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Motivation ATL-PHYS-PUB-2021-032

n Through eleCtroweak Boson Self_interaction Standard Model Production Cross Section Measurements Status: July 2021
multi-boson can provide unique probe of %10“ oo AL P
standard model TE R i,

105 "o
= Precious test of higher order prediction . e
— Higher order corrections important at higher . Ll LHC pp VE =7 Tev
o gt o un‘}ivumn o Il Data 45-491!
center of mass energy . e o By .
= Search for the Beyond Standard Model wp s giel et o W
— Many process acts as a background for many 1 & "y o g0t 800 o 8
direct BMS searches 10 ﬁ Cege o g, e Rag
— Important to measure them precisely 10 i N Rl L,
. . . . . -3 026 h? a [ ;Di

= Differential Fiducial cross-section ’ 5 = 1 b

measu rem ents PP Jets 7 w z tt l:l. \::/ Y H :J: VH Vy t::l ttH tE;‘/NWV ijw%‘t%lwzzﬁjmw\l/:i
— W*W- + = 1 Jets Production JHEP 06 (2021) 003
= Observation and cross-section measurements = Triboson Measurements

— Z (= ¢®)yjj Production ATLAS-CONF-2021-038 — WWW results ATLAS-CONF-2021-039
— Z(-= vv)yjj Production EXOT-2021-17
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf
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/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-032/
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WW-+ 2 1 Jets Inclusive Measurements

7 W- q wW-
= The fiducial and differential cross-section
measurements b
— First time at LHC, differential measurements
performed in jet-inclusive phase space . e -

» Provides stringent test of theoretical prediction
— Perturbative QCD
— Higher order EWK corrections M“

» Measurements are performed by selecting on
opposite sign ey pair along with at least one
hadronic jet

= Sensitivity to triple gauge coupling vertex g W

JHEP 06 (2021) 003
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

10* ATLAS -»-Data

Vs = 13 TeV, 139 fi”
&'11%, >1 jet (30 GeV,|n|<4.5), b-veto LIWW
[Top

Events / GeV

W+*W-+ 2 1 Jets Analysis Strategies : - .

Stat.®syst* 3

|
Jurep@oun Buljjepow AN INOYIM :,

= Event selection criteria 0
— Considered ep channel only 1
— Kinematic cuts selected to match the fiducial region 108
— b-jet veto to reduced large top background z it o
— Mg, > 85 MeV to suppress Drell-Yan background as well §oor Tt b

as H—WW resonance e

lead. lep. y 03
Jo [GeV]

= Background Estimation 3 e s T o 3
— Dominated by Top background 2 1382_““”““" givv:v :
* tt is estimated with data-driven method G 120f o
« Consider 2 control region with 1btag and 2btag "oF oo
— Drell-Yan background is estimated using the MC samples ig— :
— Fake leptons also estimated using the data-driven 205 3
method - 11.81; . ;
— Single top and diboson background estimated using MC § OS;E Sl s
(Sherpa) Samples 0830 40 60 ‘8I0‘1£)2 | _E02

Iead lep. [GeV]
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

Fiducial Cross-Section
JHEP 06 (2021) 003

. = + + | T T I T | T T T T | T T T T | T T T | T T T
O5q = 258 * 4 (stat.) £ 25 (syst.) fb ATLAS  bata
10% total uncertan‘]ty s =13 TeV, 139 fb” .Stat. Unc.
. . . PP — EVHV [ ]Tot. Unc.
» Fix-order NLO prediction with Sherpa, Data T Predictions
Madgraph and Powheg generators are 258 + 4 (stat) 25 (syst) fo
i i it MATRIX 2.0 nNNLO
consistent with theory prediction 279 + 2 (PDF) + 18 (scale) fb
B I S
. . . . + +
Fiducial selection requirements (FDR) 218 (scale)
S LIPS, e
x ws scale L
p,{: > 27 GeV
¢ MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
|;7 | < 2.5 263 * 3 (PDF) * 16 (scale) fb
Powheg MINLO + Pythia8 (0-1j@NLO)*
me,q > 85 GCV 2821 iesg (P;DF)iE1 )(/scléale)(fb e )
#I‘ > 30 GeV *|+ Sherpa & OpenlLoops gg—»WW | |
v/ | < 4.5 100 150 200 250 300

Integrated fiducial cross-section [fb]
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https://link.springer.com/content/pdf/10.1007/JHEP06(2021)003.pdf

Differential Cross-section JHEP 06 (2021) 003

= F T Ll - E ;‘ F T T q S
E 10 ATLAS ¢  Dataand Stat. Uncertainty 108 %‘ 3 ATLAS +  Dataand Stat. Uncertainty %‘
& [ (s=13Tev,139fb" = = Qe 0y 12 8 1F s=13TeV,13910" =~ D& nooramy H12 <
g [ ppoetvuivj 4 MG5_aMC+Pythia8 FxFx * 3 L pp — efvuv | A MGS5_aMC+Pythia8 FxFx * 1
g | ¢ MINLO+Pythia8 * 5 [ peadietS 200 GeV ¢ MINLO+Pythia8 *
% & - e MATRIX nNNLO ® NLO EW B LT [+ MATRIX nNNLO ® NLO EW
B 15_ B P * plus Sherpa+OL gg—>WW__102 © % . * plus Sherpa+OL gg—)WW_
i : L Tastd:
T 101E 10
I — 3
107 H10 Tee
ry—
__*__v_
+ PO %*o
J:JA'V?-'“#] L ) 4 ¥
1 072 E I EL it
s 14F ) . g 14f " ]
©
o 12~ { b 4 {( . a 1.2 }% - ]
c = i
U RRIWERTVENE BN £ 1 R M —
g 0.8_— b 8 0.8 4 % 4 * 7
T 0.6f . = o8
| IL IL
10° 23107 3x10° >8x10° 901 o2 23102 3x102 >4x10°
My o, [GeV] mg, [GeV]

» Differential cross-section is measured with » Measurements with higher momentum for

different kinematic variables NLO EW correction
» Good agreement with MC prediction and = Higher sensitivity to aTGCs
Data
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EFT in WW-+ 2 1 Jets: dim-6 operators

JHEP 06 (2021) 003

T T | T T T T T T | T T T | T T T I T
ATLAS — 68%CL
— (8) 1 (8) (s=13TeV,139fb" = 95% CL
EEFT — ‘CSM ZCZ Oi + o PP — SV | —— Linear
i —— Linear + Quadratic
3 Fingl state sensitive to dim-6 Q,, P 5 30 GeV 1
variable
= mg, used as a discriminantinan | 0
S )
enhanced pt> 200 GeV jet phase space §7 > 200 GeV e
= C,, coefficient is constraint N R R S R
—4 -2 0 2 4

= |n addition to these studies ATLAS has

¢y /A [TeV?]

published combined EFT interpretation

Jet pr Linear only 68% CIlobs. 95% Clobs. 68% Clexp. 95% CI exp.

results of differential cross-section >30GeV  yes  [164,286] [3.85,497] [-230,227] [4.53441]
measurements of WW, WZ’ 4|’ and Z+ JJ > 30GeV no [-0.20,0.20] [-0.33,0.33] [-0.28,0.27] [-0.39,0.38]
. > 200 GeV yes [-0.29, 1.84] [-1.37,2.81] [-1.12,1.09] [-2.24,2.10]
production ATL-PHYS-PUB-2021-022 > 200 GeV no  [-0.43,046] [-0.60,0.58] [-0.38,033] [0.53,0.48]
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Vector Boson Scattering
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ATLAS-CONF-2021-038

Production Z(— £¢)yjj

QCD- Zyjj

same then the production mechanism with EWK and

A

Zyjj with 139 fb-1 Run-Il data is presented E

— Z boson decays to wither e-e* or p-u* VVVVVVA

A

C=

EW- Zyjj

= Powerful test to the standard model (SM) for its q ” :

sensitivity to the gauge self-interaction !
» Provides opportunity to explore vector boson p Z

scattering (VBS), which directly probe the electroweak -

symmetry breaking of the SM as well as can extract ;f

the constraints on anomalous gauge coupling ! N !
= Electroweak production of the Zyjj final state contains %

both VBS and non-VBS process
= When initial and final states of the Zy production are ' % '

QCD interference iﬁ g §

q q y

» Observation and cross-section measurements of EW- : NNV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

ATLAS-CONF-2021-038

EWK Production Z(— ¢%)yjj
Analysis Strategy

= Events selection by defining phase is = Cuts on the centrality (¢) of the £*£~y system
applied at particle level defines the Signal and Control Regions
— SR ({ <0.4 ) and QCD CR (¢ >0.4)
Lepton P > 20,30(leading) GeV, |n,| < 2.47 BaCkgrou nd Estimation
N, =2
= Main source of background: Zyjj events from
Phot E} > 25 GeV, 2.37 _ :
o : >E%°”62% < o.lg;IEE QCD induced process i.e. QCD- Zyjj
AR(¢,7) > 0.4 — Shape estimated from MC and normalization factor
Jet It 50 GeV, [yjur] < 4.4 determined from the final fit
|Ay[ > 1.0 = Second largest background comes form Z+jet

remove jets if AR(y, ) < 0.4 or if AR(£, §) < 0.3 — Estimated with data driven method

Event Mg > 40 GeV = tty events estimated using MC samples
Mg + My, > 182 GeV — scaled factor is derived by comparing the
C(lly) <04

NP prediction with the data using an epy events

jets

= Other small backgrounds estimated using MC
" Argonne & 75



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

ATLAS-CONF-2021-038

m;; Distribution in SR and CR

800 1

c [ T L DL L c I LN L LN L LA L
o - - — bata . o) . bata -
= = ATLAS Prel ) ] = —— ) 3
=1 L amas oy SO0,
e - : B QCD-Zyjj 3 S - ’ N QCD-Zyjj 3
Y SR W Z+jets = o - D Z+jets =
500 Post:Fit —e E Post-Fit -y E
4005— Total unc. —f Total unc. _%
3008 E
200 =
100 .
.0 — ]

8 1.1+ B 1.8 '
& 1 N ONSNNNS AN \\ N i 1 1 — N —
P $\ \ \ \ S TSN -+ -
8 0.9 (D*g 0.9 N
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. [GeV] 500 7000 1500 5000 5500 3000
1l
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Events beyond the upper limit of the histogram are included in the last bin
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

Cross-section of Production Z(— ¢?)yjj

» Measured signal strength

overall 13% uncertainty 2
— Results are consistent with the predicated cross- R
section using the MadGraph5 interfaced with Pythia8 ~ ° ™ °* °® % T =2 1 10 12
= The total cross-section of (EW + QCD) — Zyjj is
obtained with the precision of 7%

— ugw = 0.95 + 0.08 (stat) + 0. 11(syst) ATLAS-CONF-2021-038
= Observed significance of 100, whereas expected 2 amias iy
|S 110 = 100_ E=13Tev7 s fb-1 — Without syst. unc. _;
= Fiducial cross-section in the EWK pp — Zyjjin the  =f — Wihsystunc
phase space woF- A
— ogw = 4.49 + 0.40 (stat) + 0.42(syst) fb with  « 3

=
m
=
X
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

EXOT—2021 17

Production of Z (—> VV))/] ] & o ATLAS Proliminary | posta E
‘% 140_ EW Z(—vv)y i &\ E \\\léc:(;tayinty
= The first observation measurement of - 5 S 5 T Wy
production of Z(— vv)yjj with 5.2(5.1) o : ' ' | | 25?;3397?”
. e J r+et
significance Al
. . . . 4 Mjetoe
» Backgrounds are constraint during the final fit =
with defining the multiple control regions £ \ i _
= In the signal regions all events with leptons are Fakeecawca_wc TR S
Vetoed E #Tl?é-rs\?%g%mary Post f,t ._._ Data ' ;\IUncenainlty E
= Measured signal strength S men v, B v
2 S\ =
Uew = 1.03 £ 0.25 §
» Measured fiducial cross-section:
fid _
Oz voyyew = 1.31 2 0.2 (stat) £ 0.2 (syst) fb 1_
3] E
= Analysis also set limits on the invisible Higgs 05 womse Nvewm  —emwa T 13
10 20 30 40 50 60 70 80 90 100 110
decay Photon E; [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Triboson Production
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Triboson Production at LHC J. Physics Letter B .2019.134913

ATLAS - I\E|=|13T|evl, 7IQ.8flb"
= Evidence and observations of the combined triboson IS B T v

channels are reported by ATLAS and CMS experiments
— Evidence for production of massive vector boson with
ATLAS detector gy i w0
- ATLAS 80 fb': WVV 4.10, WWW 3.20 e = M
. CMS 137 fb' : VWV 5.70, WWW 3.30 Comtived) !

WWW 3¢ o1 w=047 05 0

1098 4049
wvz 3¢ — e u=042 o o4

0 2 4 6 8
= Now with full Run Il 139 fb-1 data ATLAS experiment best it = a"/og
achieved observation results in stand alone WWW Phys. Rev. Lett. 125, 151802
channel cmMs 137 fo" (13 TeV)
Combined E _._£_ : :::uenual cut 1.02 l?o)'ggl séagé
New Results: ATLAS 139 fb-1 WWW 8.20 il B B il “’°°
wwz E i. 0.86 537 %025
ATLAS-CONF-2021-039 wzz| = 224 11
27z Allowed <5.4 |
R T T e S RS

Signal strength u
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https://www.sciencedirect.com/science/article/pii/S0370269319306355
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.151802
https://www.sciencedirect.com/science/article/pii/S0370269319306355
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.151802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/ATLAS-CONF-2021-039.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/ATLAS-CONF-2021-039.pdf

WWW Production ATLAS-CONF-2021-039
Using Run Il ATLAS Data: WiWw*w™* - lvlvjj (lviviv)

—q—b—'vvwvv»W W
Y q Z/r*
AN~ ]
Y I
AN ||
q, < vannan [/ g N

* During Run Il analysis, WWW production is measured using two final states:
— Two lepton channel: WiWF W+ - [tvitvjj
* It only includes same-sign leptons (ee, ey, yud) and two jets from the third W bosons
— Three lepton channel: WEW W' - ITvitvitvy
* Itincludes zero same flavor opposite sign lepton pairs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/

WWW Signal and Backgrounds ATLAS-CONF-2021-039

= The signal events includes events from WWW along with WH events
contributing from the 3 Feynman diagram

3 sool T g AT T T T » Background includes WZ, Non-
S L e, Gz BNonpiompt | @ (e s e e a DWZ BNonprompt prompt, y- conversion, and
= [sna @oner Unconany | © SR @oner 2 Uncenanty ] :
£ 400 Post-Fit --- Pre-Fit Bkgd. T o 30 PostFit --- Pre-Fit Bkgd. 3 Charge ﬂlp
o N E ]
i@ 3 E = 2 lepton channel: More
20 . statistics but also large
15 background

— Dominated by WZ, y- conversion
and followed by other

05 = : backgrounds
> 1.4 ‘ TaET ' ' ' ' ' " .
§1.21;i/ bt - §1_21;_., L* , | T ] = 3 lepton channel: Relatively
s 3;2?% M ER- - L | i ! E small background but is
O 0 20 40 60 80 100 120 140 1600 0 2 4 6 8 10 12 14 g .
m; [GeV] s significance statistically limited

— Dominated by non-prompt

background
18 ° Argonne & |75



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/

[ ] %) T T ! T ' '
Analysis Strate Doy g Bine
@ 10°F {5 =13 TeV, 139 fb’ N v, B Eonbromet s
ATLAS-CONF-2021-039 ™™ B g

---- Pre-Fit Bkgd.

= Analysis is dominated by the WZ
background

— Data-driven method is used to estimated the
WZ normalization scale factors

— There are three WZ control region based on & 01'-9:;Z//,;,W/,W,ﬁ,////m/////,y(/é,,,,A,,W.WWW;
. . . . . . > . % 0:8-
the jet multlpI|C|t¥ .e. 0j, 1j and = 2j g Tran e T Py s,
— Separate normalization factor used for each _ |
control region BDT variables (ordered by importance)
. . . 20 3¢
» Machine learning techniques are used to ims; —mw] | E=significance x10/ B>
. . igr f d jet l
increased the signal sensitivity R S b
— Boosted Decision Trees (BDT) is used to fit pr(j2) same HAVOE rivg,
. . . minimum m(¥, j) mqp (000, ET)
the signal and control region simultaneously m(€a, 1) m €y, ls)
. R N(jets) Ag(e0e, BR)
For BDT training: | pr(6) minimum AR, £)
* 2 lepton channel: includes 12 variables Mg pr (ls)
» 3 lepton channel: includes 11 variables [n(£1)] mr(ly, BT™)
oo s e e N(leptons in jets) ET"™ significance
(EENERGY tI55ia sty 19 m(4y, j1)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/

WWW Measurements ATLAS-CONF-2021-039

Signal Strength

Uncertainty source Ao /o %]
) . . Data-driven background 5.3
Fit Observed (expected) significances [o] w(WWW) Prompt-lepton-background modeling | 3.3
£ Jets and B 2.8
eielL 2.3 (1.4) 1.69 =+ 0.79 SiE stistes os
et i 4.6 (3.1) 1.57 4+ 0.40 Lepton 2.1
+ + Luminosity 1.9
JY Y 5.6 (28) 2.13 + 0.47 Signal modeling 1.5
Pile-up modeling 0.9
2 6.9 (41) 1.80 = 0.33 Total systematic uncertainty 9.5
4 $ Data statistics 11.2
. W Z normalizations 3.3
Combined : : 1.66 :I: 0.28 Total statistical uncertainty 11.6

Measured Cross-Section of WWW production
850 + 100 (stat.) + 80 (sys.) fb

= SM expected cross-section from MC samples is used to estimate the p
— Cross-section from MC: WWW + WH: 511 £ 42 fb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/

Summary

= ATLAS Run-Il measurements with integrated luminosity 139 fb-! are presented
— W*W- + 21 Jets, Z(— ¢)yjj, Z(— vv)yjj, and WWW production

= Cross-section measurements are studied in detail
= Observation results in stand-alone WWW channel are achieved with 8.20

Thank You!!
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