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Introduction

 Electroweak-induced (EWK) WWijj, WZjj, and ZZjj, production is
predicted by the SM with 0.1-50 fb cross sections at 13 TeV

* Mechanisms include quartic couplings and double triple gauge
couplings, including t-channel and s-channel Higgs boson exchange

* Anomalous quartic couplings predicted in new physics models and
effective field theories would enhance cross sections

* All 3 channels with t-channel Higgs diagrams (W*W?jj, WZjj, and ZZjj)
have been observed now by at least one experiment, and variety of
other results have been recently released



Outline

* Theoretical background information

 Summary of significances in different channels and summary of aQGC
measurements in different channels

* Details about 5 recent results from ATLAS and CMS
e ATLAS, submitted to PRL: Observation of EWK W*W?jj production
e ATLAS, published in PLB: Observation of EWK WZjj production
e ATLAS, preliminary result: Observation of EWK ZZjj production
* CMS, submitted to PLB: Measurement of EWK VVjj production, semileptonic
e ATLAS, submitted to PRD: Measurement of EWK VVjj production, semileptonic

27 August 2019 Andrew Levin 3


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-033/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/

Relevant Feynmann Diagrams
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Source: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/



Anomalous Couplings Frameworks

* Quantify deviations from the Standard Model in a general or model-
independent way

* Allows us to compare measurements in different channels and
different experiments

* Dimension 8 Effective Field Theory
F.
e [ = LSM T ZiA_;Oi
* Operators involving D ¢: Lgy
e Operators involving Bwor W‘uvi L1090
* Operators involving D ¢ and either B ,or W', : Ly,

For example: Lz = B, ,B**Bg B'®



Electroweak-induced VVjj production
significances, fully leptonic results

Experiment | CoM Energy | WEWjj | WEWjj W Zjj 22))
CMS

8 TeV 200
ATLAS 8 TeV 4.50
CMS 13 TeV 550 220 2.70
ATLAS 13 TeV 6.50 530 550
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269319303636
https://www.sciencedirect.com/science/article/pii/S0370269317308328
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://cds.cern.ch/record/2682845

Limits on dimension 8 EFT operators

CMS
July 2019 ATLAS = Channel Limits [ Ldt s
£ IA® ] WWW -12e+00, T.2e+00] 350 fo 13 TeV
T.0 [—] Zy -3.8e+00, 3.4e+00] 19.7 fb! 8 TeV
[ | Zr -74e-01, 6.9e-01] 259 b’ 13 TeV
] Z7 -3.4e+00, 2.9e+00 292 fp! 8 TeV
I 1 v _5.4e+00, 5.6e+00 197 ! 8Tev
—] ss WW -4 2e+00, 4.6e+00 194 fb! 8 TeV
| o | ss WW -6.2e-01, 6.5e-01 359" 13 TeV
= Wz -7.5e-01, 8.1e-01 359 fb! 13 TeV
H ZZ -4 6e-01, 4.4e-01 3590 fb’ 13 TeV
1 WV ZV -1.2e-01, 1.1e-01 359! 13 TeV
T | S— WWW -3.3e+00, 3.3e+00 35917 13 TeV
T.1 f——] Zy -4.4e+00, 4.4e+00 19.7 fo! 8 TeV
— Zy -1.2e+00, 1.1e+00 359 fb! 13 TeV
[—] Wy -3.7e+00, 4.0e+00 19.7 fo! 8 TeV
[—— ss WW -2.1e+00, 2.4e+00 194 fb! 8 TeV
H s5 WW -2.8e-01, 3.1e-01 359 fb! 13 TeV
WZ -4 9e-01, 5 5e-01 359 fb! 13 TeV
H yrd -6.1e-01, 6.1e-01 359 fb! 13 TeV
| WV 72V -1.2e-01, 1.3e-01 350 fb' 13 TeV
A — WWW 2 7e+00, 2 6e+0 3597 T3TeV
T2 L | Zy -9.9e+00, 9.0e+00 19.7 fb! 8TeV
| Zy -2.0e+00, 1.9e+00 3BgMD! 13 TeV
I 1] Wy ~1.1e+01, 1.2e+01 19.7 ! 8 TeV
[ 1 ss WW -59e+00, 7 1e+00 19.4 fo! B8TeV
— ss WW -8.9e-01,1.0e+00] 359" 13 TeV
| | WZ -1.5e+00, 1.9e+00] 359 ! 13 TeV
| e | 77 -1.2e+00, 1.2e+00] 350 fb! 13 TeV
H WV 2V -2.8e-01, 2.8e-01] 259 fb! 13 TeV
f h\4 I ] 2y -9.3e+00, 9.1e+00] 203 fo 8 TeV
T5 [ Zy 7.0e-01, 7.4e-01] 59! 13 TeV
— Wy -3.8e+00, 3.8e+00 197" 8 TeV
£ Al [ = 7y -1.6e+00, 1.7e+00 359 13 TeV
T6 ——— Wy -2.8e+00, 3.0e+00 19.7 i 8TeV
Al — Zy -2.6e+00, Z2.8e+00 35917 T3TeV
T7 I ] Wy -7.3e+00, 7.7e+00 19.7 fo! 8 TeV
1 — Vg ~T.Be+00, T.Be+00 197 fo! BTeV
fralA H 7 47e-01,4.7-01] 359! 13Tev
— Zy -1.8e+00, 1.8e+00] 202 b’ 8TeV
| o | 77 -8.4e-01, 8.4e-01] 250! 13 TeV
TG ! ] 2y -7 4e+00, 7.4e+00 203" 8 TeV
T — Zy -4 0e+00, 4.0e+00 197 ! 8 TeV
— 7y -1.3e+00, 1.3e+00 359! 13 TeV
| | Zy -3.9e+00, 3.9e+00 2021 8TeV
| | —— | 7z | -1.8+00, 1.8+00 3591 13TeV

aC summary plots at: http://cern.ch/go/8ghC aQG C |_|m|ts @9 5% C . |_ [TeV‘4]

Credit: Matthew Herndon
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ATLAS: Observation of

EWK W*W?* production
(1)

Based on 36.1 fb1 collected at 13 TeV

Fully leptonic final state (lepton =
electron or muon)

Observed signal significance: 6.5 ¢

Expected signal significance based on
Sherpa (LO-QCD, 0 and 1 jets): 4.4 o

Expected signal significance based on
POWHEG (NLO-QCD): 6.50

Significance is extracted by performing a
simultaneous fit in the signal region and
two control regions Run: 302956

Event: 1297610851

2016-06-29 09:25:24 CEST
mij; = 3.8 TeV




ATLAS: Observation of EWK W*W= production
(1

)

Signal region selection Control region selections
* Single lepton triggers * Low mj control region
* m,>20GeV * Replace m;>500 GeV with 200 < m; < 500 GeV
« MET> 30 GeV * WZ control region

o * Apply signal region selection to first two leptons,
* Leadingjet p;>65GeV, [n]| <4.5 looser selection to third lepton
* Sub-leading jet p;> 35 GeV, |n| <4.5 * Contains a single bin ,

* Normalization of WZ is a floating parameter

* Lepton p;>27GeV, |n| <25
* m;>500 GeV
* |ijj |>2

B-tagged jet veto

Split into 6 categories for e*e?, e*u?, and p*ut
and 4 m; bins



ATLAS: Observation of EWK W*W=* production
(1)

Signal region Control region
:;J | 'IA'T,'-‘A'SI L L [,l! L L = I I I R I I I ]
L —+— Data N o ATLAS —+— Data .
S C ] = =
S 2 (s-13Tev, 36,1 b e Searawedk ] 2 o0l Vs =13 TeV, 36.1 fo’ e Seoweak E
— - Nnn—pmmptl ] E_. Control regions Nnn—prnmptl 7]
‘; 20 ] EEEDWEE'DHS 7 1 - ) ] Euf"émmersmns —
uc_._. Other prompt . 200 o - Other prompt .
LI}J B 22422, Total uncertainty n & 50 o =%+ Tofal uncertainty E
oF E 150 £ o -
- - TR ]
10 = 100 30 E
’ 20 =
5 E 50 of i
. 0
500 1000 1500 2000 2500 3000 — e e ep- et pp- pw
m; [GeV] WZ CR low m, CRs
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ATLAS: Observation of EWK W*W=* production
(IV)

* WZ background normalization determined from WZ control region

 Method to estimate fake (non-prompt) lepton background

1. Define a scale factor between fake leptons passing a control lepton selection and
the signal lepton selection

2. Measure scale factor in data events with one b jet and one control lepton as a
function of scalar sum of lepton pt and tracks within AR = 0.3 of the control lepton

3. ?ubtract contamination from real leptons in numerator and denominator of scale
actor

4. Apply scale factors to data events that pass signal selection with signal lepton
replaced with control lepton
* Method to estimate electron charge flip background

1. Measure charge flip rates in data using Z = ee events
2. Apply charge flip rates to opposite sign events in simulation



ATLAS: Observation of
EWK W*W?* production
(V)

*  Fiducial region definition:

*  Leading (sub-leading) jet p;> 65 GeV (> 35 GeV)
and [n;| <4.5

* Lleptonp;>27GeVand |n|<2.5
* AR, AR>0.5
*  m;>500GeVand |y;| >2
*  m;>20GeV
*  MET>30GeV
. Leptons are dressed with photons within AR =0.1
*  Fiducial cross section measurement:
o = 2.897051 (stat.)*324 (exp. syst.) ¥ 14 (mod. syst.)*5:98

+  Sherpa prediction: 2.013:33 b
*  POWHEG prediction: 3.0813:42 b

*  Measurement is based on signal strength fit with Sherpa
as signal, with the fit only considering shape theoretical
uncertainties

27 August 2019

(lumi.) fb

G [fb]

ATLAS

Total experimental uncertainties |

Total theoretical uncertainties

= Theoretical scale uncertainties

S

s

s

3

=

3

- \s=13TeV, 36.1 fb" =22 Experimental stat. uncertainties

.r".f.-".p-".-r".-r".‘.-".r-’.rr".-f.-f.-“'f‘_

==

Interference with strong production and NLO EW
corrections are not included in theoretical predictions

Andrew Levin
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ATLAS: Observation of
EWK WZ production (l)

Fully leptonic final state (lepton =
electron or muon)

e Using 2015 and 2016 data
* Observed EWK signal significance: 5.3 o

* Expected EWK signal significance: 3.2 ¢

e BDT trained to distinguish EWK WZjj from
QCD WZzjj

* Significance extracted from simultaneous
fit of 4 regions

1.
2.
3.

4.

BDT score in the EW WZjj SR
m;; distribution in QCD WZjj CR

multiplicity of b-tagged jets in b-tagged
CR

m;; distribution in ZZ CR

27 August 2019

Events /0.2
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ATLAS: Observation of EWK WZ production (Il)

* BDT input variables * Signal region

* my, An, Ad, p%l, p%z Single lepton triggers
« Leading jety Leading lepton p; > 25 GeV (27
. Jet multiplicity GeV) for 2015 (2016) data

+ oY, pf, pr 7, n¥ (defined with Leading jet p; > 40 GeV
kinematic fit) 4th lepton veto with veto lepton p;

s >5 GeV
s mr 7YYl * m,>500 GeV
* AR(leading jet,Z) . mjglg 30 GeV

min(An_, An,) where
« An.=min(mY, nlzl, nlzz)—min(njl, n;,)
* An+= maX(lelr rljz)' max(nyv' nlzlr anZ)

Veto of b-tagged jets



(1)

* Reducible background
estimation

* Measure efficiency and
misidentification probabilities for
loose and tight lepton selections

* Construct matrix which converts
between lepton selection triplets
(e.g. pass fail pass) and lepton
source triplets (e.g. prompt
prompt nonprompt)

* Invert matrix

Events /0.2

Data/MC

ATLAS: Observation of EWK WZ production

- ATLAS =~ e Daa -
120~ s=13Tev, 36.1 " — wgg\g[) .
B WZjj-QCD CR 7z i
100+ I Misid. leptons —
- tt+V -
B berh 4 I t7j and VVV
80 - st ToL. UNC. ]
60 —
40 i
20 54— -
:=!=——H—_—:_’_|EE
: | : "
- 1 r [ r &+ 1+ p=
’ E I ——
—4—
N T T
-1 -0.5 0 0.5 1

BDT Score



ATLAS: Observation of EWK WZ production
(IV)

e Measured eI1e4ctroweak fiducial cross s%c(;c!ison: 001 _
o = 0.571012(stat.) 1993 (exp. syst.) 1002 (mod. syst.) 7931 (lumi.) fb

* Sherpa LO prediction:
o = 0.321 + 0.002 (stat) + 0.005(PDF)*2-927(scale) fb

 Measured inclusive fiducial cross section:
?b= 1.68 + 0.16 (stat) + 0.12 (exp. syst.) + 0.13 (mod. syst.) + 0.044 (lumi.)

* Sherpa LO prediction:
o = 2.15 + 0.01 (stat) + 0.05 (PDF)*3-¢3(scale) fb

* Electroweak cross section measured using signal strength fit and inclusive cross
section measured using the formula

o = Ndata _ kag v (1 . Nr >
L-Cyzjj Nan




ATLAS: Observation of
EWK WZ production
(V)

Differential cross sections for 8 variables:

number of jets, number of jets between
the two tagged jets, Ady;, Ay, my'?,

Iterative Bayesian unfolding with three
iterations

m;, Y. p, and mY'Z are sensitive to
anomalous couplings

27 August 2019
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ATLAS: Observation of
EWK ZZ production (l)

Based on the full run 2 dataset 2015 -
2018

* Observed signal significance: 5.5 o
* Expected signal significance: 4.3 o
* Includes 4l channel and 2I2v channel

* BDT trained to distinguish the EWK signal
from simulated backgrounds

* Significance is extracted based on fit to
BDT in 4l and 2I2v signal regions and a
low m. /Ar]JJ 4| control region

27 August 2019
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ATLAS: Observation of EWK ZZ production (I1)

m;; distribution in the 4l signal region

Events / 200 GeV

27 August 2019

60

50

500

1000

¢ Data  [ZZ(EW)

I ZZ(QCD) [ggZZ
B Others 772 Uncertainty

ATLAS Preliminary
Vs =13 TeV, 139 b
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IIIJLIIJ{IIIJ|\LIIJLIII‘III\III

1500 2000 2500

m; [GeV]

m;; distribution in the 2I2v signal region
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ATLAS: Observation of EWK ZZ production (1)

£eeey g Clvvgg
", pr > 7 GeV, |n| < 247

Electrons |dy/0q4,| <5 and |z, x sinf| < 0.5 mm

Muons pr > 7 GeV, |n| < 2.7 pr > 7 GeV, |n| < 2.5
) |dy/0q4,| <3 and |z x sinf| < 0.5 mm

Jets pr > 30 (40) GeV for |n| < 2.4 (24 < |n| < 4.5) pr > 60 (40) GeV for the leading (sub-leading) jet
pr > 20, 20, 10 GeV for the leading, sub-leading and third leptons pp > 30 (20) GeV for the leading (sub-leading) lepton
Two OSSF lepton pairs with smallest [m+,~ —mz| + |mpf . | One OSSF lepton pair and no third leptons
Z Z selection m+ ,~ > 10 GeV for lepton pairs o 80 < my,+,~ < 100 GeV
AR(¢,¢") > 0.2 No b-tagged jets
66 < m,,- < 116 GeV ET™ significance > 12

Two most energetic jets with y; X y; <0

Dijet selection m;; > 300 GeV and Ay(jj) > 2 m;; > 400 GeV and Ay(jj) > 2

27 August 2019 Andrew Levin 20



ATLAS: Observation of EWK ZZ production (V)

* BDT input variables, 4| BDT * BDT input variables, 212v BDT
* m!j;Ay(_j;j) * mJ:jIAy(jlj)
o p7111’ p%Z . p%Z
* Yz Y2 * ¥Yi1XYzn
* ¥ XYz « 7 J(pt + pi2+ pEt + p#?
* My, pT * MET, MET significance
* p;of the third lepton  An(L1), Ad(l,1), AR(LI), m,

p; of the Z boson with mass closer
to the nominal Z boson mass

) _[e nominat:
pr /o7t + pr+ pEt + pEY)

L1 1Ly
*DPr.,Pr



ATLAS: Observation of EWK ZZ production (V)

* Fiducial region definition:

Defined at particle level with the same
cuts as the detector-level selections, with
the following exceptions

Leptons are dressed with photons within
AR=0.1

Relaxed dilepton mass requirement of 60
<m,; <120 GeV

In 212v channel, MET significance > 12
replaced by MET > 130 GeV

Electron and muon |n| cuts replaced by
In| < 2.5

* Fiducial cross section, measured, 4l:
o0=1.27 +£0.12 (stat) £ 0.02 (theo) +
0.07 (exp) = 0.01 (bkg) + 0.03 (lumi)

* Fiducial cross section, predicted, 4l:
o=1.14 + 0.04 (stat) £ 0.20 (theo)

* Fiducial cross section measured, 2|2v:
0=1.22 £ 0.30 (stat) £ 0.04 (theo) %
0.06 (exp) £ 0.16 (bkg) + 0.03 (lumi)

 Fiducial cross section, predicted, 212v:
o=1.07 £0.01 (stat) + 0.12 (theo)



CMS: Measurement of
EWK VV production,
semileptonic (!)

Based on 35.9 fb1 collected at 13 TeV

Reconstruct jets using anti-k;algorithm
with AR =0.8

N-subjettiness, Ty, quantifies (with small
values meaning well and large values
meaning not well) how well a jet can be
described as N subjets

Use 1,/t, <0.55 to select jets likely to be
merged

Use a WV and ZV channel, with V
indicating the merged jet

27 August 2019

CMS 35.9 fo'! (13 TeV)
ﬂ 106 T T T I T T T T I T T T T I T T T T
- —e— QObserved - V +jets
Q.5
> 10
LLl Top quark QCD WV

SM EW WV

[

1000 1500 2000 2500
my,, (GeV)
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CMS: Measurement of EWK VV production,
semileptonic (I1)

 Selection
* One lepton with p;> 50 GeV
 MET > 50 (80) GeV in electron (muon) channel

* At least one V jet with p;>200 GeV, |n| < 2.4, and 65 < soft-drop tagger mass
< 105 GeV

* Veto of events with b-tagged jets
* Veto of second leptons for WV and third leptons for ZV

. v — “jl;f“jz /|An;;| < 0.3 and ‘nV — “h;“jz /|An;jj| <0.3

* min(min(ny, ny) — min(n;;, n;), max(n;y, ;) - Mmax(ny, ny)) >1



https://arxiv.org/pdf/1402.2657.pdf

CMS: Measurement of EWK VV production,

semileptonic (I

* Limits set based on the m,,, and -m

My, distributions o 72
o Fs 1 -3.4
* Limits are set on operator - Y
coefficient/(unknown mass FM'O Y
. . M,1 :
scale)*and are quoted in units of 13
4 M,6 :
TeV Funs 3.4
* No form-factor is used Fro -0.12
. F -0.12
* These are the world’s best limits F“ 098

—
N

for all 9 operators

27 August 2019 Andrew Levin
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0.70
-2.1
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0.13
0.28

4.2
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-0.41
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1.0
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CMS: Measurement of EWK VV production,
semileptonic (V)

 Estimate the background due to e CMS 35917 (13TeV

~—

: . : > -
W+jets and Z+jets using the m,, 8 . i Obseved  [V+iets |
sidebands 40 < mass < 65 GeV 3 CBDED*W‘:VYt B Top quark3

= 554 BKg. uncertain 7

and 105 < mass < 150 GeV 2 17 ' E

()] _

* Exponential-like function exp D 10 E

[-m/(c, + c;m)] used to model ) i
W+jets and Z+jets :

1071 — e P :g:::::.::;i

* Extrapolate to 65 < mass < 105 5, o :

GeV using W+jets and Z+jets go o i
simulation T71000 1500 2000 2500

my,y (GeV)

27 August 2019 Andrew Levin 26



CMS: Measurement of
EWK VV production,
semileptonic (V)

* The Georgi—Machacek model is an
extension of the SM that includes singly-
charged and doubly-charged Higgs
bosons

* The VBF production mechanism and
decay to VV pairs results in the same final
state as this analysis

* Cross section times branching ratio limits
were set as a function of mass for both H*
and H*

27 August 2019

35.9fb™ (13 TeV)

10?2

10

—— Observed

- 68% expected |

95% expected

Gyae (H?) x B(HF — W*W?) (ib)

Andrew Levin

| 1500 | 2000
m(H) (GeV)
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ATLAS: Measurement
of EWK VV production,
semileptonic (!)

* Based on 35.5 fblcollected at 13 TeV

:IIIlIIIIIT\[IIIIIIIIIIIIIIIITIIIIIIIIIIIT
- Data
ATLAS . - e s
(s=13TeV, 35.5fb Z+jets
B Top Quarks
Mis-id. lepton
Diboson
. B EWVVjj (u = 1.05)

Events
=
~

=)

[=2]
IIIII|'|T| \I\Illl\l
IIIII|,|,|,| \I\Illl\l L1

[]Uncertainty

-
o
[$,]
|
N

| IIII|_|_|,| | IHIII\‘

* Observed signal significance: 2.7 o

* Expected signal significance: 2.5 o 10°
e Select one hadronically decaying V boson 10?
and a second V boson that decays to vy, lv,

orll 10

* Onesignal region for resolved V bosons and
two signal regions for merged V bosons

o
©
o1

Data/Postfit
‘ Il ;LII I | I
fc
}
3+
%
_;j—
__+_

* For the merged case, high purity and low
purity signal regions defined by different

—
]

; e = 1.2F
cuts of the jet substructure discriminant B ]
(B=1) - =
b = N DN o S S
9 sienal regi lus 12 | : § CETTTT T :
[ ]
) signal regions plus 12 control regions are CELLECE CITERXOCL TLEXEG
fit simultaneously to extract the signal SEIFFE STL8882FF oTalan
strength §99T5 Too-sEaISEIE T aYATS
g3 ~ - ==
—
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ATLAS: Measurement
of EWK VV production,
semileptonic (I1)

O-lepton 1-lepton 2-lepton

* Signal region selection on the right Selection

ET'™ triggers Single-electron triggers Single-lepton triggers

Trigger ‘ . miss y o ‘
. . Single-muon or ET' triggers
* COhtrOl reglons a re defl ned by: Leptons 0 ‘loose’ leptons 1 ‘tight’ lepton with py > 27 GeV 2 ‘loose’ leptons with pp > 20 GeV
. . “eptons with pr > 7 GeV 0 ‘loose’ leptons with pp > 7 GeV > 1 lepton with pr > 28 GeV
* Inverting the m, cut in merged case and e 200 Gov | Ty |
the m; cut in the resolved case (ZCRs, B 83 < m,, < 99 GeV
—0.0117 x pi"" + 85.63 < m,,, < 0.0185 x p{" + 94 GeV

WCRs, and VjjCRs)

Small-R jets pr > 20 GeV if || < 2.5, and pr > 30 GeV if 2.5 < [n]| < 4.5

* Inverting the b-tagging requirement for Large-R jets pr > 200 GeV, || < 2
_ H H Viaa — V' boson tagging, min(|m, mw |, |m. mzl|)
the 1 Iepton SIgnal reglon (TopCR) 't-'i;\r: — ji 64 < mj; < 106 GeV, jj pair with min(|m;; — mn]-\. \m;; - mZI\). lcazd'mg jet with pr > 40 GeV

J & Viaa, not b-tagged, AR(J,j) > 1.4

Tagging-jets . i,
L Thags,  Thags, < 0. mi55 > 400 GeV, pr > 30 GeV

|
|
Mep ‘ -
|
|
|

* The m;;lg distribution of the W+jets and | |
0

Num. of b-jets

Z+jets simulated samples is reweighted

i ijet removal 1 -_ill'li») /2
based on the data in the WCRs and the Multijet U g B ool R o] > /6
ZCRs AG(EF™ Via) > /9
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ATLAS: Measurement
of EWK VV production,
semileptonic (I11)

* BDT is trained with simulated samples to
distinguish signal versus sum of all
backgrounds

* 6 BDTs are trained due to choice of
merged vs. resolved and choice of 0, 1, or
2 leptons

 The BDT distributions are fit in the 9
signal regions and the m;;lg distributions

are fit in the control regions, except the
TopCR which has just 1 bin

27 August 2019

Events

:|T|'|'|T|| |||||m| II|I|'|"| |||||m] IIIIII'H] TTI

ATLAS
Vs =13 TeV, 35.5fb™

-eo- Data

e EWVVjj (u=1.05

m W+jets
Z+jets

B Top Quarks
Mis-id. lepton
Diboson

vl,l,l,l] L LI

IIII|,|,|,|,| II\II|,|,|,| IIIII|,|,|,| IIIII\|,|,| IIIIIHI| 11

(S+B)/B

a
| — EWWVjj(u = 1.05)
EWVVjj(u=1)

I.:T
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ATLAS: Measurement of EWK VV production,
semileptonic (V)

Input variables used in the resolved Input variables used in the merged
BDTs BDTs

Variable | 0-lepton  1-lepton  2-lepton Variable | O-Iepton l-leptOH 2-16pt011
tag

m; v v tag / v

tag . -

AUU_‘ v M

pr v v An;?'g - — v
tag,jo

pr o ? v v v ta'gzjz

Anj; v v v Py v v v

vt v my v -

P v v v (B=1) _

w' Y v v Dr211iss ‘ g

w v v v Er 4 -

ilti;';\ck:; v 4 A@(E}'II‘HSS’ J) \/ -

SJz

nLl‘Ell?l’(h v v o ‘/

e v v v e

sz v v v T4 track v -

Mhracke v v Cv - v v
tag,jo

ntrj\’(:‘l’(; v v mVV B o \/

T track v v vV

nj.r,\:lr v pT - - \/

B v myv jj - v -

o v VVig

AR(L,v) v Pr - - v

v v v wtag:jl ‘/ -

myy v tag,j,

My v w v o




ATLAS: Measurement
of EWK VV production,

semileptonic (V) T

Fiducial phase space  Predicted opyyy Measured ogc\l,ﬂ)fvj ; [fb]

* Fiducial cross section measurement:

. +4.2
o=451+ 8.6(stat.)fﬂ:2 (syst.) fb 0-lepton 4.1£0.3 (theo.) 10.1+3.3 (stat.) T35 (syst.)
_ _ . _ Merged 1-lepton 6.1+ 0.5 (theo. 2.0+ 1.5 (stat.) fg:g (syst.)

e Theoretically predicted fiducial cross 5 lent 1 940.1 (th 0 4406 (stat) OB (svst
section based on MadGraph5_aMC@NLO -epton ++=0.1(theo 4£0.6 (stat.) g7 (syst.)
LO-QCD sample: O-lepton  9.240.6 (theo 22.8 4+ 7.4 (stat.) T332 (syst.)

0=43.0£2.4fb +7.7

Resolved 1-lepton  16.4+ 1.0 (theo. 5.5+ 4.1 (stat.) 75 (syst.)
(stat.) 33 (syst.)

the 6 channels

0-lepton  13.3+0.8 (theo.
Inclusive 1-lepton  22.54 1.5 (theo.

32.9+10.7 (stat.) T 53 (syst.)
7.5+ 5.6 (stat.) BT (syst.)
14.2 + 3.6 (stat.) T35 (syst.)

* Performed simultaneous fitin all 6
channels with one signal strength per

(theo.)
(theo.)
(theo.)
(theo.)
* Fiducial cross section reported in each of 2-lepton 6.0+ 0.4 (theo.) 11.8 + 3.0 (sta
(theo.)
(theo.)
lepton multiplicity 2-lepton 7.24+0.4( )
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Ssummary

e A variety of AQGC and EWK VVjj results have been released by ATLAS and
CMS

* EWK signal significances, 1D dimension 8 EFT limits, fiducial cross sections,
differential cross sections, and Georgi—Machacek model limits are the most
common

* Many analyses used simultaneous fits in the signal region and one or more
control regions to boost the significance

* Jet substructure techniques applied successfully in semileptonic channels

e ATLAS and CMS analyses methods are very similar, other than use of BDTs
and reporting of AQGC limits

* Run 2 data still being analyzed



Backup
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Electroweak-induced VVjj production
significances, fully leptonic results, including Vy
channels

CoM wiwtjj | wWEiwdijj wizjj ZZjj Wyijj Zyjj
Energy
CMS 2. 270

8 TeV o
ATLAS 8 TeV o
CMS 13 TeV 550 220 2.70 2.70
ATLAS 13 TeV 6.50 530 550 550
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://link.springer.com/article/10.1007%2FJHEP06%282017%29106
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-06/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269319303636
https://www.sciencedirect.com/science/article/pii/S0370269317308328
https://www.sciencedirect.com/science/article/pii/S0370269317308328
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://cds.cern.ch/record/2682845
https://cds.cern.ch/record/2682845

Limits on dimension

27 August 2019

3 EFT operators

CMS
July 2019 ATLAS = Channel Limits [ Ldt (s
A8 — WVy 7 7e+01, 8.1e+01 193" B TeV
M0 [———] 7y -7.1e+01, 7.5e+01 19.7 fb! 8 TeV
— Zy -1.9e+01, 2.0e+01 359" 13 TeV
[ —— Z7 -7.6e+01, 6.9e+01 202 fb! 8 TeV
— Y 7.7e+01, 7.4e+01 197 b 8TeV
H ss WW -6.0e+00, 5.9e+00 350! 13 TeV
[ o | WZ -9.1e+00, 9.1e+00 250 fp! 13 TeV
—_ TI—WW 2.8et01, 2.8e+01 202 fb! 8 TeV
Iil = WW 4.2e+00, 4.2e+00 247 ! 7.8 TeV
WV ZV -6.9e-01, 7.0e-01] 359 13 TeV
£ Al I 1 WVy -1.3e+02, 1.2e+02 19.3 7 8TeV
M1 [} ] Zy -1.9e+02, 1.8e+02 19.7 fo! B8TeV
[ Zy -4 8e+01, 4.7e+01 359" 13 TeV
[ i 7y -1.5e+02, 1.5e+02 202 fo! 8 TeV
L i Wy -1.2e+02, 1.3e+02 197 fb! 8 TeV
= | s5 WW -8.7e+00, 9.1e+00 3590 fb! 13 TeV
= 7 -9 1e+00, 9 4e+00 359 fb! 13 TeV
I 1 T—WW -1.1e+02, 1.0e+02 20.2 fb! 8 TeV
=i T—=WW -1.6e+01, 1.6e+01 247 ! 78TeV
1 WV 2V -2.0e+00, 2.1e+00 359 fb! 13 TeV
f ;"Ad | E— | Wwvy -5 7e+01, 5.7e+01 202 fbT B8TeV
M2 | — Zy -3.2e+01, 3.1e+01 197 b 8 TeV
[ 7y _8.2e+00, 8.0e+00 359" 13 TeV
| —| 7y -2 7e+01, 2 7Te+01 202 fb! B8TeV
[ e— | Wy -2 6e+01, 2.6e+01 19.7 fb! 8 TeV
f H\4 I | Wy -9.5e+071, 98e+01 202 b BTeV
M3 — Zy -5.8e+01, 5.9e+01 19.7 o 8 TeV
— Zy -2.1e+01, 2.1e+01 259 fp! 13 TeV
] Zy -5.2e+01, 5.2e+01 20.2 fbo’ 8 TeV
| e—| Wy -4 3e+01, 4 4e+01 19.7 ! 8 TeV
f r'A4 | | Wy -13e+02, 1.3e+02 202 fb! gTeV
M4 [ 7y -1 5e+01, 1 6e+01 359" 13 TeV
—_ Wy 4.0e+01, 4.0e+01 197 i 8 TeV
f ;"A4 I ] Wwvy -2 0e+02, 2.0e+02 202 b BTeV
M5 | — | Zy -2 5e+01, 2. 4e+01 350 fb" 13 TeV
| —— | Wy -6.5e+01, 5.5e+01 197 fb! 8 TeV
£ |— 7y -3.9e+01, 4 0e+01 350 fo 13 TeV
M6 [ | Wy -1.3e+02, 1.3e+02 19.7 fb! 8 TeV
[ ss WW -12e+01, 1.2e+01 359 " 13 TeV
1 WY 7V -1.3e+00, 1.3e+00 259 fp! 13 TeV
£ _IA8 | E— Zy -6.Te+01, 6.3e+0T 359 13 TeV
M7 [} | Wy -1.6e+02, 1 6e+02 19.7 b’ B8TeV
- ss WW -1.3e+01, 1.3e+01 359 ﬂ)': 13 TeV
‘ | II" | | | LARAT | '3H8+001 3'48+P0 | | 359/ 13[e\.-’ ‘

aC summary plots at: http://cern.ch/go/8ghC

Credit: Matthew Herndon
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Limits on dimension 8 EFT operators (FS

May 2019
CMS | — |
Channel Limits | Ldt s
— ss WW [-3.8e+01, 4.0e+01] 19.4 b’ 8TeV
fso /A"
[ | ss WW [-7.7e+00, 7.7e+00] 359 fo! 13 TeV
[ —— | WZ [-2.6e+01, 2.8e+01] 359" 13 TeV
H WY ZV [-2.7e+00, 2. 7e+00] 59" 13 TeV
! 1 ss WW [-1.2e+02, 1.2e+02) 19.4 b’ 8 TeV
fg 4 /A*
| — ss WW [-2.2e+01, 2.2e+01] 359" 13 TeV
———] W7 [4.1e+01, 4.3e+01] 359 " 13 TeV
H WV 2V [-3.4e+00, 3.4e+00] 359 f" 13 TeV

aQGC Limits @95% C.L. [TeV*]

Credit: Matthew Herndon
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