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Multi-boson measurements
@ATLAS

Why measure multi-boson productions?

* Measurements of cross-section and polarization to validate
the standard model (SM) at TeV scale

* Vector boson scattering/fusion (VBS/F) processes (with
relative lower cross-section) to probe the mechanism of
electroweak symmetry breaking

* Triple/Quartic Gauge boson coupling (T/QGC) to search for
anomalous couplings and probe new physics

» Effective field theory (EFT) interpretation:
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* This presentation focuses on the diboson measurements

with full ATLAS Run 2 data
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Overview

Measurements of diboson production
 EWK diboson (WW, WZ, 7Z) Arxiv
 EWK WZjj Arxiv

* /Z Arxiv

* EWK Wyjj EPIC

Polarization study of diboson production
* WZ polarization Arxiv

e 77 polarization Arxiv

Measurements of Triboson production:

* WZy PRL

* Wyy inspire
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Observation of the EWK diboson production

with a high-mass dijet system in semi-leptonic final states (Arxiv)
ﬁ "I"'Q q 7"

wiz Wz W)z

Signal: (EWK) VlepVhadjj
Background: V+jets, tt, single-t, (QCD) VV Main signal
w/z W)z Wiz

One leptonic decayed V is reconstructed by 3 channels:
q q"

e O-lepton \_ @ ' ) v ©
 1-lepton
e 2-e pton Leptonic V) selection
One hadronic decayed V is reconstructed by:
* 1 large-R jet (in merged selection) A A £

VBS tagging jets

* 2 small-R jets (in resolved selection) V+jets CR (VCR): Same as SR except
o5 inverting one single cut represented by the

gl 2];ngfevh‘:l3:r:rabl‘4 I —+I— Data - dlherékg '375;—I z?}éfev"‘w‘:.r:ij‘ I —+‘— Dalta - C;lheerQ ] -"’ Pass "_
Az “rlets ] Q4] Zip s v e ] mass cut (m 7 Mj ) Vi selection |
1 : . tt CR(TCR): Same as 1-lepton channel SR : e

O-lepton
1-lepton
2-lepton

.......

Events

Events

L 00 A except the b-jet requirement is inverted g s :
. i e e\ data-driven reweighting is applied to e ||
H oo f o W+jets and Z+jets samples to correct shape RS § S
o STCETEEISI Gy 0 SO WMo mis-modeling. To OB felsoions

(a) (b)
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Observation of the EWK diboson production

with a high-mass dijet system in semi-leptonic final states

EWK Measurements (7.4/6.0 observed/expected [o]) EWK QCD simultaneously fit
| Combined | 0-lepton Ilepton  2-lepton | Resolved Merged At the reconstructed level, the interference
olid-exp 22.9 fb 73 b 12.0 fb 3.6 fb 12.4 fb 10.5 b

EWK,VIgpvhadjj
o_fid,obs
EWK,VIepVhadjj

term results in a 5% (20%) uncertainty on
the RNN distribution in the resolved

330+£55fb | 158+29fb 125+32fb 41+15fb | 191+46fb 13.8+4.1fb

Uncertainty source a . .
: - (merged) signal regions.
" S —— Total uncertainty 0.218
% 1 03 ATLAS |nterna| + Data W+jel$ Statlstlcal 0093 ; 3 T T T 1 T T T T UL LI L L L L L L L L LB
> . : .
@ .70 Vs=13TeV, 139.0 " Zijets W Top Systematic 0.197 % C ]
10 ' . - ATLAS Internal 7
. VBS WV semi-lep QCDVV  EWK Wijj Theoretical and modeling uncertainties 2 o 25 . -
10 | Floating normalizations 0.038 = - = 1Ee =0 -
10° - - Z +jets 0.061 oF ]
10°E = - il-' W + jets 0.068 C ]
q [, F‘* tt 0.016 - E
10 . Diboson 0.045 15 i
10° single-top 0.009 B ]
10 Signal Modelling 0.126 = -
1 MC statistics 0.073 C .
i inti 05— ---ob d 68% CL. —
TN _ Experimental uncerainies - ey g :
.05¢ E ets and E7" . C x ]
1; L - S . s o ; L1 | O il Y | 111 | T Tl | L1l | T i | [ | [ |_
0.95 }H' T E Leptons 0.005 %05 1 15 2 25 3 35 4
N S TSI b-tagging 0.004 s
. L L& L [§] L& L . .
M A TRAY TP, TN Rﬁﬁ%&g%’%’“@&%ﬁ&é@&a&m Ll::;mosuy 0.023 MQ CD.WV
m . reweighting 0.063
ii
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Observation of the EWK diboson production

with a high-mass dijet system in semi-leptonic final states

EFT interpretations

Wilson Coefficient | Expected limit | Observed Limit
fro/A* [-0.20, 0.18] [-0.25, 0.22]
Eboli model is used, 19 of the 21 operators affect the semi-leptonic fri/A* [-0.19, 0.19] [-0.24, 0.24]
final states. fra/A* [-0.44,0.45] | [-0.56,0.56]
frs/A* [-0.57, 0.53] [-0.64, 0.59]
. . . . . fre/A* [-0.76, 0.72] [-0.74, 0.72]
The total matrix eIerTment with the addition of new dimension-8 o TA® C178.1.57] 196, 1.72]
operators can be written as: Fra/ N3 [-0.59, 0.59] [0.48, 0.48]
_ fro/A* [-1.22, 1.22] [-1.03, 1.04]
|Asnm + iA | = |A3,, +Z A7| + ZZ%Re(A Aj) + Z Ji fj ~SRe(ATA)) fsoa/A* [-3.22, 3.23] [-3.92, 3.93]
i i#] fsi/A* [-6.86, 6.88] [-7.90, 7.87]
The possible interference terms between EFT operators are not fMO/A: -1.13, 1.13] [-1.27, 1.27]
) , _ fa /A [-3.24, 3.24] [-3.97, 3.98]
considered in this result. Fora AP [£1.66, 1.67] [-1.86, 1.86]
fars/ A [-5.29, 5.29] [-5.74, 5.75]
Fra)A* [-2.62, 2.62] [-2.99, 2.99]
s/ A [-3.81, 3.84] [-4.45, 4.48]
a7/ A [-5.33, 5.21] [-6.65, 6.48]
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Measurements of the EWK W*Z pair production

in association with two jets (Arxiv)

: . Reconstruction -- 'resonant shape' algorithm
Signal: EWK W Zjj

2 2
Background: ) |
. - P = X
- Irreducible: /7, tt+V --> ZZ-CR, b-CR m%ﬁ - (mg[)c.f +irPZDG ml;DC. m%{, - (m{"[/)G)z +i rl::/)(} m{"[,)G
. . e . . . s " ver
- reducible: Z+j, Zy, tt, Wt, WW --> data-driven estimation
The final choice of which leptons are assigned
to the W or Z bosons corresponds to the
SR, Nigis =2 SR, Niets = 3 b-CR ZZ-CR . . el ey

- = configuration exhibiting the largest value of the
Data 169 477 666 210 .
Total pred. 231 = 12 550 =50 660  + 40 205 + 11 estimator P.
WZjj-EW 650 =+ 35 60 =+ 6 482+ 028 0725 + 0.014
WZjj-QCD 125 = 9 380 =+ 50 77+ 18 62 =+ 0.7 . . . . .
WZjj-INT 13 + 06 53+ 26 058+ 029 022 = 0.11 In this paper, both integrated and differential
(T+V 066 + 0.04 202+ 07 289  + 10 989 + 0.28 cross-sections are measured for EWK WZ and
1Zj 878 + 034 197+ 12 134 = 4 0432 + 0.005 , ,
27-QCD 96 + 04 320+ 25 101 + 06 15  + 9 inclusive WZ both.
ZZ-EW 22 £ 06 44 1.1 025x 006 23 £ 6 e ABDT istrained and optimized on simulated
VvV 041 + 0.10 20+ 05 039+ 0.10 4.1 =+ 1.1 .
Misid. leptons 18 + 4 2 0+ 7 150  + 40 17 + 05 events from the SR to separate WZjj-EW

events from all other processes.
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Measurements of the EWK W*Z pair production

in association with two jets

Integrated cross-section measurement

B _ i, th. MC
OwWZjj-EW = P‘wz“ EW  TWzj-EW >
5
B _ i thMC i, th. MC
OWZjj-strong = sz“ —QcD " wzjj-Qcp sz“ INT * OW Z j j—INT

—

o Il

i, th. MC i ; i ,th.MC
= (sz“ —QCD "Wz j-QCD \/JuWij—EW'\/‘uWij—QCD O—Wij—INT)

-
Il
—

Results
OWZjj-EW 0.368 +0.037 (stat.) +0.059 (syst.) +0.003 (lumi.) fb
= 0.37 £0.07 fb,
Owzjj-swong = 1.093 £0.066 (stat.) +0.131 (syst.) =0.009 (lumi.) fb
= 1.09 £0.14 fb,

Predictions from MadGraph+PYTHIAS

MADGRAPH+PYTH[A8
WZjj—EW
MAD RAPH+PYTHIAS

O_W Z j j—strong =

—-0.026
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Systematic uncertainties

Source

Aowzjj-Ew (%]

AC"WZJIJ —strong [07]

0.370 +0.001 (stat.) =+ 0.006 (PDF) *0-930 (scale) fb,

OWZjj-EW OW Zj j-strong

WZjj—EW theory modelling 7 1.8
WZjj—QCD theory modelling 2.8 8
WZjj—EW and WZ;j—-QCD interference  0.35 0.6
PDFs 1.0 0.06
Jets 2.3 5
Pile-up 1.1 0.6
Electrons 0.8 0.8
Muons 0.9 0.9
b-tagging 0.10 0.11
MC statistics 1.9 1.2
Misid. lepton background 2.3 23
Other backgrounds 0.9 0.23
Luminosity 0.7 0.9
All systematics 16 12
Statistics 10 6
Total 19 13

1.537 +0.009 (stat.) +0.016 (PDF) *0-%87 (scale) fb,
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Measurements of the EWK W*Z pair production

in association with two jets

Differential cross-section measurement

[ I
ol = 4 oi - MC N, o Nyic, det.
WZjj-EW — MWZjj-EW "Y“WZjj-EW — e i= 5
L Cl NMC,part.

C; is a bin-by-bin correction factor for detector
inefficiency, resolution and bin-to-bin migrations.

5 .- 1 T —— 10y = 1 T T T ] 5 — < L L L B R B a
> " ATLAS o Data 1 £ 2 - ATLAS ® Data i & 3 | ATLAS e Data ] © 102 —ATLAS o Data -
Q L /5= 13TeV,140 b — MadGraph (scaled) . b Q /5= 13TeV, 140 fb-! — MadGraph (scaled) 4 = E V5= 13TeV, 140 fb”" — MadGraph (scaled) % E\/g=13TeV,140 ib™! —Maquraph (scaled) jz
Ke] to L e WZJEW x 1.0 1% & . D e WZEW x 1.0 4 B =, F T T e WZIEW x 1.0 . £ Fwzjo eveej WZ-EW x 1.0 )
=102 W2 evEdl L wzjacoxort o N e WA= AVl wzjaco <ot ] T g W'Zjj— £'veeji . wzj-ach x 0.71 = r - WZj-QCD x 0.71 1 <
= F ! -Sherpa2.2.12.(scaled)_:1 lEf o v Sherpa 2.2.12 (scaled) 7 § ’ - Sherpa 2.2.12 (scaled) g :-“—_‘-_: . Sherpa 2.2.12 (scaled) -
g i " E S. : , 7:1 E » . ; i :
A L ] 3 L ] 2
] B —— T gb ------------- 1 ] S r ] ! |
B a R 7] Q bimimimimimimimiminn i ] z = - < 3
S SLL T~ 5 E H i b F ] ]
E : . = —t < =10
r H — =10 1073 E oo frmmmmmnsnnes Vo = < S & e crovs .
: ; : el —
104 — B ‘ 107! O —
E | L PR 1 : P P R SRS R
-S_ oF T T T T T E -E_ 1_5? T T T T ” T T - -8_ 1'5,_ — T T 1 ‘' T T T [ T T T T It _S-
© - 7 o F H £ r ] g
& 2 E n o o C — 1 _
g B L ] E =S ST | S S S I SR : =
o F T i i l 3 k= b B e T . o
5 o - i 3 o 05¢ = o 05F - 5
= 0.5 T L E © A R T T T LT N & RSN o N OUUPUURURUR TP PPP AR L RECLEC L ] 5
0 200 400 200 400 250 0 1 2 3 800 1000 1500 2000 = 2000
mWZ [GeV] Zpr [GeV] Ap(W, 2) [rad] m; [GeV]
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Measurements of the ZZ production
in the four-lepton final state (Arxiv)

Signal region kinematic distributions. Data
are compared with the predictions with all

Signal: qq = ZZ, 99 — ZZ, qq — ZZ + 2j uncertainties included.

. . . > L LI N L N B B B BN B B > LA Ly S B B [ B L U B B B ) BN B B R |

! z 4 Z Z@ s & 160 ArLas ¢ Data Maq — ] ATLAS ¢ Data Wag —- 2z ]
2 s=13.6TeV, 29" Wgg — ZZ [EW ZZjj o 160 |s-136Tev, 29t Mgy 577 WEWZZj

z 3 140 27 5 41 Mireducible (JReducible 1 'z 77 - dl W Ireducible [JReducible ]

= 7 7z Uncertainty = 7z Uncertainty 1

e S 1 & ]

VA Z

q Z 9 g9 AL 4

(a) (b) (c) (d)

Background: ttZ, VVV, other reducible backgrounds

This analysis uses pp collision data recorded by the g 0 5
ATLAS detector in 2022, the first year of the Run 3 5wy (%/// A W%%%f? //{//V//%/%//%
data taking period. T idn R i 0;20? 50 +160 150 200 2E50

m, [GeV] p [GeV]

The Observed and predicted detector level yields in the SR

Process | qg - ZZ gg —>ZZ EWqq —> ZZ+2j 1z VvV Reducible Total Data
Yield 515+£50 74 +44 47 +1.0 55+08 21+02 254+81 | 626+88 | 625
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Measurements of the ZZ production
in the four-lepton final state (Arxiv)

The measured differential cross-sections (filled points) are compared with the
predictions in each bins.
* error bars give the total uncertainty
Nobs — Npkg * the hatched band gives the systematic uncertainty
LXxXCyzz

The inclusive cross-section in the
fiducial region is calculated as:

Ofid =

And it's measured to be:

MATRIX calculates gg - ZZ at NLO QCD accuracy. Only the QCD scale

uncertainty is considered in the MATRIX predictions.

;‘ T ">“ ] UL =
O 10 — ] - 3
_ . &) = ATLAS . Cond T = - ATLAS O ]
g = 36.7 £ 1.6(stat) = 1.5(syst) = 0.8(lumi) fb £ | Epeneint 2. 0 B [ veswse il
3 - ZZ -4l ¥ MATRIX ggNNLO+ggNLO(— ZZ) (*) = S - 10 E ZZ -4l ¥ MATRIX ggNNLO+ggNLO(— ZZ) (*) -
g 1 A MATRIX qq[NNLOXNLO EWJ+ggNLO(- 22) (*) __| % o 4 MATRIX qq[NNLOXNLO EWJ+ggNLO(— 22) (*)
Source Relative uncertainty(%) 8 g Grpomsitoer 2 1 3 - O pebmmieor i ]
19ti 3 o ® g ¥, 1 1E "% B —
Data statistical uncertainty 4.2 sl %A*"“m hi o toese™ -
Tty : E ¥ o 3 L T 5
MC statistical uncertainty 0.3 : P, E L "o __
B o i E /N =
. . i oA = 3
Luminosity 2.2 107 %{A = B ?T ?‘?A # 3
. = ] 2| r _
Pile-up 0.3 - e o °F E
10_35— Loty f = C " + .
Lepton momentum 0.2 g o i 3 el o st P . i
. o 15 v T o 1.5 7
Lepton efficiency 3.7 < Y % . 3 L ' Wi TH |
|v Y |
5 I I/ O3 B = 5, ... ook Pl
Background 1.6 2 ¥ ﬁf‘* %ﬁé”*w # Q}' t i * ‘ I L ity §++Y 4{ | #4 ‘f”? }
= ?g', A . 4 A
: . A
Theoretical uncertainty Lo & O aa? 4l 10° g b5 67 10 20 3040 100 2x10* .
Total 6.3 m, [GeV] [GeV]
(@) (b)

UNIVERSITY OF
MICHIGAN

2024/10/21

Measurements of multi-boson production @ATLAS



https://arxiv.org/pdf/2311.09715

Measurements of the EWK WZy pair production

in association with two jets (EPJC)

i —<— AN "
u . d z
+ w- . . . _ . .
WS >V\i§ i The differential Cross sections for EWK W)'/]] are
v o v , measured as functions of two types of variables:
® ® e VBS observables

* charge conjugation and parity (CP) observables.

The signal and control regions are defined as:

© @ Fiducial cross-section SR CRfd
Signal: ENK WYyjj
. .. g _ £2p
Dominant Background: Strong Wyjj Niews =0 News > 0
Differential cross-section SR CR, CRp CRc
fid [ n722P _ fid [ psgap
SR™ (Ngr =0) CR™ (NZY > o) T NEP=0 NEPs0 NEPs0 NEP=0

EW Wyjj 520 + 141 120 + 49 H &y <035 &, <035 035<é&, <1 035<§, <1
Strong Wy j 1550 = 830 1970 + 950 Where,
Non-prompt 692 + 57 698 + 58
Top quark processes 109 + 18 183 + 37 ij = | (yl}’ - (y]'l + yjz)/Z)/(yjl - yjz)l
EW + strong Zyjj 128 + 34 163 £ 77
Total 3000 + 830 3140 + 960 Measures The centrality of the lepton-photon system
Data 3341 3143

UNIVERSITY OF
MICHIGAN

2024/10/21
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Measurements of the EWK WZy pair production

in association with two jets (EPJC)

| Bost-ht olots q}o TS

®» [T | AN A R B B R R ] (0] R RN LR LR RN RRRRN ALY RERRE RRRRE RRRES . . . .
5 1600 ATLAS eDsa < 5 [ ATLAS oDala The measured EW Wyjj fiducial cross-section
o [ Vs=13TeV, 140 b EWWyjj 1 @ 1600F Vs=13TeV, 140 fb" EW Wy
14001~ =)y ron i r —lv, ron i 7 1 1 1
R Sng WY ok et oong 0 3 compared with the predictions of SHERPA and
1200~ Post-Fit WTopBkg. [ Post-Fit WTopBkg. ]
g R mzi MADG RAPH5+PYTH|A8
1000: e 77 Uncertainty *: 1000} e 77 Uncertainty _i T | 1 | 1 | B | T | 1
800:_ i _: 800; pie?. o é A TLAS
oo S PP R T o Vs =13 TeV, 140 f5'
400:— —: 400 //,///.//,/_i EW W( —/ V) }’ﬂ
- cirere ///— L _
8 E E The difference between the
o 0 = . o ] Data (syst) | (total) _ ,
2 o2 RS- : 139425 predicted cross-section between
ER . pe e T TN Lo o MadGraph5+Pythia8 and Sherpa
[a] N 3 [a] . 3 . .
0% 01 02 03 04 05 06 07 08 09 1 0% 0102 03 04 05 06 07 08 09 1 arises due to the third parton
NN score NN score Sherpa 2.2. 12 Ho— included in the matrix element of
Uncertainty Source Fractional Uncertainty [%] 89” 05 (scale) (stat+PDF+cx )fo She rpa. M
MC Statistics 11
Jets 8
Lepton, photon, pile-up 8 |
EW Wy,j modelling ! MadGraph5+ Pythia8 o
Data Statistics 6 |
Strong Wy jj modelling 6 13.0" 07 (scale) (stat+PDF+th) b
Non_prompt baCkground 2 L1 1 I L1 | | L1 | I L1 | | L1 1 I | | | : 1 | 1 | 11 1
Luminosity 2
Other Background modelling 2 0 2 4 6 g 10 1 % d 14 16 18
Emiss 1 Oew w(—Iv)yj [fb]

M 2024/10/21 Measurements of multi-boson production @ATLAS

UNIVERSITY OF
MICHIGAN



https://link.springer.com/article/10.1140/epjc/s10052-024-13311-6
https://arxiv.org/pdf/1803.07943

Differential cross section and EFT

Expected and observed 95% CL limits for specified my,,, cut-off values,
where the expected limit for some operators intersects with the unitarity

bounds derived from partial wave unitarity constraints. Note

“w u

is used

in the column for those operators that do not cross the unitarity bound
over the range of the clipping scan

Observed [TeV 4]

Coefficients [TeV~%] Observable My, cut-off [TeV] Expected [TeV~—4]

fro/A* py - [-2.4,2.4] [-1.7,1.8]
fri/ A py - [-1.5,1.6] [-1.1,1.2]
fra/A* ry - [-4.4,4.7] [-3.1,3.5]
fra/A* py - [-3.3,3.5] [-2.4,2.6]
fra/A? py - [-3.0,3.0] [-2.2,2.2]
frs/A* ry 1.1 [-9.9,9.9] [-7.5,7.5]
fre/A* py 1.3 [-7.4,7.6] [-5.2,5.4]
fr7/A* py! - [-3.8,3.9] [-2.7,2.8]
fuo/A* p’f : [-38.37] [-38,37]
far1/AY p - [-57,58] [-41,42]
fara /A p; 0.8 [-110,110] [-88,82]
faaz/A* p 1.1 [-100,110] [-73.77]
fara A pf 1.0 [-118,111] [-89,83]
faas/A* pI 1.3 [-57,80] [-32,77]
fur /A pi - [-96,95] [-69,68]
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WZ polarization and Radiation Amplitude Zero effect

(Arxiv)

* Radiation Amplitude Zero(RAZ) effect: The dominant helicity amplitude with two transversely-polarized bosons
is exactly zero when the scattering angle of the W boson in the WZ rest frame with respect to the incoming
antiquark direction approaches 90 degrees, which is from the gauge structure of SM.

* The RAZ effect will leads to a dip around 0 in the AY(WZ) and AY(#,Z) distributions for TT (transverse
transverse) component of WZ production process.

* The other components are subtracted from data, an iterative Bayesian unfolding method is used to correct the
detector effects
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WZ polarization and Radiation Amplitude Zero effect
(Arxiv)

Diboson polarization fractions are measured in two
regions enhanced in events with 00 polarization:
« p¥%4 <70 GeV

. 100 < pZ < 200 GeV or pZ > 200 GeV Diboson polarization fractions are measured in two
signal regions with enhanced longitudinal polarization

BDTs are trained to further separate the 00 component for both bosons

from other components and backgrounds
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Evidence of pair production of longitudinally polarized
vector bosons of ZZ (ariv)

Pre- and post-fit expected and

BDT train for LL component selection . BDT post-fit
observed yield
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The measured LL component of ZZ is (4.30):

purr =1.15+0.27(stat.) + 0.11(syst.) = 1.15 + 0.29 oy, =2.45+0.56(stat.) £0.21(syst.) fb
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Study of CP property of ZZ

(Arxiv)

To improve the sensitivity to detect the presence of a CP-odd aNTGC (anomalous neutral triple gauge
couplings), an angular observable is formed to maximize the asymmetry for each Z-boson system:

Tvz,l(?:] = sin ¢1(3) X COS 91(3)
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Particle level 2D differential cross-sections from SM
prediction (left) and in the presence of the BSM aNTGC After 2D - 1D mapping

vertex (right).
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Study of CP property of ZZ

(Arxiv)

Results
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WZy (PRL) and Wyy (inspire) observation
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Summary

New multi-boson cross-section (integrated and differential) measurements of:
 EWK WZjj production

e 77 production (Run 3 data)

 EWK Wyijj production

New evidence or observations @ATLAS:

e Observation of the EWK diboson production with a high-mass dijet system in semi-leptonic final states
* First Radiation Amplitude Zero effect in WZ production

* Evidence of pair production of longitudinally polarized vector bosons of ZZ

e Observation of WZy production

* Observation of Wyy production

Each analysis includes EFT interpretations that can be included in the combinations in the future.

More challenges and opportunities in the future with more data and higher quality!
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Measurements of the EWK W*Z pair production

in association with two jets
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