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Introduction
[ Jele]e]

The Standard Model

» The Standard Model describes the fundamental
constituents of matter and their interactions

> strong and electroweak (EW) interaction

> Rich variety of interactions derived from a
rather simple set of symmetries

» Self-interactions of electroweak gauge bosons

> Quantum corrections at EW mass scale fromiGERN
(probed in W/Z precision measurements)
> Large effects at highest energies SUG3)e x SU@2). x U(l)y
colour weak isospin  weak hypercharge
red, green, blue Iy =0,+3 Y

» At the LHC we can test the electroweak theory

at highest energies 8 gluons WL, w2, we B
> WH W, 2y
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Electroweak Theory

> Gauge couplings arise from the SU(2) potential term £ = —%W;}VW,’,”, with the field
strength tensor W3, = 8, W7 — 0, WS — gfanc WEWS
» |t generates cubic and quartic couplings
Ly = ley—yz [WE WV = Wo WHY + W W, v ]
Lo= e}, [WoWHwW, W - W W W
+ e, [WowrY - W v w 2|
eyl [2W WHZA - W ZEWS A - W AW 2
> With precise predictions of the coupling strength: e

e, = gsinfy, ey = and e; = e, cot Oy vz

e}’
2V2sin Oy
> They always involve a pair of W v

bosons, there are no neutral vertices '

» Heavy gauge bosons also couple to the
Higgs boson

m? m?2
Lhiggs = V—Z“Wj WHh 4 v—fz,,z”h2

wiz

wiz
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Gauge Cancellations

g "LEP
> Gauge-boson self interactions play a crucial role for z
©

the renormalisability of the electroweak theory 20

> Large cancellations of divergences arising in individual
diagrams are exact if couplings take the values of the SM

. - ) 101 E
— Diboson measurements are a sensitive probe of the inner

YFSWW/RacoonWw
structure of the electroweak symmetry [ oz erer Gente
only v, exchange (Gentle)
WIWE - Wi 0l : :
o o — - 160 180 200
W0 (b) --oeme from Phys. Rept. 532 (2013) 119-244 ' (GeV)
. (@)+(b) ——~
WIF @)+
10° = // . . . . .
> In processes involving quartic couplings, the Higgs
10° - . . . .
g »~{+}< . boson is governing the high-energy behaviour
10 |, T
5 T (if only massive gauge bosons participate in the scattering)
10? M{:"’ }f<+ {: . .
N T > Such processes became experimentally accessible for
1 1 1

first time in the LHC run-2

1
200 500 1000 2000 5000 10000 /s/GeV
from Nucl. Phys. B525 (1998) 27-50
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Experimental Probes

Trilinear Self-interactions Quiartic Self-interactions
» Diboson production » Triboson production
» Electroweak single-boson production » Electroweak diboson production

S =g =

» Any process involving quartic self-interactions

> Showing today: » Showing today:
> electroweak Zjj production > electroweak Zyjj production
> EFT interpretation of VV meas. > WWW production
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Vector-boson Fusion and Vector-boson Scattering
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Vector-boson Fusion (VBF)
and Vector-boson Scattering (VBS)
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Vector-boson Fusion and Vector-boson Scattering

» Quartic electroweak (EW) coupling experimentally accessible in EW production of WVjj
» Electroweak production of Vjj sensitive to trilinear EW couplings

s @ s i
Ji 7 A
v ;
@
o B4 %
v I3 @
& @ s
@ @ @ i

Q = W Purely electroweak interactions
oy, without self interactions ®

Purely electroweak interactions involving

@ a @ h g @ a g
only cubic and quartic self interactions 5 o A i A
- It I vt TESE o S

v 5 @ v £ 5

I R = I3 e I3

= P i w 9 “

Processes involving both strong and electroweak interactions @

+@® not gauge-invariantly separable — measure EW production

(" /@)+@® interference, subtracted from data or a modelling uncertainty s
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Experimental Signature

> No colour connection between scattering
quarks leads to characteristic signature

T
— AN (b)
% N &
g - 08— A —g
2 g \\ & 0.30 L L B B B B
_ N \ g (a) ZjjiX
é= 5 o4ar \\\ = g\ 025 a Pp JJ4
< Q \ &
) D el \ a1 QCD bkgd
\ = 0.20 ,7 -
\ < * O
\ [Ta) =
y a cl
L 0.0 L L 1 o NS
o 2000 4000 6000 8000 o 1 2 3 40 b
kel
my; [GeV] Any 5
>
» Additional activity in the event measured relative to
centre of “tagging jets”, e.g.:

yx —(}’11 +,V,'z)/2

, Cx =exp
Yjir =Y

N3 = N3~
Phys. Rev. D 54 (1996) 6680-6688/‘%5

nj1 —nj2

_4[nx = (2 + 77]2)/2]2]


https://arxiv.org/abs/hep-ph/9605444
https://arxiv.org/abs/hep-ph/9605444
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Electroweak Zjj Production EPJC 81 (2021) 163

» Electroweak Zjj production as standard candle to
benchmark theoretical calculations of VBF/VBS

» Critical for precise measurements of Zjj-electroweak is a

a e good understanding of background
0 ——— T
£ s [ATLAS Prefit Vs =13 TeV, 139 fb™, Zjj - Ilj —
g -¢- Data Il EW Zjj (PowHec+Py8) [ Strong Zjj (SHERPA) -
w, ZV(V -jj) Il tf, single top [C1Other VV =~ Uncertainty
10" o ' gap
e _Cra o N:
10° Jets Strong Zjj Strong Zjj
enhanced enhanced
10°§ >1 CRa CRb
10 9780 events 3286 events
1 EW Zjj Strong Zjj
—— T T enhanced enhanced
° H ' ' E —
g s g _ H ~ 1 =0 SR CRc
~ l/‘///////'//// /////// a2 7937 events 1992 events
o] “o— —o— o
BN el eea
o 12 3 4 5 12 3 45 12 3 45 12 3 465 0 5 1.0 5
m; =(1.0,1.5,2.25,3.0,4.5,7.5) m; bin . VA

» Strong Zjj estimation relies on Z centrality and central jet activity
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
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Electroweak Zjj Results

3 0FATLAS 5=13Tev, 1397 3 [ATLAS 1513 Tev, 139 o
% 172]] ~ Nl N5 =0, &, <0.5 (EW SR) ] g 10 LEW Zij 1l N =0,& <05 (EWSR) |
2 T pee 4 Data, stat. unc. 2 e 4 Data, stat. unc.
i e —— Toalne - - o
£ 10 e — 1 £ o2k == =] ]
S et S ==t
0102k V-1 4 b “ o
©° T -
ol R ] S [ —] ]
[B] Strong Zjj (Skerea) + X 4] Swerea 2.2.1
& st Zjj (MG5_NLO+PY8) + X -4 L[] Herwia7+VernL 3 =|
8 f )1
8 15 5T 8 .8 g 15 5 L} o 8
2 1W—qu;:-:|ti|1 e 1 et® | "% %% [ § [ ®}
2 o5 \ 2 05 : ° :
g zar 10° ~10° & 10° 2x10°  3x10° 4x10° 7x10°
m; [GeV] m; [GeV]
>.0.45
£ ATLAS . Vs =13 TeV, 139 fb*
> Inclusive Zjj cross sections measured in signal and £ °<"’EWZ"~"'5L . Niew = 0. &7 <05 (EW SR)
uminos
.. ©0.35F w5 3
EW-suppressed phase space + Zjj-electroweak s B U™ R 8 Kiong 24 mocer
N R = 03 I 0 EW Zjj model [ O statistics
cross section in SR (my, pr(ll), Ay;, Agy) £
©
. S . g
» Dominant uncertainty in Zjj-strong modelling and &

jet-energy scale and resolution

» Powerful EFT interpretation, including CP sensitive
10° 2x10° 3x10°  4x10° 7x10°
operators m; [GeV]
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Electroweak Z(— ¢£)yjj Production

AS-CONF-2021-038

Lepton Pfr > 20,30(leading) GeV, [n,| < 2.47 é : ATILAS ‘Prelln‘\inary‘ ‘. Da‘ta -
Ny>2 P i {s=13TeV, 139 fb* [CEW-2yjj -
] | Pre-it B QCD-2yjj
Photon E} > 25 GeV, |n,| <237 b W ZHets
— B0 < 0.07EY iy
- AR(l,7) > 04 N\ Total unc.
K Jet P> 50 GeV, ;o] < 4.4
Ay| > 1.0 .
my; > 150 GeV VBS signatu
+ remove jets it AR(v,7) < 0.4 or if AR((, j) < 0.3
Event mge > 40 GeV 0
My + myg, > 182 GeV 5 1_4E + ¥ 4
((ty) <04 strong-Zyjj 82 ALt ity t
N =0 separation g ogf hd i
0 02 04 06 08 1 12 14 16 18 2 22
(fiducial phase space selection) ()
< 140 @
8 130f ATLAS ) i
g 120 V5=13TeV, 139 fb 70 W
E 60

» Centrality used to control background from
strong Zvyjj (with a jet-veto for improved background modelli
» Background from misidentified photons

estimated in data, background from tty
validated in data

e ot \
0 80 90 100 110 120 130 140 150 160 170
JHEP 03 (2020) 054 m(uny) [GeV]

11/35


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
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Electroweak Z(— ¢£)yjj Analysis

= E T T 3 IS T T T
s E ATLAS Preliminary —+— baia 3 s ATLAS Preliminary —*— bara
2 E V=13 Tev, 130 fb! s E! 2 =13 Tev, 130t EWZYI
g E ' . QCD-zZyjj El g ' . QCD-zyjj
@ E SR - Ztjets 3 @ R B Z+ets
E, Post-Fit - E Post-Fit -
E| Loy <04 Total unc. 3 Liey < 0.4 Total unc.
5 s 15 7
o o
o o
< S
T T
[} o
1000 1500 2000 500 1000 1500 2000 2500 3000
m; [GeV]
Sample SR CR

» To minimise dependence on theory modelling, the

New -4 300236 5527 high-£;, is only used to constrain the mj; distribution

Nocp-zv;;  987+55 135260
Niy 72411 59+9 > Normalisation of strong Zyjj production is obtained

Nz 17+3 14+3 L .
Ny sots 85130 143143 separately in signal and control regions
Total 1461438 1624 +40 Bzysrong. R = 100018
N"bs 1461 1624 BZy-strong, SR = 1‘06:?:1167
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Electroweak Z(— ¢¢)yjj Results

Uncertainty in oew, meas.

Source Size (%]

Electron/photon calibration =+ 0.3

Photon + 0.3
» Background-only hypothesis rejected with 100 (exp. 1107)  Backgrounds +£10
Electron + 1.1
> Measured and theoretical Zy-EW cross sections: Flavour tagging 11
M .
TEW, meas. 4.49 + 0.40 (stat.) = 0.42 (syst) fb uon =1
MC stat. + 14
Oewtheo. = 4.73+0.01 (stat)+ 0.15 (PDF)TOZ (scale) fb Pllesp oy
(from MG5_aMC@NLO+Pythiag at LO) Jets +4.7
QCD-Zvjj modelling iy
> H _ f . EW-Zvyjj modelling i
Measured and theoretical Zy-EW+QCD cross sections:
12 Data stat. + 8.8
OEW+QCD, meas. =  20.6 0.6 (stat.)” + o (syst) fb Total 134
OewsQeD theo, = 20.4+0.1 (stat) + 0.2 (PDF)7¢ (scale) fb
(from MG5_aMC@NLO+Pythia8) includes 2% interference
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Z(— vv)yjj Introduction

> In the past, Z— vv analyses yielded more
stringent constraints on non-SM couplings

» Seen e.g. in search for non-SM ZZ couplings

» Using the missing transverse momentum to
trigger Z(—vv)y events

» This usually doesn’t impact sensitivity to BSM
effects, as these are expected at high energy

2Z—262v 7Z—4¢
JHEP 10 (2019) 127 Phys. Rev. D 97 (2018) 032005
£l %1079 [-1.3,1.3] [-2.4,2.4]
f£[x107%] [-1.1,1.1] [-2.1,2.1]
f [x1073] [-1.3,1.3] [-2.4,2.4]
fZ [x107%] [-1.1,1.1] [-2.0,2.0]

Expected limits on ZZy and ZZZ couplings

> 12 T T T T
g [ ATLAS ]
8 [ Data 2018, /=13 Tev 1
£ S ———t ]
L - ]
08 L ) i
. Y An(j) > 5, VBF scale factor -
C . o L1 E7P®(L1) > 50 GeV. ]
06— HLT: E7™ (cell) > 65 GeV and ]
£ o ET® (pufit) > 110 GeV |
0.4 — e~ HLT+L1 Data -
[ o - HLT+L1 MC 7
E - L1Data ]
0.2 fo*- —L1MC 3
[8) Al t t t t t t t t
= 1
3 08 W
g 0.6 | | | | I | | | L.
100 120 140 160 180 200 220 240 260 280 300

JHEP 08 (2020) 80 ET™ [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-01/
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Electroweak Z(— vv)yjj Production arXiv:2109.00925
c 180 T T T T T T T T T
o oF ATLAS Post-fit E
> (s =13 TeV, 139 fo™* . - Data
€ 140F EWZ(-vD)y &\ 4\ Uncertainty
g EW Z+y
w1201 —1 M Strong Z+y
100 : : ; ; JmEw wey
H H H H [ strong W+y
Wty yy
J W y+et
°
T
o 1
@ Datg/Post- N Ung ty.—P Psm, .
.25 0.5 alaé 015 .25 0.5 nﬂeal‘r; 5/0.25 ﬂﬁ’ellﬂolSIS/ﬂZS 05 10 15 5/025 05 1.0 mu [Tev]

Fakee CR W!,CR W),CR Z CR SR- m

Rev.Cen.

» Background-only hypothesis rejected with 5.20 (exp. 5.10)
> Measured and theoretical Zy-EW cross sections:

OEW, meas. =  1.31+0.20 (stat.) £ 0.20 (syst.) fb
Oew,theo. = 1.27 £0.01 (stat.) + 0.17 (scale) + 0.03 (PDF) fb
(from MG5_aMC@NLO+Pythia8 at LO, rescaled by 0.3% to VBFNLO)

> Largest sources of unc. in jet energy scale/reso. (7.6%) and Vy+jets modelling (6.7%)15/35


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
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Electroweak W*W=jj and WZjj Production PRL 123 (2019) 161801
PLB 793 (2019) 469
N SEAtias S E
Q > T T T T ; 40F 5=13Tev,36.1 " I:I%:g\gn ,;
3 ATLAS —+— Daa ] z Wzjj SR -7
g \5=13TeV, 36.1 fb? Wl tecoweak g ® = i ors
= 3 Non plompt . @ 30 o v
= I ely conversions A 3
2 . Wz ] 25
S Other prompt 9
iz:: o 44445 Total uncertainty ] 20
B 15
+ E 105
1 5E
>< 7; g 2
+ ‘ ‘ ] E
S 500 1000 1500 2000 2500 3000 8 1f
m; [GeV] ) .
g, -1 05 0 0.5 1
BDT Score

> The W=W=jj and WZjj channels have already been observed on a partial dataset of 36 fb
> They are theoretically understood well, at NLO EW®QCD (k-factors —10-15%)

> In the W*WH*jj final state, QCD and EW diagrams without self-interactions suppressed

= Powerful tool for the study of electroweak symmetry breaking
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-23/
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Experimental Statu

Standard Model Production Cross Section Measurements

Status: July 2021

) 20 i —
S 101 e ATLAS Preliminary i
— 0 Theory
o =5,7,8,13 TeV
5 108 N A LHC pp V5= 13 TeV 4
cfm . Bl Data 32-1300"
105 o 2o -
LHC pp V5 =8 TeV
10 ayg BB Data 2022031 -
pr |
10° Sl G B0 © LHC pp V=7 TeV ]
GG ee The EE oo s ion
_ ATLAS - CMS e LHC pp V5 =5 TeV EE
VBF Z 139fb™", > 50 EPIC81(2021) 163 137 fb™, > 50 EPIC78(2018) 589 | N ) 8
VBF W - 137 7%, > 500 EPIC 80(2020) 43 o LY E
VBS W=w* 36fb %, 650 PRL123(2019)161801 137 fb 1, > 50  PLB 809 (2020) 135710 o 8
VBS W=Z 36fb7!, 530  PLB 793 (2019) 469 137 fb™!, 6.80  PLB 809 (2020) 135710 N
VBS 22z 139fb7%, 550  aXiv2004.10612 137 fb’l, 400  PLB 812 (2020) 135992 %
VBS Wy - (137+20) fb’l, 5.30  PLB 811 (2020) 135988 a
1 ATLAS-CONF-2021-038 n
VBS Zy 139fb™", > 100 arXiv:2109.00925 137fb7Y, 940 arxiv210611082 >
yy-WTW= 139fb}, 84g LB 816 (2021) 136190 - e
VBS W 36fb7!, 270 PRD100(2019)032007 137 fb7, 440 CMS-PAS-SMP-20-013 i
=
t <
PPoyets Y W Z &t W 27 H Hi VHVy dvH  Wwy oy Vr @y
w - w (O ] L e ™

» Electroweak VVjj production has been observed in all major channels in the LHC run-2

> They are amongst the rarest processes currently experimentally accessible
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-032
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-23//
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-013/index.html

Triboson Production
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Triboson Production
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Triboson Production
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Experimental Status

» Triboson production has been observed at 8 TeV in Zyy (PRD 93 (2016) 112002) and
YYY channels (PLB 781 (2018) 55 in agreement with the NNLO calculation in PLB 812 (2021) 136013)

cms 137 b’ (13 Tev)

1004 Same-sign/3 leptons 3574/5/6 leptons

Events

> Evidence for WVV from ATLAS
> in80fb!(2015-2017 data)

> 410 (W) and 3.200 (WWW)
> PLB 798 (2019) 134913 n,

» Observation of VWV from CMS

> in137 fb! (2015-2018 data) =] i I I i
> 5'70—(W\/)’3.30—(WWW) ee el ppee eppufee ep puf2 10 AB 1234500
> PRL 125 (2020) 151802 13 mpout | mp-in | #SFQS | eofbins Z*en BDT bins ‘§§

Same-sign dilepton 3 leptons 4 leptons,

Phys. Rev. Lett. 125 (2020) 151802

New ATLAS result focusses on WWW in ¢*v{’*vjj and £=v€'*vE*y
> e*et+lj, e*u*+2j, utu*+2j (same-sign dilepton)
> 3(+ EM with no same-flavour opposite-charge lepton pair

— strong suppression of VV+jets

Data and prediction

+ Data + stat. uncertainty
N\ Background # systematics
Triboson signals

-1

WzzZ 0,
Bkg. in same-sign / 3 leptons
[@Lost/ three leptons

[l Charge mismeasurement
DWW+ / fw
[JNonprompt leptons

Wy - lepton

Backgrounds in 4/5/6 leptons
Ozz Owz [Dother
miz @Ewz
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-06/
https://arxiv.org/abs/2010.04681
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html

Triboson Production
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WWW Signal Definition
q W W W
g Z/p* U W
aaaaaadll / H
q
——trnmay W
el a S|g nal Ve

WWW Simulation

> on-shell WWW simulated with Sherpa 2.2.2 at NLO ! jf
> WH—WWW* simulated with Powheg+Pythiag at NLO G
> spin correlations accounted for in W decays VS ow f
> t- and u-channel production at O(a®) classified as background @ "

Background

WWW Analysis

> Experimentally, WWW—¢*v£*vjj is distinguished from VBS signatures by requiring at
least two central jets with m; < 160 GeV and |An;| < 1.5

20/35
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Measurement in £*£*2j events

20
3 }ATL/‘AS Pr‘ehmma‘v)j o‘Dava ‘ ENLH_W(E}HL 7] \mfjj 7n?iW|
4 ycon. Eictaeip gT( 0rwarﬁ jet)
400 -post.Fi IR . . . T significance
grp el > Signal is measured in a fit to a BDT Rl
w I . . . L. .
F discriminant minimum m(¢, §)
£ . . . . m(ly, j1)
o > BDT modelling validated in control regions NGois)
F > the my side bands pr (l2)
E > the WZ control region(s) \Tlfe)\
. ot 2 - i RSt
3 a b-tag control region N(leptons in jets)
o . . . . .
3 L before unblinding signal region m(fy; 51)
< |
o P
60 80 100 120m“1?(03e\:]ﬂ BDT tralnlng
variables

LA A A s A A L R
ATLAS Preliminary  Data  [JWWW(u=166]

2
ATLAS Preiminary ®Data  CIWWW(u= § 4oL ATLAS Preiminary e Daia  CWWWI(i=L 667
z & Wiz (§=137ev, 139" @wz  [ENon-prompt

. Non-prompt

f=13Tev. 139" By Cony, Dcharge ip 13T E
Other 7, Uncertainty SR WOther 7 Uncertainty

~Pre-Fi Bkgd E Post-Fit - Pre-Fit Bkgd

Events

SReet ther 7, Uncertainty
Post-Fit - Pre-Fit Bkgd.

Y
(M S A

14F
12f
) /J(/)( Y
AL
ok
017020304 05 06 07 08 08 1 017070304 05 06 07 08 09 0176203704 05 05 07 08 09
2 BDT output 21 BDT output 21 BDT output 21/35

Data / Pred.
Data / Pred.
°
T
P
-
e
L
Data / Pred.



Triboson Production
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Measurement in 3¢ events

w4 T T T T T T ™ @
Z ATLAS Preliminary ®Data  [JWWW(u=1.66)] 5 ATLAS Preliminary #Data  [JWWW(u=1661]
@ BF(5=13Tev, 130 EWZ  ENon-pompt o 7 Vs =13Tev, 130 fp* EWZ  EINon-prompt
£ . Iy conv. ECharge-flip . My conv. Charge-flip
5] SR3l WOther 7 Uncertainty SR3l WOther  ~ Uncertainty
& O postFit = Pre-Fit Bigd. 3 Post-Fit - Pre-Fit Bkgd.
b E 3¢
o 3 Er*significance x10/Ep "™
o E pr(fa)
] N (jets)
10 3
i + e same flavor my,
1t myp (L0, ET)
o o m(ly, l3)
© o 14F 25 %3/
o T L/ O 12f i{/ Ad,(gge Em‘ss)
S N I e W % . T
E g o f 4 minimum AR(¢, ()
a 0 12 14 a 01 02 03 04 05 06 07 08 09 1 pr ([3)
EP'* significance 3/ BDT output 0, s
myp(ly, E7™)
: : PR + pt i ESS significance
Higher signal purity in 3¢ events compared to £*¢*jj T S8

Separate BDT training to extract signal BDT training variables

Kinematic and angular variables, combining leptons and EF'ss

vV V. v Yy

Similar validation of BDT modelling as for £*¢£*jj
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[e]o]e]e] lele)

Backgrounds and Background Estimation

@ T . . . . .
§ ATLAS Preliminary o Data CIWWW(u=1.66) Normalization Factors
il Vs=13Tev, 139! @WZ @ Non-prompt WZ+0jets [ WZ+1jet | WZ + > 2 jets
Post-Fit @y conv.  [Charge-flip T12 £ 0.1 | 0.908 £0.04 | 088 £0.18
@ Other - Uncertainty
---- Pre-Fit Bkgd.
g 10°F
= = ATLAS
2k V5=13TeV,36.11b"
= F ]
2 w0
% £
< L
L ® Data
1 E  — Sherpa222
F - Powheg+Pythia x1.18
5 E— Sherpa 2.1
o 107 WZ > £vee
a & . . E
~ . RE e E
S 09 { E
g 0.8 @
S/ S S &/ &/ C =3
s"'?e*er R et /’?lltm R 3 I?Wzo/. RWZ][ "?erj 2
e
o
» Fit of BDT (SRs) and ms, (WZ CRs) &
ol , | | , |

» Largest source of background from /. +]ets production, o Tz a =
. . . from Eur. Phys. J. C 79 (2019) 535 s
constrained in control regions
> Most other backgrounds are instrumental and
estimated in data (misidentified leptons, photons conversions, )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/

Triboson Production
[e]o]e]e]e] o)

Cross-section Measurement

> Background-only hypothesis rejected with 8.2¢0-, where 5.40 are expected

Fit [ Observed (expected) significances [o] | u(WWW)
*_F
:izi Zg E;?; igg i gzg Uncertainty source Ao /o [%]
+ o+ ’ ! . Data-driven background 5.3
1 5.6 (2.8) 2.13 + 047 )
50 6.9 (4D 1.80 £ 033 Prompt—lept(_m—background modeling 3.3
3¢ 4.8 (3.7) 1.33 +0.39 Jets and Ep™ 2.8
Combined 8.2 (5.4) 1.66 + 0.28 MC statistics 2.8
Lepton 2.1
(relative to NLO Sherpa/Powheg+Pythia8 with ocyww = 511 + 42 fb) Luminosity 1.9
Signal modeling 1.5
Pile-up modeling 0.9
. Total systematic uncertainty 9.5
> The measured cross section, extrapolated to the Data statistics 112
total phase space, is: W Z normalizations 3.3
Total statistical uncertainty 11.6

owww = 850 £ 100 (stat.) + 80 (syst.) fb

» Compared to a theoretical calculation:
SEW [%] 50 [%]

w-ww+ 136*¢ (scale) +4 (PDF) fb +6.6 +67.1
W W~ 76 (scale) +2 (PDF) ¢ HEP 09 (2017) 034 NLO QCD + NLO EW 79 712
WEHSW=WHW- 293*] (scale) 8 (PDF) +3 (as) fb CERN-2013-004 NNLO QCD + NLO EW

505 fb
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https://arxiv.org/abs/1705.03722
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

Introduction Vector-boson Fusion and Vector-boson Scattering Triboson Production Interpretation Summary
[e]e]e]e] 00000000000 O00000e 00000000 [e]

ATLAS =

EXPERIMENT & \
Run: 349169 A
Event: 1043374730 4
2018-04-30 01:58:32 CEST




Interpretation
00000000

Interpretation
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Interpretation
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The Standard Model Effective Field Theory

% 10°F . D;nazmw
> Interpretation of multiboson measurements in & 1o} oonwn
the Standard Model Effective Theory (SMEFT) 105 'W*““ o
10 H
— Expansion of SM Lagrangian in increasing
powers of inverse scale of new physics, 1/A
®)
[
Lsmeer = Lsm + Z —0(6) + Z #058) E T
i 80100 200 500 1000 2000
Ein MelCVIE > F e

» Leading SMEFT effect expected from interference of dim-6 operators with SM:

o~ Msuerrl?

(c(é))z 499
= |Msul +Z 2Re(M(6 MSM)+Z ‘M“)’ A4l ZRE(M,(G)M/(G)*)-r..,
i<i

linear model quadratic terms cross terms

quadratic term at the same order, O(/\*“), as SM+dim-8 interference

» Focus on operators at dim-6

> 33 CP-even operators studied, assuming flavour symmetry and neglecting Higgs
27/35
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Experimental Input

>

Combination of several multiboson measurements

> pp —» WW — evuy: Eur. Phys. J. C 79 (2019) 884 using 36 bt
pp — WZ — ££€'v: Eur. Phys. ). C 79 (2019) 535 using 36 fb™*
pp — 4L — £60'¢’: JHEP 07 (2021) 005 using 139 fb~*

pp — Zjj — €Ljj: Eur. Phys. J. C 81 (2021) 163 using 139 fb~?

» Measurements with high precision and small background contributions
(assuming negligible effects of EFT on backgrounds)
» Sensitive to a large number of dim-6 operators affecting

> gauge-boson self-couplings (though no neutral couplings at dim-6)
> couplings of gauge bosons and fermions
> four-fermion couplings

vvyy

» Higgs-boson production kinematically suppressed:

> see ATLAS-CONF-2020-053% for dedicated EFT study
> see ATL-PHYS-PUB-2021-010 for a H-WW* and WW combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-010/

Interpretation
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Kinematic Distributions

= —T S10 LAAASARAASE RSN NASRAANARLRASAS T [0 T T T
S10°F ATLAS Preliminary Prediction 3 & [ ATLAS Preliminary — Prediction £ | ATLAS Preliminary Prediction
3 (=13 TeV, 36 ol ~ [ZZ2 Theory Uncertainty 3 {5=13TeV, 36 fb* Theory Uncertainty g Vs=13TeV, 139 fo*  [ZZZ Theory Uncertainty
= b aw + Measurement S btw, Measurement 2 VBEZ - Measurement
£ 10¢ P —— Stat.0 Syst. Uncertainty 3 EE\— g2 —— Stat.d Syst. Uncertainty 3 102 —— Statd Syst. Uncertainty |
BeoEe . g 2
g “ 10 El 74
% 1 * 4 ° | ssps %
- g % " %%
. “«  pp—oWW pp—-WZ pp—Zjj
10 E P
5 10 % % A
e
107F E * E 3 P P
k4 %
V2
0°F, I i I I | I | I
30 40 50 107 2x10 100 200 300 400 500 600 700 800 900 1000 -3 -2 -1 0 1 2 3
o . (Gev] mZ [Gev] 9
s T s T T T S10° T —— T
] ATLAS Preliminary Prediction 3 ATLAS Preliminary —— Prediction 3 ATLAS Preliminary Prediction
g VS =13 TeV, 139 fb" 772 Theory Uncerainty g VS = 13 TeV, 139 fb* Theory Uncertainty g V5=13TeV, 139 b ZZZ Theory Uncertainty
= 41, m, =m, region + Measurement =1 4), off-shell region + Measurement - L10E 41, m, > 2m, region + Measurement
g —— Stat.0 Syst. Uncertainty g 99 —— Stat.0] Syst. Uncertainty g —— Stat. Syst. Uncertainty
s P 2 3 ~
5 5 5 [ 4
® ) pp—4l S Lo pp—4l s 1 . pp—4l
- —— B —
Mar=Mz P my, off-shell —— ~ T Mgr>2myz
R el 5 107 e VT S
107 E +
sodern, E o
oororpprocens 107 4 o4
—+
1 | WW
10 10k -
T T A P P PO U UV FUUT S +
10 15 20 25 30 35 40 45 5 10 20 30 40 50 60 70 80 90 67 10 20 30 1° 20 10°
Mg, [GeV] My, [GeV] m;, [GeV]

> Assuming smooth EFT effects have the folding matrix of the SM
> Injection of BSM physics has been explicitly tested in m4, measurement
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Experimental Sensitivity

ATLAS Preliminary Linear Effect of Wison Coeffcient ATLAS Preliminary Linear Effect of Wilson Coeffcient

Vs =13 TeV, 36-139 fb" Lin+Quad Effect of Wilson Coefficient 15 =13 TeV, 36-139 fo* Lin+Quad Effect of Wilson Coefficient

Relative Effect of Wilson Coefficient, for A = 1 Tev Experimental Uncertainty Relative Effect of Wilson Coeficient, for A = 1 Tev Experimental Uncertainty

84c,2020 ] P16

§ 8

{ — &

o === o —

: | 4 7

836,504 | 3‘%:::’:0.059 /,_j

§ 8

g & Iy

04 Coags=0.21 | gi €,70.57

5 $

ki B . 3 L

2 osonic operators | =

P o=y efe22

5 e $ 1]

E :

e j P

i . E

3 B

4C. 054 It ey

§ b

E E

S chi=0.99 o] 89 ce=0.46

2 P

2 E Foursfermion operators

8 cro=011 T =10

§ | b

E E

S0 j'_'_'J [ B

§ &

; & p—

2 3

2 b

S C51 g; =01z

§ &

g & p—

3 q 3 =

3 Boson-fermion operators B

oo =051

i e ot wﬁou&»legton operators 34 [ oo nezEour-quark operators
o SE005 S8 a0 tw00 = " Ex ERETE 0

5505 05 ¢
4 [Gev) ™ (GeV] 3 [GeV] ) P Gev] me (Gev] m, (GeV] o9,
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Experimental Sensitivity

ATLAS Preliminarv Linear Effect of Wilson Coefficient

Vs=13TeV,

Linear Effect of Wilson Coefficient

raecten . ATLAS Preliminary

g 6,70 E =13 TeV, 36-139 fb'l Lin+Quad Effect of Wilson Coefficient

E elative Effect of Wilson Coefficient, for A = 1 TeV Experimental Uncertainty

ffeeost 0AFE =0.29 i : :

K oo W

E: 0.

1{3 Cpap=0.21 0.

% -0.2]

o -0.3]

;,z -0.4|

—_— \ » Combination of several final states

| allows to improve limits

| =y

K = ATLAS Preliminary Vs = 13 TeV, 36-139 b’

g = ‘ % F T f‘ T 7\77 T T T \: T E

3 b ——WZ ]

E: | g - -VBFZ ]

e | — Combination

. —=]

i |

% =011 i 4'_,_[ | 3:7

1%“ =T j'_'_'J } 2—

| e

E Co 5L | i

E: \1‘1 | «952541241154),14165 0606 61 04563 6.25

I EED | w

E | > |dentified 33 sensitive CP-even
- Mt oo coefficients in the Warsaw basis ..
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Transformation of Basis

» Simultaneous constraints on multiple Wilson coefficients facilitated through

complementarity of measurements
ev o  ATLAS Preliminary Vs=13TeV, 36-139 fb™

> Limited information in
measurements prevents
constraining all coefficients

@
Ciig

ol
]

ol
Cun

12
Cuir

)
Cuir
)
it

15l
Cun

— Sensitive directions in space of
Wilson coefficients identified
from eigenvalue decomposition
of the covariance matrix

I

161
Cuir

m
Cuir

han » Eigenvalues as sensitivity
el
C estimate:
C2a21
&, 1
el o=—
Cy CS: Cows Cro o ¢ Cue o CS; Chy Chg C‘(;; C\(:) €y Cy Ceu Coy Coe c:]n CE::) cf;" ﬁ!f:’ ﬁ

> Limits are set on linear combination of Wilson combinations in Warsaw basis
— Transformation of basis with reduced dimensionality
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Results
L ATLAS Preliminary Vs =13 Tev, 36-139 b —*Lin, individual |
14— —&— Lin, profiled —
- A=1Tev —+— Lintquad, indiv
C [ d
3 05— Lin+quad, prof T
= OS5 1
: - ‘ ‘ ]
s F d
2 oF 4 xl , ii‘l H” Q“#l Ll .
e p TTD happ TIT AL
a [ d
- — 68% CL 1
-0.5— —]
- — 95% CL b
N (3) [0] (1] (2] (0] {[0] a
- Cw Chq Cyit Cyit Cyit C2q21 Cuq —
= 081c,,,,, +0.38¢,, +0.13ch, +0.37cy - 0.14c]” +012cy) ey = -0.37cl) +0.89c() - 0.11¢,, - 0.21¢,, ~0.13¢,,
= 0.73c; -0.28c!; - 0.48c,,, +0.38c;” + 0.13c{;) = 0a1cl +0.22¢ +0.95c ~0.2ck;
= 0.37¢,,, +0.17¢,, ~ 0.31cly 053¢y +0.25¢,,, +0.59c” - 0.21cly ATLAS Preliminary = 13Tev, 36139 "

2
5

8

g
I

> Limits set at 95% confidence level,
both for the “linear” and “linear plus quadratic” models
(difference illustrates effect of truncation of EFT expansion)

» Fits of individual coefficients, as well as combined fit

205 %04 03 02 01 0 o1 02 03 °
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Interpretation of Quartic Electroweak Couplings

» There are no dim-6 operators that affect quartic electroweak couplings

» In VBS and triboson processes we study dim-8 operators only affecting quartic EW
couplings (assuming the dim-6 coefficients are 0, and other dim-8 operators are constrained elsewhere)

WWWW | WWZZ | 7777 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
four 9,6 ——— Too Lol X X X [ 0 0 0 0 )
. Latos Lat ot seats X X X X X X X 0 0
two 9, P, two £,y > I Lus Las Lvs Las | O X X X X X X 0 0
Lro .Lry L1 X X X X X X X X X
four F, — Lrs Lre Loy [} X X X X X X X X
! Lro Lro 9 0 X 9 0 X X X X

from PRD 93, 093013 (2016)

> Literature suggests that VBS is also useful to constrain dim-6 EFT operators,
see e.g. arXiv:2101.03180

= Route to systematically study quartic electroweak couplings in the future
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https://arxiv.org/abs/1604.03555
https://arxiv.org/abs/2101.03180

Summary
[

Summary

> Processes involving quartic EW couplings have become experimentally accessible
> Observation of all major VBS processes in EW VVjj production in the LHC run-2
> First observation of pp—WWW production

» Critical step in the study of EW symmetry breaking with the Higgs mechanism

> First systematic study of diboson production in SMEFT framework in ATLAS

> Simultaneous fits of several linear combinations of Wilson coefficients
— Loss in stringency with improved generality

S
7

&
S
S

® D,
Data

> We're well prepared to explore EW couplings in run-3 and beyond 5’?
@

35,

- ’
" g ey

Events /gy

Events / 10 GeV

7380 0 1
Photon E [GeV]

2
Svco, S
Boue Goyroron,

-1

ing
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EFT Results for Additional Operators

ATLAS Preliminary Vs=13Tev, 36-139 fo* —*~ Lin, individual == 68% CL
—&—Lin, profled —9%5%CL A
A=1Tev —— Lin+quad, indiv —
© l —¥— Lin+quad, prof E
] E
; E L *l%? J ‘lg? l ' é‘yl ki_- | . =
s £ LA 1 } ' E
£ -
a =
g E
a = =
-10— -
-15 =
- 03] 1] 15] 161 7] ] 2] 03] E
20 Cyr Gy Cur Cvr Cvr Coqa Coga Coga
ot = - 0,196 - 0.14c) + 0.86c{y + 0.415,,, - 0176, clll = ~0.286, 5 * 0.71¢, - 0.31¢y) - 0217 - 0.5¢,,, - 0.14c.”
Ch =~ 0.350, 5 + 0,49, + 0.26c(}) +0.35c(; + 0.51c,,, + 0.38c; + 0.18c(y) Do = 0.56c(;) +0.44c() + 0.61C,, = 0.1, +0.34¢,,

@ @ @ w
0.25¢,, +0.33¢,,) - 0.22¢(]) + 0.18c,,, ~035¢;” - 0.3¢(;) + 0.71c,,, - 0.16c,,

=-0.22¢{) + 0.52¢; - 0.396,, +0.44c{” - 0.22¢{y + 0.52c,,,

® @
68c,,’ +0.150, +0.33¢, ~ 0.51c,, +0.13c,, - 0.37¢,,

=-0.27c}) +0.79¢,, - 0.39¢,, + 0.26,, - 0.2, ~ 0.16C,,

Summary
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EFT Results for Additional Operator

‘Wilson coefficient and operator ~ Final state affected at leading order Ced (@ype)dyPd) v )
vty By 4¢ i e () Gay'u) v v )
G [ GGG v Ty (dyd) v v )
cw A v v v C?fl) (fm)(e:yﬂe) v v )
cup (H'DuH)" (H'D,H) v v v C.(;{%B) (t{nq)(qr‘iq) v
cuwp  H'THWLB" v v v v C?;,” @ yuq)(@ry"q) v
cp HID @D v v v 7y @ v
) (H' DY)y v v v v c:,Iq') (@ To9) G T i) ,
CHe (H'iD H)(@ye) v v v c?su' (@y,)ayt ) v
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Eigenvalue Decomposition - Full Covariance Matrix

0.0295

0.0494

0.0577

0.0869

0.15

0.151

0.371

0.406

08

1.09

2.09

234

282

5.29

6.68

ATLAS Preliminary s =13 TeV, 36-139 fb™

Summary
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0,02
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Correlations Final Fit

ATLAS Preliminary /s = 13 Tev, 36-139 fb*

Correlation

.[3]
4
@
Cy

(@) 0 1) 2 3 4] IR (0 A 2 T R
Cw Chia Cvir Cur Cuir St Svir Cuir Cuir Cvir C'2q21C 2421 2021 2021 Caq
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WH Measurements

ATLAS VH, H- bb (s=13 TeV, 139 fo™* imi
?Eq??rs'qg';z.l Fe4Total | |Stat. [ Syst. SM
—Total  —Stat. poen
H-yy, m, =125.09 GeV
Tot. (Stat, Syst.) Total  Stat. Syst.
aor
1027 ,+018 +019 ggF + bbH 102011 (£008,+ °7)
WH L 0.95 5% (%180 018 )
VBF ==1] 134+ (% (£018,% 01)
WH 8 233+ 03 (55 * o)
+0.25 (4017 +0.18
zH Fe 108 T55 (%0170 -01s) v oo
H 064% G5 (05 .+ o5
e 0825 92 (2 3% .2 29)
Comb. K4 +0.18 (4012 +0.14
102 537 (Goars o1 P AN A B AN SR AR S
mmmH‘i\éu‘\2”‘é\éu‘émé\ém)‘m‘i\éms -2 -1 0 1 2 3 4 5 6
X . . . SM
“.bb GF/UH
VH

» Measurement of VH,

H in139 fb!
> Measurement of VH, —yyin
H— bbin139fb! » ATLAS-CONF-2020-026

» EPJC 81 (2021) 178 > Large negative correlation (—42%)
between WH and ZH

Y . 08/(0B)sm = (5.9+1.4fb)/(4.53+0.12 fb),
p-value= 50%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/fig_10.png

WWW in CMS

Combined

www
wwz
wzz
7Z2Z

CMS 137 b (13 TeV)
T T
! ! e BDT total stat
> S tial-cut . .
i ‘ + equential-cu 1.02 tggg fgzz&
| |
1 1
L 115 2593
1 |
R 086 9% 9%
i T
1 ]
° 192 1.78
3 ——— 224 7 *124
| |
Allowed <54 |
\ \
Il L Il Il L L
0 1 2 3 4 5 6

Signal strength p

Summary
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Process Cross section (fb)
Treating Higgs boson contributions as signal
VVV 1010+210 +150
WWW 590+160 +1 i
WWZ 300+120 +5o
wzz 200“63 +;g
777 <200
Treating Higgs boson contributions as background
VVV 370+}40 +80
WWW 190110 +80
WWZ 100 +30 +30
WzZ 110+100 +3o
777 <80

(Measured cross sections)

From Phys. Rev. Lett. 125 (2020) 151802
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html
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VWV in ATLAS

ATLAS {s =13 TeV, 79.8 fb™'
T T T T T
tot. - - - - Combined
stat. —_— ggrm"g: Sal tot  stat
1062 4039
www 2 o - w=213 5z Loz
1054 4049
www 3 w=047 o7 lom
1098 4049
wvz 3 w=042 oo o4
1092 4083
wvz 4 —e—4 W=244 s o35
[T 039 w025
Combined 1 w=140 o5 o
| | IR | |
2 4 6 8

best fit u = oWW/oyV

From Phys. Lett. B 798 (2019) 134913
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/

WWW Event Yields

oF o Sut =t 30

WWwWw 293 +44 128 +19 84 + 12 358 £52
w2z 80.6 £ 5.7 344 £+ 22 171 £ 10 | 164 £ 1.4
Charge-flip 303+£72 188 4.5 — 1.7+04
7 conversions 62.1 £87 142+ 15 - 1.5+ 0.1
Non-prompt 16.6 £ 4.1 138 £ 24 98 + 21 26.3 £2.9
Other 228 3.7 102+15 59.7+9.0 | 80+0.9
Total predicted | 242 + 11 872 £ 22 414 £17 | 89.7 £ 5.4
Data 242 885 418 79

Summary

[¢]

35/35



Introduction Vector-boson Fusion and Vector-boson Scattering Triboson Production Interpretation Summary
[e]e]e]e) 00000000000 0000000 00000000 o

ATLAS.. ..

Event: 1133130390

EXPERIMENT 2017-09-27 23:08:46 cest
WWW —uvutvjj candidate event. The jets have pr=186 GeV and pr==84 GeV, with m;=80.9 GeV. The BDT score is
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Z(—vv)y Selection

Variable SR WJ,CR W} CR Z .. CR Fake-eCR Low-EM VR
pr(j1) [GeV] > 60
pr(j2) [GeV] > 50
pr(j>2) [GeV] >25
Niet 23
Npjet <2
Agj <2.5[2.0]
Al >3.0
n(j1) xn(j2) <0
Cs < 0.7
myj [TeV] >0.25 0.25-1.0
ET"‘f“ [GeV] > 150 - > 80 > 150 < 80 110-150
E;"Ss']el?’rm [GeV] - > 150 > 150 - > 150 110-150
Egrels\nu-']vl [GeV] > 130 > 100
AbGi E)’rlf!iss,lep-rm) - 10

ly 1
pr(y) [GeV] > 15, < 110 [> 15, < max(110, 0.733 X mr)]
Gy > 04 > 04 > 04 <04 >04 >04
A, E‘_}niss,lep-rm) S 18]
Ny 0 1pu le 0 le 0
pr(0) [GeV] - > 30 > 30 - > 30 -
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Z(—vv)y Uncertainties

Source 1o Uncertainty on iz, 1o Uncertainty on Bjyy 1o~ Uncertainty on 8(H — yya)
Jet scale and resolution 0.076 0.045 0.0011
Vy +jets theory 0.067 0.044 0.0018
pile-up 0.040 0.021 0.0004
Photon 0.035 0.031 0.0011
e — vy, jet— e,y Bkg. 0.035 0.034 0.0028
Lepton 0.027 0.003 0.0008
Episs 0.023 0.018 0.0003
Signal theory shape 0.020 - -
Signal theory acceptance 0.12 - -
Data stats. 0.16 0.11 0.0056
Wy +jets/Zy + jets Norm. 0.073 0.013 0.0004
MC stats. 0.063 0.046 0.0026
Total 0.25 0.15 0.0073

Summary
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Z(—vv)y Event Yields

v v Y SR - mjj [TeV]
Process Fake-e CR W, CR Wi CR Zgev.cen. CR 0.25.0.5 05-1.0 L 1.0-1.5 S 15
Strong Zy +jets 8+8 0£1 3+2 50+12 20+6 54+12 13+5 5+2
EW Zy +jets 0.6+0.2 0.3+0.2 0.4+0.2 T+2 41 307 25+5 36+7
Strong Wy +jets 43+9 47+9 133 £21 246 22+6 35+10 9+3 3x1
EW Wy +jets 19+6 317 59+13 1.4+05 2+1 61 41 5+1
jet—y 1+1 2+2 3+2 2+2 1+1 2+2 1+1 04+03
jet— e 34+17 5+3 - - - - - -
ey - 27+04 29+04 131 61 111 2.6+04 14+03
¥ +jet - - - 0.7+0.5 0.7+0.5 04+03 0.1+0.1 0.1+0.1
iy /Vyy 31 942 1342 31 241 441 04+02  0.1+0.1
Fitted Yields 108 + 10 96 + 8 213+ 14 102+9 58+ 6 143 + 12 54+5 52+6
Data 108 95 216 100 52 153 50 52
Data/Fit 1.00+£0.14 0.99+0.12 1.01+0.09 0.98+0.13 | 0.90+0.15 1.07+0.11 093+0.16 0.99+0.18
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