -
12 : : = ‘
1g= @@ oo 8 \_Q_ T e -\-\é\;\*\ NSRS I~
0.8 ' ’ ' = g
0.6 : : +_—f 1 O = 1 1

e 20 90 130 200 3%0 750070 90 730 200 350" 1500 M7 [GEV] 102 10°

oo Ohy O 4 Cinc,, o SR My<1 TV SR m;>1 TeV m,, [GeV]
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STDM-2018-59

EW Z(vv)y + Jj In high energy region

+ Anomalous couplings have larger contributions in high energy region, thus ATLAS has a dedicated
analysis in those region, by requiring pT(y) > 150 GeV

+ Zy QCD CR1.: used to estimate QCD yield

2501

Events

+ Zy QCD CR2: used to check the m; modelling .

+ BDT used to extrapolate EW signal

150

# y-centrality

=1 lepton

Data / Pred.

0 leptons

300 i) GeV]

m(jj) [GeV]

August 23, 2022 Bing Li

%

[ ZyQCD CR 2 M tvii Wi

~ Post-Fit Wz i I Z(lyij

i 7/ Uncertainty ~ --- Pre-Fit Bkgd. _|
Systematics

T T oo e I e
- ATLAS Prehmmary&Data Z(vV)yji EWK

[ Vs=13TeV, 139 b W Z(vw)yjj QCD I W(lv)yjj QCD |
Background only fit W(lv)yjj EWK [ W(eV)jj, tij, ttjj 1

assigned to cover -
the m; modelling
issues observed

500 1000 1500 2000 2500 3000

Events

Data / Pred.

10*

10°

E ATLAS Preliminary$-Data
F Vs=13TeV, 139 o™ Z(vV)yjj QCD [ W(v)yji QCD 7

[ Backgroundonly fit  W(iv)yjj EWK Il W(eW)j, tj, fij
Signal region Ml tivj Wi
Wz j I Z(lyyij

£ Post-Fit

T T T T \ \ | ]
Z(vWyji EWK 3

7/ Uncertainty  ---Pre-Fit Bkgd. 3

\ _i;

'5—1 0.30 0.53 0.71 0.81 0.86 0.90 0.93 0.95 1

m; [GeV] BDT classifier response
Comparison with previous Value
POI Current analysis Ref. [7] Combination
Mzyqep 121 +0.37 1.02 + 0.41 1.17 + 0.27
Hw ~ 1.02 + 0.22 1.01 =£0.20 1.01 &= 0.13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-59/

Limit on aQGC

% | L | T T I L D | I_.I_l DIatla T I 1T I L I IZI(VIV)’IYJJ [EIVV}I‘< T g
g ATLAS Preliminary mm Z(vv)yjj QCD W(lv)yjjQCD ]
’ W(Iv)rjj EWK B W(ev), tii, t
10° ={s=13 TeV, 139 fb™" g tiyj —
7, i . Z ()

— fy/A=4.6 TeV*
M

— f1o/A*=0.084 TeV™* .~/ Uncertainty

Data/Pred.

Photon Et is used

August 23, 2022

fro/A* [TV

Without cutoff

Coefficient Observed limit, TeV~* Expected limit, Tev—
fro/A* [-9.4,8.4] x 1072 [-1.3,1.2] x 107!
frs/A* [-8.8,9.9] x 1072 [-1.2,1.3] x 107!
fra/A* [-5.9,5.9] x 1072 [-8.1,8.0] x 1072
fro/A* [-1.3,1.3] x 107! [-1.7,1.7] x 107!
furo/ A [-4.6,4.6] [-6.2,6.2]
faur1 /A [-7.7,7.7] [-1.0,1.0] x 10!
fara /A [-1.9,1.9] [-2.6,2.6]
Limits vs. cutoff
- | ATLASProiminary 5 T ATLAS Prefiminary 3
R \ U V—E=-1-3--Te-V;--1—39--fb-'—1---—}z 1.5:_ ............................................................................. \f§=13TeV,139fb1—§
S .
D T T——
e i N E
- —— Expected | S —— Expected =
I — Observed - kS — Observed E
i | — Unitarilty bou‘nd - 2§ | — Unitarity boulnd ]
1 : ’ R ey 1 ? ° YR
Bing Li 25



SMP-21-011

EW Wy + jj

+ Measurements using full Run 2 data by CMS, with W decays leptonically
+ EW and QCD Wy + jj both generated with MG5
+ Iransverse mass of W, m{(W) > 30 GeV

+* Events selected requiring one good electron/muon, and one photon

+ In the electron channel, events with |mg, - mz| < 10 GeV are removed to suppress the background from
/->ee, where one electron mis-identified as a photon

+x Depending on photon pseudorapidity, events are further split into barrel and end-cap regions

+ My, > 100 GeV, dy; > 2.5 and additional angular cuts (between Wy and jet system) to enhance
the EW contributions

+ SR:m; > 500 GeV. CR: 200 < m; < 500 GeV.

Figure 1: Representative Feynman diagrams for the W+jj production at the LHC: EW (left),
EW through triple (middle left) and quartic (middle right) gauge boson couplings, and QCD-
induced (right).
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-011/index.html

Background estimation

+ Background with mis-identified

. e o 138 1b™ (13 TeV) 1381b" (13 TeV)
leptons or photons from jets are ™™ Weew  Wewwa ©oow ] EmegnlTT BT T e
esti m ated W i-t h d ata g sooof_Preliminary MisID photon .Double MisID MisID lepton ; § MisID photon . Double MisID MisID lepton

——Data Stat @ Syst —eData Stat @ Syst

5000

+x Mostly from W + jets and top
processes

4000

3000

+ Other background estimated from
MC

?HHINW

1000

F

_L.Lﬂlllllllllllllllllllll
1
o TN N N I

* Valldated In the CR '05 1 1 I )y I (] I { L o | l e S | S Wy e P P PR ;TI : { L}
o L O A LA A LA L I AR L e S e s e
8 S S s S (G Il Ll s e 17 O 1 200 1 Y
2 2 o : 5, !
20 60 80 100 120 140 160 180 200 40 80 80 100 120 140 160 180 200
p! [GeV] P! [GeV]
(a) Barrel (b) Endcap
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Observation of the EW processes

+ Two dimensional distributions in m; and m,, are used to extract the

EW processes

Events / bin

IIIIIIII|II!I|IIII|IIII|IIII|III

138 fb (13 TeV)

T T [ P lepiak B L L abah B Rk b Rk W W T 5|
CMS . VBS Wy in fiducial . VBS Wy out fiducial . Top, W, Zy
Pre//'m/'nary QCD Wy MisID photon . Double MisID E

MisID lepton —e— Data Stat @ Syst

M, <[30, 80) GeV i M, <[80, 130) GeV i M, =[130, inf) GeV
) {
i !
H

L]lllllllllll

Events / bin

_III|I|II|IIII|IIII

Barrel Endcap
EW W< in fiducial 3le=kt16 B90.2:E£55
EW W+ out fiducial 64.7+20 204+10
QCD Wy 1301528 S62:-E13
tty,VV,Zy 40214 "B38-E7Z2
Nonprompt photon a1 -+135 a2 -L57
Nonprompt muon 154 =77 45+ 11
Nonprompt electron 189 £ 20 86 =13
Nonprompt photon, nonprompt muon 4304+70 146+ 34
Nonprompt photon, nonprompt electron 755+55 25.0+ 2.0
Total prediction 2960 43 85621
Data 2959 157 819 FE30

138 fb' (13 TeV)

T T T | lllllllllllllllll
C CMS . VBS Wy in fiducial . VBS Wy out fiducial . Top, W, Zy
" _Prelimina ry QCD Wy MisID photon . Double MisiD |

MisID lepton —e— Data 7 Stat @ Syst

M, <30, 80) GeV

i M, <[80, 130) GeV ! M, <[130,inf)GeV |
1 2 ]
i !

2 b bO
0

Observed (expected) significance: 6.03 (6.79)o
Measured fiducial cross sections
EW Wyjj (mu = 0.88 +0.19 -0.18):
Inclusive WYyjj (mu = 0.98 +0.12 -0.11):
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Differential cross section measurements and aQGC limit

138 o' (13 TeV
T

=

138 fb! (13 TeV)
T

% - ——— EW(LO) Wy MadGraph E g C EW(LO) Wy MadGr ] 138 fb-1 13 TeV
T Se———" = r o i | = ( ) Expected. limit Observed. limit U,
£ % i G P bound
gz.oﬁé_Pre/lmmary :::w:'Isme) _; %1- 15__Pre/lmlnary ::::w:(mfsm 7] g 10"5— CMs IVBSWY i ITOP'W'ZY 51 < fMO/A4 &5l —56 < fMO/A4 £ 55 17
30045_ = _E : E E ‘§ E Pre/l'ml'nary IDoubleM|s|DMisIDpnoton MisID lepton -71 =4 fMl/A4 < 74 _78 < fM]/A4 < 81 21
E E 101 Hd PR A8 < <18 A0 cfp/N <19 28
oo EW = - 1l - 25< fs/ A <25 27 < fun/ At <27 27
o022 E o l R B3 Frli<33 —BP2fu/At236 23
sk ' E - ] 34 < fus/A* <36 —39< fys/At <39 D
i = w3 F B 28 & oA 213 ~14< fim /At < 14 2
ok = - 1 043 < fro/A2 <051 —047 < fro/A2 <051 19
oot = C # 027 < fri/A* <031 —031< fry/A*<034 25
o= ' ' ' = = ' ' = 072 < fro/A* <092 —085< frn/A*<10 23
g | . . . g I W 029 < frs/A* <031 —031< frs/A* <033 26
g n:z_ [500.0,700.0] [700.0,1000.0] [1000.0.1500.0] [1500.0,=] 37072_ [25.3.0] Bo37] [37l45] [45865] _0'23 < fT6/A4 < 0.25 _0'25 < fTé/A4 < 0.27 2.9
o o : - ; ™ 1 ; 060 < fry/AY <0.68 —067< fr;/A*<073 31
138 fb! (13 TeV) _ 138 fp! (13 TeV) [150,400] [400,600] [600,800] [800,1000] [1000,1500]
§ E cMS T w MLO‘\.IWMO,W,W E §= 70 :_CMS T . MLOHLCD:NLO“WW _: MW‘y [GeV]
§3-25 L Preliminary —— cwesmnemons) % 605 Preliminary —e— Owevedreat ftOonet) ]
= C g 7 g o T - . . .
s I S 5 F Lt Mass of the Wy is used to set limit on aQGC
o 02 E l ] ’
a [ ] 0 = H i : ; 1
: EW+QCD - ] in an optimized region with higher mass/pT
0.15— — 40— — .
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o i 3 = ¢ ; y
- ] sof- E m;; > 800 GeV, |A17]~j| > 2.5, my.,, > 150GeV, and p; > 100 GeV
0.05:— " _: g . g
B ] 10— s
‘Z_— 5 ZZ 3
fbin . ) ' f . . ~
° n; [500.0,700.0] [700.0,1000.0) [1000.0.1500.0] [1500.0.=] o5t [25.3.0] Bo037 B745 [4565]
m; [GeV] *-\Tlu
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2004.10612, accepted by Nature Physics

Phys. Lett. B 812, 135992 (2020) EW ZZJ .

+ Both experiments have studied this using full Run 2 data

x Clear experimental signatures, particular in the ZZ->4l channel
+x Even lower statistic, compared to other channels

+ ATLAS used both lllljj and llvvjj channel. CMS focused on lllljj

+ EW signal modelled with both Powheg V2 and MG (for nominal and check) for
ATLAS and CMS. Interference between EW and QCD diagrams estimated with MG

+ Major background comes from the QCD production, and suffers from relatively
poor modelling

x Both analyses used data to constrain these processes

+ MVA methods are used to increase sensitivity
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https://arxiv.org/abs/2004.10612
https://www.sciencedirect.com/science/article/pii/S0370269320307954

Selections to observe the EW Z/Zj

* Basic lepton selections to pick up two (one) on-shell Z boson in the il (llvv) channel
+ ATLAS trained BDTs in VBS-enriched regions, by requiring m; > 300 (400) GeV for llll (llvv) channel, and dy; > 2
+ CMS used matrix element discriminant (Kp), with events in a much larger phase space: m; > 100 GeV

Year CMS Signal (EW ZZjj) Z+X qq — ZZjj gg — ZZjj ttZ + VVZ Total predicted Data
ZZjj inclusive
2016 (36 fb_l) 63 £+:0.7 28411 65.6 + 9.5 135 =20 84 £ 2.2 96 + 13 95
2017 (41 fb-l) 74 £+ 0.8 24 +£ 09 Ll 02 203 £ 3.0 9.6 25 117 =15 111
2018 (60 ﬂ)_l) 104 £+ 11 41 £ 16 98.1 £+ 14.2 291 + 43 14.2 4+ 3.8 156 £ 20 159
All (137 fb_l) 241 =25 94 + 3.6 2415 + 349 629 + 9.3 322 £ 85 370 £ 48 365
g " oo mzew |y oMby
o F ZZ (QCD Y74 ata 4
ATLAS & % +jﬂ’f EOth(cgs ) -%%certainty g 70 %tzfzx Wz —
% 50F | . | 2 S M veeY Egg’_) g
Process 00l g Wvvjj 2 Is = 13 TeV, 139 fb" c rd :
EW 27 ST o T o 2 - sof =z eeo Starting from 300 GeV,
30 2 3 ; :
D 7744 19 17943 40 - event yields are quite
QC i 7 5 4 3.5 ol N ]
QCD g9ZZjj 131+ 44 35+1.1 - 1 comparable
Non-resonant-£/ — 21.44+4.8 108 r#~ 20F ]
WZ - 24611 | (94— . . . 10g
Others 3.2+ 21 12409 &' ++T+, TT R B _
T s . A4, ez S aF 4
Total 115 +26 81.5+6.4 § 075 T i 1 Z f 4 + +_
o 05— : o : 3 2 N Y +
Data 127 ]2 500 1000 1500 2000 2500 % mo *ﬂgof’*‘gﬁ 1it +1200_-
mn. [GeV] m; [GeV]
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Constrain the QCD ZZjj

+ ATLAS used a dedicated QCD-enriched region by reverting either the m;; or the dy; cut, to constrain the QCD
ZZjj production

+* In the final fit, different correlation schemes of the theoretical uncertainties in the SR and QCD CR are tested

+ The m; modelling has been further checked in another high centrality validation region
40— e

" T T 25 T T T T T T
E ¢ Data ZZ (EW) fg ¢ Data ZZ (EW)
g 9% [ZZ (QCD) [ g9ZZ P [ZZ (QCD) mg9ZZ
=~ ot Il Others Uncertainty ; 2 20f B Others 7 Stat. Unc. -
5 . ATLAS @
g 25 ¢ + s =13TeV, 139 b S gl 6245 Tov, 139 1" _ , ,
55 R .. @ 1A In general, no clear mismodelling has
r gion High Centrality Region . . .
5t Z ol | been observed, with the limited
s statistics in the ZZjj channel
5t - o
g i i o _1| Very conservative systematics have
B wzdl + Y T = g 1S been assigned
a T, D 777774774477/ c 125 i %
; 1 2 + + + 1 7 / E 1%//*,,_.+_/ /§.+,.M., s y/v// T o s s ke
5 0o ' (RT3 75 l {
"0 100 200 300 400 500 600 700 800 2 0.5

0 200 400 600 800 100012001400160018002000

m; [GeV] m, [GeV]
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Background estimate in the llvv ch

+ ATLAS also explored the llvvjj channel

+ Larger and more complex background expected

+ lighter cuts applied compared to lllljj channel

x Higher jet kKinematic requirements (pT, invariant mass)
+x MET-significance requirement to largely reduce Z+jet

+ W/Z]jj - scaled with normalization factor derived in dedicated
3lepton control region

x The EW W/Zjj has been scaled by 1.77 following previous ATLAS results in
the EW W/Zjj analysis

+ NonRes (WWjj and ttbar) - estimated with a control region
with em pair

August 23, 2022 Bing Li
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600
[]
400
200r
0%—._‘—-% .
1.5 T T T T T T T T T
1.25
1 ,_____..____,________._._._,,.m...#._.~-M.««-ﬁ»wv-ﬁ;/y,/-/v++/~//r¢v
0.75 *
0.5t B
-1 -08-06-04-02 0 02 04 06 08 1
MD
33



Events / Bin

Data / Pred.

Multivariable analyses

40r ATLAS ¢ Data

‘e Data  EIZZ EW) 8 ‘e Data  ENZZ (EW) é
92 (QCD) M geZZ s 27 (QCD) M geZZ 2 o (5=13TeV, 13910 mzzZ EW) |
W Others 7 Uncertainty @ MEOthers - Uncertainty | & LW 2z (QCD)
ATLAS ] g ATLAS i 5o SianelRegion 53\?222
s =13 TeV, 139 fb w Vs =13 TeV, 139 fb" ] i iz
£% . ot Reg i . M Others.
ontrol Region Signal Region » 2 4 ) i
07;/{////%?%/////////////////{//////////////// i Bl 5 | s
034" 08060402 0 02 04 06 08 1 8 05" 08 -06-04 4;'.'2 0 02 04 06 08 1 2 08" 08060402 0 02 04 06 Y)fs 1
MD MD MD
BDT (ATLAS) and Kp (CMS) trained using sensitive variables
v" Mostly jet related ones in lllljj
v Both jet and dilepton related ones are important in llvvjj
Simultaneous fit performed to get the final significance of EW ZZj]
ATLAS HEW ugé%j Significance Obs. (Exp.) CMS
124245 14 +£0.4 0.98 +£0.22 5.5 (4.4) o Observed: 4.00
Combined 1.214+0.31 0.99 +£0.22 5.7 (4.8) o 1 22+0_47
Observation HEw = 1-22_0.40
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Fiducial cross section measurements

ATLAS

EW ZZjj (combining Illljj and llvvjj): 0.82 +/- 0.21 fb

EW+QCD Measured fiducial o [fb] Predicted fiducial o [fb]
00055 | 1.27 + 0.12(stat) £ 0.02(theo) £ 0.07(exp) &+ 0.01(bkg) £ 0.02(lumi) | 1.16 & 0.04(stat) = 0.20(theo)
vvjj | 1.13 £ 0.28(stat) = 0.04(theo) £ 0.06(exp) £ 0.15(bkg) + 0.02(lumi) | 1.07 £ 0.01(stat) £ 0.12(theo)

CMS Perturbative order ~ SM o (fb) Measured o (fb)
ZZ7jj inclusive
LO 0.275+0.021
EW NLO QCD 0.278 £0.017 0.331013 (stat)T9-03 (syst)
NLO EW 0240501 | | : ,
EW+QCD 5354051 520°0%(un+047yy  CMS has reported cross sections in several
RS fiducial regions, the inclusive ,VBS-enriched
i LO 0.186£0.015 0010070 . 140021 (loose) and VBS-enriched (tight), defined with
NLO QCD 0197 +0.013  O-189Z0.060 (Statigoiz (YsU) different m; and dy; cuts
EW+QCD 1214009  1.00%%12(stat) £ 0.07 (syst) J s
VBS-enriched (tight)
LO 0.104 + 0.008 +
EW i 0108 0007 0097003 (stat) 0.02(syst)
EW+QCD 0.22140.014  0.20700 (stat) & 0.02 (syst)
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Constraint on aQGC

+ CMS also set limit on the sensitive aQGCs, using the

my, distributions, and get the most stringent limits to CMS
date on the neutral current operators T8 and T9

+ \Very sensitive in the last bin, containing overflow
events with m, > 1400 GeV

August 23, 2022

@A = Fp N =022
—0.31 < f11/A% < 0.31
—0.63 < fr2/A% <0.59
—0.43 < frg/A% < 0.43
—0.92 < fr9/A% < 0.92
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m,, [GeV]
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Phys. Lett. B 809 (2020) 135710

EW WZ and same-sigh WW

+ Both collaborations have published results in those channels. CMS has used the

full Run 2 data

Summary of the selection requirements defining the W™W™ and WZ SRs. The
looser lepton pt requirement on the WZ selection refers to the trailing lepton from
the Z boson decays. The |m,, —mz| requirement is applied to the dielectron final

state only in the WEW= SR

Variable wEw= wz
Leptons 2 leptons, pr > 25/20GeV 3 leptons, pt > 25/10/20GeV
Py ~50GeV ~50GeV
|mge —mgz| >15GeV (ee) <15GeV
Myy =>20GeV —
Myyy — >100GeV
T >30GeV >30GeV
b quark veto Required Required
max(z;) <0.75 <1.0
m;; >500GeV >500GeV
|An; >2.5 >2.5
August 23, 2022

ssWW

CMS 137 o™ (13 TeV) CMS 137 b (13 TeV)
LI L . bw & & [ Go 8 K [-wa A X I X L e LP % & % [ & & 5 5 [ w @ & &
g I tvx - Data E B tvx - Data
= vy N\ Bkg. unc. = Vy N\ Bkg. unc.
42 I Wrong sign WW* ‘2 [ Wrong sign WW*
g [ Other bkg. I EWK WZ g [ Other bkg. I EWK WZ
m mwz ] mwz
zz — zz
[ Nonprompt - [ Nonprompt =f

ssWW

Data/SM

Data/SM
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i
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3000

—
vy -- Data
[ Wrong sign W\ Bkg. unc.
[ Other bkg. B EWK WZ
mwz
zz

Events / bin

-
[
o

[0 Nonprompt :

I tvx

2D fit (m;; vs my) for ssWW
BDT for WZ

Significance

Data/SM

; 1
BDT score

WZ: 6.8 (5.3) o for observed (expected)
ssWW: already far above 50
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http://dx.doi.org/10.1016/j.physletb.2020.135710

Cross sections and aQGC

CMS 137 o' (13 TeV) . CMS 137 fb' (13 TeV) cms 137 o™ (13 TeV)
— c v T T T T
> L I [ | [ | L | T 1T 1] > 0.015 L l L I L l |3 N I L I_ E -tle _¢_D'a(a
® 0.008 — 8 UL i Data i 210 — A\ S no.
O - MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. 8 song sen
; s — . Other bkg. EWK WZ
3 L oGl SRy oo 4 T e MADGRAPHS_aMC@NLO+Pythia8 with NLO corr. | o e s
=P PP MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. | &=, B EWWZ 102 A% = 20 TeV* z -
= 0.006 = B - % Nonprompt —E
£ ! £ 001 — 10 ey 1
e o - - =
5= S 1E =
S S E -
O 0.004 © 107" = E
102 = -
0.005 F g &
107 = =
0.002 = 1 1 L —
L T T T | T 1 T T l T T T 1 I T T T T I 1 T 1 ] 05
C = 0 500 1000,
> (U1'5 — e > 1.5 m;™ [GeV]
O |+= A 0 0 0 0 Rt ot 1 B ittt sttt b (o) ..g CcMS 137 b (13 TeV)
QT il g g i o|© - — v ]
<0 1 R e o e i Rl (o) 1 S 10t I vy I -4-Data I
= el BT e S E |'_ E [ Wrong sign N\ Bkg. unc.
0.5 = 0.5 5 10° [ Other bkg. B EWK WZ
AT ST S T T T T TS T Y S PR TR SR  TNN SN TN SN N SN SN T SN N TN SO TR S NN SR S T ] fralA* =29 Tev* mwz
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 102 — /A" =20 TV zz
m” GeV m GeV Nonprompt
1 JJ [ ] 10 I tvx
Process o B (fb) Theoretical prediction Theoretical prediction 1
without NLO corrections (fb) with NLO corrections (fb)
= T = 10‘1
EW W™W 3.98+0.45
0.37 (stat) £ 0.25 (syst) oy SRl 10-2
%
EW+QCD W™W 4.42 4+0.47 3.72+£0.59 3
0.39(stat) £ 0.25(syst) >4 +0-69 10
EW Wz 1.814+0.41 = 15
T R L 1.24+0.18 2
EW+QCD WZ 4.97 +£0.46 S
0.40 (stat) + 0.23 (syst) 4.54+£0.90 4.36+0.88 0.5
0 4
QCD WZ 3.15+0.49 0 1500
0.45(stat) £0.18(syst) 12070 3.12£0.70 miZ [GeV]
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SMP-21-001

EW opposite-sigh WWjj

*+ CMS also released the results in
WW channel with opposite sign,
with full Run 2 data

+ EW WWjj modeled with MG5. QCD
WWijj with Powheg v2. Interference
estimated at percent level

+ Events categorized in different
lepton flavor and centrality regions

August 23, 2022 Bing Li

Objects

Requirements

Leptons

ey, ee, iy final state, opposite charge
pr = phrel + ¥ pFif AR(L, ;) < 0.1
pd > 25GeV, p2 > 13GeV, p? < 10GeV
7] <25
pree > 30GeV, my, > 50 GeV

p/T > 30GeV
AR(j, ¢) > 04

Jets At least 2 jets, no b jets
| < 4.7
my > 300 GeV, Ang; > 2.5
MET pr s > 20GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-001/index.html

Observation of the EW processes

x Different discriminators are used for the fit

* In em channel - DNN
+ In ee/mm channel with VBS enhance region (m; > 500 GeV and dy; > 3.5) - m;
+ Other regions - one bin event count

B 5
~ L=138fb"(13 TeV) L =138 fb"' (13 TeV) o

g oL s e Sk £ VU mmwworw | Wl oo 2 Observed significance: 5.60
— EEE Muttiboson [ oy Sl =S - H 2 ] wweo i o . . .
T ww T 10° L HE DYnoPUjes W DY 1PUjet  Preliminary Fiducial cross section

rol E tW and tt =— VBS 3

5 0Es 5 Wy 3 3067 Measured: 10.2 +/- 2.0 fb

:>_)| 104E§:§ 3: m (Ge¥] =750 13001} 1500 2000 j Predicted: 9.1 +/- 0.6 fb

Data/Expected
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SMP-20-013

EW WW/W{Z + jj in semi-leptonic channel

+ CMS has released results in the semi-leptonic channel (lvjj) of WW/WZ decay, with full Run 2 data

+ EW WVjj from MG. The Z(I1)V(jj), with one lepton beyond the acceptance, is treated as background.
Interference between EW and QCD is checked to be below 3% and is neglected

+ Both large R (0.8) and small R (0.4) jets are used. Events are split into two categories based on the
jets from V decay

x Boosted category - events with one large R jet from V decay
+x Resolved category - events with two small R jets from V decay. In such case, the jet pair with m;; closest to
85 Gev iS Chosen CMS L=138fb" (13 TeV) CMS L=138fb'1(13 TeV)
_ - Bl Fome | wew B E b e
+ Higher priority for boosted category 0 op EMov verv, vy, veszavG) f @ F oy VBF-V, Wy, VBS-ZINVGi)
. . 108 Nonprompt -Top L Nonprompt -Top E
+ For the two tag jets (VBS jets) 10 Il [ Jvesiigove) torer Wlvetels [ [HESGvD E
« my > 500 GeV and dy; > 2.5

el

] E
Y S N R O
I a5 SRS RS

=]

1000 2000 3000 1000 2000 3000
mj\j’BS (resolved) mj\j’BS (boost)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/index.html

Evidence of the EW processes

* Three scenarios considered
+ EW-signal-only fit - fix the QCD WV contributions as SM prediction, pocp = 1
+ Ireat the EW and QCD together as signal - pgw = Hocp CMS

. . _ 138 fb' (13 TeV)
+ Simultaneous fit the EW and QCD - gy, Hocp both floating

; 2 4_| | | E I I 1 | R I | 1 1 | | LI I L | LI LI ‘ ]
. < e 68% CL expected 1
+ In the EW-signal-only case = ik s e
+ Observed (expected) significance: 4.4 (5.1)o ) 68% CL E
B U.obs B YD B 40.23 - = 95% CL .
HEW = —sm = 0.85 &+ 0.12 (stat) ;37 (syst) = 0.857,5;, 1.8 25 SM .
- 40.19 - +0.20 2 S best fit E
+ Inthe second case jigy ocp = 0.97 £0.06 (stat) 757 (syst) = 0.977)3, e g T Destl .
cMs L =138 b (13 TeV) cMs L =138 15" (13 TeV) 14 / /"’—§ .
2 0% <+t wew 3 2 w0k 4w owew 0 S N -
B sl Moy B verv, vy veszanvg) ] 2 F oy [ vBF-v, vy, vBS-Z(IV(ij) ] B \ I ,""- o, \ \N -
% 5 Nonprompt -Top E % LS Nonprompt -TOP _§ 1:— l‘{ "EE:' .'0. \ \ —:
= Wlets ] VBS-W()V(ij) E 10° Wlets [ VBS-W(v)V(j) 4 - \ "\ \ .
107 I:ISyst. é I:] Syst. % 08 B \\\<~.. ‘,. + =5 /-J ' ]
DNN used i E “l o6k N et s E
1o E 4 E F e I // -
10°E = 10° ‘ = 0.4 o R -]
3 ::3_ ® 12 — ‘- 02; _f
g. 1: s B g 1’:_.4 . e idd 1 T ] O:| | BT T I ST SR A SN B |:

3 o9f e T oo i i = 0 0.5 1 18 2 25 3
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Summary

+ Overview of the EW V + jj and VV + jj measurements at ATLAS and CMS, focus on the VBF and
VBS processes

+ With successful run and data-taking during Run 2, and comprehensive analysis studies, the VBF
and VBS processes have been observed in all the boson channels

+ Moving to new stage and start looking into detailed differential measurements

Candidate Z->mm event from 13.6 TeV collision!
+ Looking forward to the Run 3 data! 2 - W Candidate

I N7

hnn B N [ 7

This presentation focuses on full Run 2 results, unless only partial data results
available

All public results are available at ATLAS
ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Publications o7 EXPERIMENT
CMS: http://cms-results.web.cern.ch/cms-results/public- 20 53 ces
results/publications/SMP/index.html
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Publications
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions
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Eur. Phys. J. C (2020) 80:43 EW W + jj

Partial Run 2 data used, 35.9 fb?

Signal at LO with MadGraph5_aMC@NLO. QCD W events ., CMS 35.9 fb" (13 TeV)
generated with MadGraphb_aMC@NLO with up to 3 5
partons at NLO, and up to 4 partons at LO

Interference calculated with MG5

m; > 200 GeV. Event pT balance, R(pT) < 0.2
|p1j; + Py, + PTW

| i1 | + | P, | + | PTwW .

BDT used to separate EW and QCD Wijj

m;; correction applied, since a systematic overestimation of
the simulation yields is caused by a partial mistiming of the ob— v
signals in the forward region of the ECAL endcaps m; [GeV]

0.8

Data / Simulation

0.6 + Data / prediction

' With MC Stat. Unc.

R(pr) =

— Nominal my correction

— Correction Uncertainty
0.2

IIIIIIIlIIIlIII]III

Derived in the region with R(pT) > 0.2
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https://link.springer.com/article/10.1140/epjc/s10052-019-7585-7

Jet from quarks/gluon

+ A quark-gluon likelihood (QGL) discriminant is evaluated for the two tagging jests
x Exploits differences in the showering and fragmentation of quarks and gluons

x10° CMS 35 9 fb (13 TeV x10° CMS 35 9 fb (13 TeV
g B J I ! I ¢ Data : -QCD multljet - 'g 500__ I ; : I ¢ Dlata I -QCD multuet_
S 1000 W-puv - = EW W+jets x 30 E:,‘\"I“a’k d e F W-ev - = ' EW WHjets x 30 Cl:,?,“afk :
.8 - [ | EW.W+jets B Z+ets : § 400 :_ c EW.W+jets ) z+ets _:
- B B w+jets [ Interference - = N B wHjets [ Interference _
uc.l 800 N [ [ EZAMC stat. unc] I.I=J B B« (E MC stat. unc.
: i 300 ]
600 _
400[- .

data / pred

data / pred

1.
1
0.
0.

0 01 02 03 04 05 06 07 0.8 09 1 0 04 02 03 04 05 06 0.7 08 09 1
Leading jet QGL Leading jet QGL
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Sensitive variables

> Cwms 359 (13Tev) 5 CMS_ 359 fb (13 TeV x10° CMS 35.9 fb™ (13 TeV)
81010 ¢ Data -QCD mU“lJ 3 ¢ Data -QCD multijet N ¢ Dlata I -QCD multijet
8 10° W—)].LV = = ' EW W+jets x 30 E:;\:,uark 2 10° W-oev = = EW W+jets x 30 g:;\;luark 2 900 = = EW W+jets x 30 :]:,?Iuark
g Bl EW W+iets ) Z+jets =10 Bl EW W+jets ] z+iets _3 800 Bl EW W+jets [ 2Z+ets
3 10 B wjets [ Interference K] B w+jets [ nterference 'E B w+iets [ Interference
;E 107 B« EXIMC stat. un "E 10° [ [ A MC stat. unc w 700 [ 5 EZIMC stat. unc.
1]
W00 16°
5
10 10*
10* .
10
10°
102 102
10 10
o 1.2¢ - N OIS RIS NSO JVIRIOS SURTUONE ROV RPN S O 3
5 1.1 a f a
5 09f I g
L e T L S L ST IIIL IR IS B 0Sp ot S
0 200 400 600 800 100012001400160018002000 0 1 2 3 4 5 6 7 8 9
m; [GeV] An(j)

In general good agreement
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BDT results

-1 -1 = 7
- CMS 35.9fb (13 TeV) o CMS 35.9fb" (13 TeV) From the combined fit of the two channels, the signal
o 10° eData  EEtquark o 10 — o t quark strength is measured to be
~ 10’k Muon channel  mewwsjets B 60 multiet | — g Electron channel gew wsjets ™ QCD muttiet
8 " B W+jets o Z+jets 8 W w+jets o Z+jets
2 10 = o inorforence | & 10° W g interference | 4 = 0.91 3 0.02 (stat) £ 0.10 (syst) = 0.91 £+ 0.10 (total),
- 5 =t
5 10 0 10 . . .
10% corresponding to a measured signal cross section
/ 10°
10
102 10% ¢ o (EW £vjj) = 6.23 = 0.12 (stat) £ 0.61 (syst) pb
10 10 = 6.23 4 0.62 (total) pb,
1 Sample BDT > 0.95
10—1 10_1 L &
~ 0'3 Jet energy scale unc. L 0'3 Jet energy scale unc.
1 3 —_— g;;rk-g.fuyk?n Illullhm;d reweighting unc. 1 0 2 b g:;r:—:f;én}lllknllhm;d reweighting unc. VV 1 1.0 :l: 2.5 9.6 :l: 2.8
ary 02f —— T NS . acoene: = DY Zjj 9.4+5.9 7.743.0
o % sy e . W i 146 + 17 102 £ 12
= 0 ettt s ST S0ty 0 . SN N R Single top quark 355+5.6 25.7+42
@ 01 g =04 - | | | | T T QCD multijet 98 + 39 170 £5.6
® -0. coooc b b e by Ly U -024——11 L1 —L —L — — .
) %23 0.5 1 1.5 2 22 0 0.5 1 1.5 2 25 DYV kg s
BDT' Interference 18.2£8.1 9.8+55
BDT Total backgrounds 674 78 412 + 44
_ _ EW Wijj signal 503 + 54 308 + 34
Overall large systematic from jet energy scale EW Zjj signal 112413 6.6+0.9
In the high BDT region, QGL and QCD scale also large Total prediction 1186 £ 95 726 £ 56
Data 1138 686
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Events

(data / pred.) - 1

alGC results

+ A fit using pT of the lepton is developed to set limit on the aTGC
+ BDT > 0.5 is required to enhance sensitivity

10°
10°
10*
10°
102

10

CMS 35.9 fb” (13 TeV)
—®-Data . w
B Ew wejets | zejets
. Wijets . Interference
B« """ ATGC C,py=7.5
© tquark *** ATGC ¢ =20

B aco muttijet - atec ¢ =875

August 23, 2022

10!
Jet energy scale unc.
05F Quark-gluon likelihood reweighting unc.
QCD scale: u
QCD scale: u”
M, correctionnc. k\
0 =
. I k\ N N
_0‘5 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1
0 200 400 600 800 1000 1200
P, (1) [GeV]

Events

(data / pred.) - 1

10°
10*
10°
102

10

10

05f

CMS

35.9 b (13 TeV)

—®-Data

B Ew Wijets

B wijets
| I3

© tquark

. QCD multijei =" - ATGC c,=87.5

Bw

© Ztjets
. Interference
""" ATGC c,,,=7.5

*=* ATGC c,=20

Jet energy scale unc.

Quark-gluon likelihood reweighting unc.
———— QCD scale: p

QCD scale: pF
M; correctionfunc.

0 et e S
_0'5 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1
0 400 600 800 1000 1200
p.(e) [GeV]
Bing Li

Table 3 One-dimensional limits on the ATGC EFT parameters at 95%

CL.

Coupling constant Expected Observed
95% CL inter- 95% CL inter-
val (TeV~—2) val (TeV~2)

cwww | A? [<2:5,2.5] [—2.3,2.5]

cw/A? [—16, 19] [—8.8, 16]

cg/A? [—62, 61] [—45, 46]
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WW/WZ semileptonic - multivariable
analysis

+ DNNs are used to separate signal and background

Input variables

SHAP ranking
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