EXPERIMENT

Measurements of multi-boson production at ATLAS

Panel: Electroweak Physics and Beyond the Standard Model




Multiboson Measurements in ATLAS

* Plethora of ATLAS measurements with the production of multi-bosons in an event
* Providing not only precision SM measurements but also input for BSM interpretation

1] Inclusive and differential cross-section
measurements of four-lepton

production in 13 TeV proton-proton collisions with
the ATLAS detector arxiv:2103.01918 (Sub. to JHEP)

2] Measurement of the jet mass in high transverse

momentum Z(— bb)y production at /s = 13 TeV
using the ATLAS detector Phys. Lett. B 812 (2020)
135991

3] Measurements of W*W- + > 1 jet production cross-

sections in pp collisions at v/s= 13 TeV with the

SQAILAS
ATLAS detector arxiv:2103.10319 (Sub. to JHEP) "

P ch
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https://arxiv.org/pdf/2103.01918.pdf
https://arxiv.org/abs/1907.07093
https://arxiv.org/pdf/2103.10319.pdf

Inclusive 41: Motivation

Measuring events with at least 4 leptons (2x SFOS pairs: 4e,4mu, 2e2mu)

Inclusive

Including tau decays
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Inclusive 41: Motivation

Measuring events with at least 4 leptons (2x SFOS pairs: 4e,4mu, 2e2mu)

Inclusive
Rich SM 41 physics

Including tau decays
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Inclusive 41: Motivation

Measuring events with at least 4 leptons (2x SFOS pairs: 4e,4mu, 2e2mu)

Inclusive
Rich SM 4l physics Including tau decays
L. 10° X axis logarithmic for m,, > 225 GeV
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Inclusive 41: Motivation

Measuring events with at least 4 leptons (2x SFOS pairs: 4e,4mu, 2e2mu)

Inclusive
Rich SM 41 physics

Including tau decays

L. 10° X axis logarithmic for m,, > 225 GeV
Quark initiated ZZ 2 ATLAS ) ~ Data o 4 ttbar + V(V)
. © Vs=13 TeV, 139 fb Baq > 4l gg — 4l V.
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Inclusive 41: Motivation

Measuring events with at least 4 leptons (2x SFOS pairs: 4e,4mu, 2e2mu)

Inclusive
Rich (B)SM 4l physics

Including tau decays

L. 10° X axis logarithmic for m,, > 225 GeV
Quark initiated ZZ 2 ATLAS ) ~ Data o 4 ttbar + V(V)
(2 Vs=13 TeV, 139 fb BWaq— 4 99 — 4l
[Jr [*' n v -
4q . 2 10 W tv(v) VvV
ARYE L% Background
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o Z5 o g ' % %
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Inclusive 41: Background

« Fake leptons mainly from in flight decays (WZ, Z+jets,ttbar,...) Non-prompt iepton ==,
+ Estimated from data using fake factor (FF) ~ ﬁ’&

Example for 1 lepton FF estimates s

F Measured in fake f

enriched region as — lepton to be reconstructed

a function of event 1 f as signal lepton

f:how likely it is for a fake

kinematics

Number of fake leptons passing

Nuymber of leptons failing the
the signal selection signal selection
NF ake __ F-Neo
Pass — Fazl

16/04/2021
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Inclusive 41: Background

« Fake leptons mainly from in flight decays (WZ, Z+jets,ttbar,...) Non-prompt iepton ==,
+ Estimated from data using fake factor (FF) SN ﬁ%

Example for 1 lepton FF estimates s

F Measured in fake f

enriched region as — lepton to be reconstructed

a function of event 1 f as signal lepton

f:how likely it is for a fake

kinematics

Number of fake leptons passing

Nuymber of leptons failing the
the signal selection

signal selection
Fake 8

NPass = F'NF(M'Z

In case of 41, F for each combination

of passed and
failed lepton (P,N)

SR

v

OP,4F 1P,3F 2P,2F 3P,1IF 4P,0F

Number of leptons passing signal
selection in the quadruplet
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Inclusive 41: Background

« Fake leptons mainly from in flight decays (WZ, Z+jets,ttbar,...) Non-prompt iepton ==,
+ Estimated from data using fake factor (FF) S ﬂ%

Example for 1 lepton FF estimates ‘:\

F Measured ig fake f f:how likely it is for a fake

enriched region as —_ lepton to be reconstructed

a function of event 1 as signal lepton

kinematics -

Number of fake leptons passing Nymber of leptons failing the
the signal selection signal selection . .
NFake _ Nragil & Validated in same charge (SC)
Pass at i and different flavour (DF) regions
4 A

...................................... : N S REEE
.S | SF-OC . - H
'g SF-SC i i i SC VR
I — o [ [
g I I H
S | SF-OC i i i
gporoc| PP
s RESsLES e S eSS st
£ |sF-0C ! ! i
§ | sF-0C : : : SR
8( 1 1 1 >

OP,4F 1P,3F 2P,2F 3P,1IF 4P,0F

Number of leptons passing signal
selection in the quadruplet
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Inclusive 41: Background

* Fake leptons mainly from in flight decays (WZ, Z+jets,ttbar,...) Nonpromptiepton ==,
+ Estimated from data using fake factor (FF) : ﬁ’%

Example for 1 lepton FF estimates '

F Measured ig fake f f:how likely it is for a fake
enrlchgd region as — lepton to be reconstructed
a function of event 1 as signal lepton
kinematics -

Number of fake leptons passing Nymber of leptons failing the
the signal selection signal selection . .
8 NFake _ o N & Validated in same charge (SC)
— LV Fail

ress i and different flavour (DF) regions
. I 1 Elswoc| A SCVR
* Overall 4% (falling off very quickly with m4l) gl | em
- E
Ak I I
s sr-oc R lr ______ :r ______ T
E SF-OC E i E SR
© >

« Z+Y taken from MC (Pythia8) represents only 0.2%

OP,4F 1P,3F 2P,2F 3P,IF 4P,0F

Number of leptons passing signal
selection in the quadruplet
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Inclusive 41: Correction

* Correction for the remaining detector effects
using iterative bayesian unfolding (2-3 iterations)

* Minimize dependence of SM lepton kinematics
by using per lepton pre-unfolding correction
1

[T, el 7]

w =

* Efficiencies measured in lepton kinematics,
derived for tau and non-tau, final eff weighted
per tau-fraction
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Inclusive 41: Correction

* Correction for the remaining detector effects
using iterative bayesian unfolding (2-3 iterations)

O

o e . . . I e Unfolded BSM (no pre-UF) ]

 Minimize dependence of SM lepton kinematics ¢ [ I | e s e
by using per lepton pre-unfolding correction wk v

1 102

Illluul llllLI,LI,l |

w = =
4 A 3 '
[1;—: €ilpe, n'] o e
0 } — 3 " =
* Efficiencies measured in lepton kinematics, 8 1o -
derived for tau and non-tau, final eff weighted BN
& 0.99E

per tau-fraction

16/04/2021 Measurements of multi-boson production at ATLAS 13




Inclusive 41: Results (differential fid. x-sec)

* single/double differential cross-sections (~ 1200 bins)
«  m4l (inc., pT4l, y4l, flavour), AYpgirs: Apairs, APy, Mz1, Myz, Prz1, Pr22, POL Variables

| Z region
/% axis logarithmic for m,, > 225 GeV
by AN AL B AL AL BLELELELE B T T T T T T 3 o T T T T T T T T T T T T T ]
> ATLAS p-val (Sherpa)=0.22 sugs Data' E 2 25ATLAS =¢== Data -
Q 10Ks=13 TeV, 139 fb™ p-val (Powheg)=0.09xx Powheg qg—4l + X "o ~ ys=13 TeV, 139 fbo™' N\ Powheg qg—41+ X 7
£ #4#4 Sherpa qg—>4l + X 3 b - 60< m, <100 GeV 4 Sherpa qg—-4l + X -
g1 X=gg—>4l+H>4HVVVEV(V)] g 20 X=gg—>4l+H->4+VVV+HIV(V) —
o H-4l 2 - ]
S 0t gg—4l ] o -] y N .
© 10 — ®V(V)+VVV 15— t | \ + M
— i - i 1 / v o ol -'"A 1525, oAl WA 4 ' & ",( & "';z _
10° E o PR 1 St e & U S
-3 _: » \ \ AR AR I
10 3 die: a4
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© . y | 3 © - - - -
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All results (including cov. matrices) in HepData
16/04/2021 Measurements of multi-boson production at ATLAS 14



https://www.hepdata.net/record/94413

Inclusive 41: Results (integrated fid. x-sec, BR)

Region

1] Integrated fiducial cross-sections

Full Z-4 | H-4 Off-shell ZZ On-shell ZZ

Measured 88.9 22.1 H 4.76 12.4 493
fiducial +1.1 (stat.) i 0.7 (stat.) +0.29 (stat.)  +0.5 (stat.) +().8 (stat.)
cross-section £2.3 (syst.) | +1.1 (syst.) : +0.18 (syst.)  +0.6 (syst.) 0.8 (syst.)
[fb] +1.5 (lumi.) +0.4 (lumi.) +0.08 (lumi.) #0.2 (lumi.)  +0.8 (lumi.)
+3.0 (total ) +1.3 (total ) §i0.35 (total)  +£0.8 (total)  £1.3 (total)
SHERPA 86+5 i23.6£1.5 1 457021 11.5+0.7 46.0+£2.9
POWHEG + PYTHIAS 83+5 21.2+1.3 i 4.38+0.20 10.7+0.7 46.4+3.0

2] Branching fraction of Z->41

[%-

Most precise results up to date!

By_4 = (4.41 + 0.13(stat) + 0.23(syst) = 0.09(theory) & 0.12(lumi)) x 107¢ = (4.41 4 0.30) x 10~°
Powheg: Bz = (4.50 £0.01) x 107° Phys. Rev. Lett. 112, 231806 (2014)
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https://arxiv.org/pdf/1403.5657.pdf

Inclusive 41: Results (interpretation)

Used LH formula for the interpretation Efﬂf_ggﬁg_yg,ﬁ;eld Theory
_l[‘—,’meas —’pred ] c! [—meas —-pred I}XH?( 0,1) LSMEFT *-»CSM +Z CO 0 i G o + Z Cko(n)

1
IRV CXP{ 2

A4 An—4
A7l Vk,n=5,7,9---
B Lept b del * Limits on 22 Wilson coeff1c1ent dim6
aryon epton number gauge mode » EFT terms generated (Mg5@NLO + Py8) individually
Full EFT Model
+  Spont Iy broken local B-L t e
pontaneously broken local gauge symmetry ATLAS ! full model
N . . o« . . . 1 % —_— %
+  Predicts Z' and exotic Higgs h2 mixing with SM Higgs /=13 TeV, 139 fo Bpecteasere ot Opserved 5% 0L
. . . Coeff. Observable Draw Scale Obs. 95% interval
Via «, pOSSlble decays of bOth nggs toZZ and Z'7’ Che Mo = \ <7 [-0.20,-0.033] U [-0.011,0.013]
: . S m i 5 | [-0.033,0.033]
*  Model generated with Herwig 7.2 Py j 062,029
_________ Cos . Mar | e _TIOBOIT T T T T T T
3 o7 T T RAnEE AR T Ay vsm, 3 0.7L\\\\A‘T\L‘A‘s“\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\: _________ =g m == —=-o B e
% ATLAS A q:"a':s m % F oo TeV, 139 o — Expected exclusion ] Cou ATD? — —— x0.05 | [-13.0,-6.91 U [-1.5,4.4]
06 (s =13 TeV, 139.fb" . o vs‘lm 06 B-Lmodel (m, =35 Gev, = 10°) +16 (expected) o A, —_—— [-0.70,0.20]
B-L model (m,, = 35 GeV, g'=10°) 7 pairs 4 C all limits at 95% CL " £ 20 (expected) o) Ad,,,. . [-0.19,0.55]
map of best variables 1 _|cose,, vsm, L — Observed exclusion- @ aa, —— — [-0.47,0.12]
0.5 - 7cose;2 vem, 0-5; My, < 2mz. E c:H;é My | et <05 | [-1.6,0.45]
] 7P Vs m4| = 1 Chg AP pais _ [-0.15,0.52]
04 T 0.4~ — I v ————— [[VST,O4T] = === ===°
] 7pT,12 vs m, C 1 Coe My —— x0.01| [-33.0,41.0]
1 |mg,vsm C " Co M, —— [-0.14,0.22]
03 e ] 0.3F 5| c ,,,/ : [-0.41,0.37]
1 |Mpvsmy C 5 o 34 —_— s
1 h 0.2 i Co My e 0,02 | [-21.0,26.0]
0.2 o _|myvsc 20 ] c  my : x0.02 | [-20.0,25.0]
1 |myvsly,) F 1 o v, : [-0.18,0.49]
j “Im,,vs p¥ 0.1— — cf;) m, _ x2 | [-0.086,0.17]
o1 ’7m:: ! il T T F T PR I oy my —_— x4 [-0.064,0.080]
Lo e L B 2 0 100 200 300 400 500 600 700 800 cy e x2 [ [0.16,020]
0 100 200 300 400 500 600 700 800 o e ; v2| [011.014]
m, [GeV] « “ | i I
m, [GeV] 2 - —0.5 0 5 0

.5 1
*  CHD, CHWB, CHes C'HI CHg Criy i, linear dominant
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Z(bb) + y: Motivation

 Probing jet grooming techniques to remove soft and wide angle radiation to

mitigate pile up and underlying event
& P P yis pr > 175 [GeV]

Trimming Soft drop
* ATLAS default for boosted * Achieves higher theoretical
topologies i | precisions
* Optimised on8/13 TeVdata : | « SD mass (NLO&NLL, LO&NNLL)

* JHEP 1002:084,2010 i i« JHEP1810(2018) 137

PRIt 5 200 [GeV]
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https://arxiv.org/pdf/0912.1342.pdf
https://arxiv.org/abs/1803.03645

Z(bb) + y: Motivation

 Probing jet grooming techniques to remove soft and wide angle radiation to

mitigate pile up and underlying event
& P P yis pr > 175 [GeV]

Trimming Soft drop
i+ ATLAS default for boosted + Achieves higher theoretical
i topologies i | precisions
i+ Optimisedon8/13 TeVdata : | « SDmass(NLO&NLL, LO&NNLL)

* JHEP 1002:084,2010 i i« JHEP1810(2018) 137

* Various interesting SM & BSM processes Py’ > 200 [GeV]

with X-> bbbar

* Good understanding of Z boson
can be used as CR to constrain syst. uncertainties g b

» Triggering on v, extending to low pT of Z
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https://arxiv.org/pdf/0912.1342.pdf
https://arxiv.org/abs/1803.03645

Z(bb) + y : Background

Y + gluon estimate

. Nb—jet =0 Nb—jet =1 Nb—jet =2 ‘ y+iets . ‘ H
Dominant (~92%) Non-tighty | CR-A CR-C CR-E Nggi =( 5:22") g;?_eg'
* Y + gluon splitting into bbar Tighty (CRB) CRD) S ¢ AR
* Derived from data using transfer factor \ /

) £ 18- amas T

Sllbdomlnant (< 1 %): g 16: \Et=k13RTe\1§(|3_c1::bt‘ j;t;tta% ]

o 1. jan.l-‘ =1 oes al —

* v+ ttbar (MadGraph+Py8) S el d E

< 7L 70% b-taggin —

* v+ W (Sherpa2.1.1) 2 | e ]

1.2=— -]

1: —— ]

i ]

Negligible: i T e

.. . . . o . 0.8 ]

» multijets, misidentified jets + bosons : :

06 e T

oo 12; Same behavior %

;‘? g 1;!5.:F++ Hfoj g@erent rlb;taigiF +++ é

19 0.9 3

0.8 ‘ ‘ ‘ ‘ =

40 60 80 100 120 140 160
Jet Mass [GeV]
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Z(bb) + y : Signal fit & significance

* Signal and bkg templates fitted to data using binned maximum likelihood fit.

Events / 10 GeV

Data / Fit

. Measured yields
Trimmed Soft Drop ——— :
L B e e I 0 B = SIS _ Process Trimmed jets  Soft-drop jets
T ATLAS — Data 1 ‘© 1000— ATLAS —e— Data ]
L {s=13TeV, 36.1 b . 260 4 6 O Vs=13TeV,36.1 fb E Z(>q0)+ 7 Zy 215+ 61 167 £ 73
10008 ant R =10L0ets =L 4 2 - antik A =10LC+CS+SKjets R 1l . y+jets 4180+ 90 4630+ 100
O Trimmed: f., = 5%, Ry, =02 — WYY_,qq),,y 1] ~ 8001 softdrop:p=0,z =01 T Wesaasr = W 39 + 8 37+ 8
800 PZ™>200GeV, p! > 175 GeV Totaluncertainty | &3 [ pZ*>200GeV, p! > 175 GeV Total uncertainty ] vy - -
T Two b-tagged jets at 70% WP [ Stat. uncertainty . 5 L Two b-tagged jets at 70% WP [ stat. uncertainty i tt+vy 39+ 12 40 + 12
B 7] > 00— e —
— P 4 WL e, i Total 4480+ 110 4870+ 120
//////////////// ] - Data 4475 4874
1 cooE _ Significance
§ Trimmed jets  Soft-drop jets
- Expected significance 3.8 2.7
=
////' % ; D 2z O e ww Observed Signlﬁcance 39 27
A s
©
‘ o Differences in the significance

40 60 80 100 120 140 160 120 ‘
Jet Mass [GeV] Jet Mass [GeV] due to mass resolution

and cross section
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Z(bb) + y: Integral and differential cross-sections

Jet definition & (Z(— bb)y, p{™ > 200 GeV, py > 175 GeV. 30 < m*¥ < 160 GeV) [fb] *  Dominant uncertainty from the fit normalisation
. . Data 17.0 + 5.0 (stat.) + 3.6 (syst.)
Trimmed jets SHERPA Zy prediction 13.4 + 0.2 (stat.) \/
MapGrara+PYTHIA 8 Z7 prediction 9.1 + 0.1 (stat.)
. Data 12.5 +4.9 (stat.) + 3.1 (syst.)
Soft-drop jets g, pa Zy prediction 15.4 + 0.1 (stat.)
MapGRrAPH+PyTHIA 8 Zy prediction 10.2 + 0.1 (stat. ‘s - - 1 -
_______________________________________ wOrmPyran 8 Zypredicion _102=01000)  ‘Differential cross-section in large R jet mass
—p . Irimmed Soft Drop
> . [ T T T T T T T T T T T T T T T T T T T ] ; 17\ ‘ T T T ‘ T T T ‘ T T T ‘ T T 1‘ T T T ‘ T T \7
o [ ] o ]
Q r ATLAS ; —e— Unfolded data ] (2 L ATLAS B —— Unfolded data 4
R e I P N e g
r anti-k, R=1. jets % X 7 O anti- =1.0 LC+CS+SK jets . B
_g T Trimmed: fon = 5%, Ay = 0.2 Syst. uncertainty ] _g L soft c;rop: $=0. 2 - 04 Syst. uncertainty |
o 0.8~ pZ™>200 GeV, p > 175 GeV - % os pZ*'> 200 GeV, pl. > 175 GeV n
© L Two b-hadrons Wy ] © [ Two b-hadrons i
0.6 j 0.4 .
0.4 - 0.2 .
0.2; ; Oj

if

40 60 80 100 120 140 160 40 60 80 100 120 140 160
Jet Mass [GeV] Jet Mass [GeV]




WW + >=1] jet: Motivation

° First ATLAS measurement of jet inclusive
 cross sections with WW

+ Test of perturbative QCD

* Represents large background in Higgs
measurements and BSM searches

' Sensitive to EWK self interaction (QTGC)
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WW + >=1] jet: Dominant background

» Dominant background comes from (61%)
e Main contribution from ttbar (84%) and Wt

 Using data-driven approach due to bad modelling
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WW + >=1] jet: Dominant background

» Dominant background comes from (61%)
e Main contribution from ttbar (84%) and Wt
 Using data-driven approach due to bad modelling

 Constructing 1,2 b-tagged CR (ttbar dominated)

Correlation coeff C, ~ 1

(b-tagging efficiency) Yield in 1btag CR el in 2btag CR
.......................................................................... _21/
t t
Nit — @ (Nlb + 2N2b) . Ntt_ Nitt
0b = 74 Nt 1b 2b
2b
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WW + >=1] jet: Dominant background

» Dominant background comes from (61%)
. o Validation i .

« Main contribution from ttbar (84%) and Wt - .AiLlA.satl.On in top enhanced region
[0) e 4 -eData _:§
~ 128; fopmevgeent VR S
 Using data-driven approach due to bad modelling § 140 Draes 2
w 120? =DreiI-Y;1ny i%

. . 100 ;7 Stat.®syst* 7; g
 Constructing 1,2 b-tagged CR (ttbar dominated) 80f 1
Correlation coeff Cy, ~ 1 601 =

(b-tagging efficiency) Yield in 1btag CR  Yield in 2btag CR 40— =

............................................................................................................................... .‘ 20 3

i 1) 2 1 / == . :

oy G (NI H2NR) s 128 |

0b = 4 Nit = 2 PR SN S ty -

.............................................................. e o9 ' ¢ T

0.8 \

,02

30 40 60 80 10° 0ac. op. e 3]
P [GeV]

« Wt taken from MC (Sherpa 2.2.1)
* Other bkg: Fake leptons(3%), Drell-Yan (2%), Dibosons (3%)

16/04/2021 Measurements of multi-boson production at ATLAS 25




WW + >=1] jet: Correction & Results

* Correction (C) for detector inefficiencies and resolution effects, luminosity (L)

NObS_ka:g L L | ——— L S R B B
O0fid —
C x L ATLAS — Data
(s =13 TeV, 139 fb [ stat. Unc.
pp — e*vp'vj [ ]Tot. Unc.
— Predicti
[O-ﬁd T 258 :l: 4(Sta’t) :l: 2f4(SySt)fb] ZDSéai4(Stat)i25 (syst) fb 4 Predictions

MATRIX 2.0 nNNLO
279 + 2 (PDF) + 18 (scale) fb

* Jet energy scale and calibration (~6%), MATRIX 2.0 nNNLO ® NLO EW

. . . 278 + 2 (PDF) + 18 (scale) fb

top modelling (4.5%) are dominant systematics | |
Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*

277 + 3 (PDF) + 44 (scale) fb

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
263 * 3 (PDF) * 16 (scale) fb

* Measured cross-section consistent with various | Poshes inLo + yiias (o-tj@nLoy

generator predictions at different precisions “ + Sherpa & OpenLoops gg—>WW

100 150 200 250 300
Integrated fiducial cross-section [fb]
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« Correction to particle level using iterative bayesian unfolding (1-2 iterations)

10

do/dms, [fo/GeV]

107'F

1.4
1.2

0.8
0.6/

Prediction/Data

16/04/2021

WW + >=1] jet: Differential cross-sections

Lepton variables: p;.

Measured distributions

leadlep _ subleadlep

,p ST

Dilepton variables: m,,,, pt, ApeH, yeH , M7 ey

" ATLAS
L Vs=13TeV, 139 fb”

+

Data and Stat. Uncertainty 1

Total Uncertainty

E 0 b Sherpa2.2.2* =
E PP > evuVj 4 MG5_aMC+Pythia8 FxFx *
i v MiNLO+Pythia8 * ]
o MATRIX nNNLO ® NLO EW
TMJWW * plus Sherpa+OL gg — WW |
e
i B ]
F -paegs .
.4:4,3.?@_.
Poa-eg-
- L:]__A_’ 90—
‘ {f
iﬁh@{@%ﬁ@%ﬁ #i 4+§§ %H{' {4”._
L ) i
90 1o2 2x10? 3x10? >4x10?
me, [GeV]

10°

10?

Ao [fb]

do/dcos(6*) [fb]

[
o
o

Prediction/Data

Jet variables: p;

~
o
S

o]
o
o

400F
300F

200F

100

1.2

—_

0.8F
0.6

1.41

leadjet

, nJets, Hy
Polarisation varlable: cos(68*) = |tanh(An(e,u)/2) |

JERLE %Mi-' {W#'- {ﬁﬁ-

™ T
e !

""" L B B L BN LI NN LA B AL ELELELL ELELELE
I ATLAS ¢+  Dataand Stat. Uncertainty
r _ -1 Total Uncertainty .
- /s = 13+Tey ’ _1 39 b &  Sherpa222* 3
F pp > efvpvj »  MG5_aMC+Pythia8 FxFx *
L Y MiINLO+Pythia8 *

$ MATRIX nNNLO ® NLO EW

%M#Jﬁﬁ' %W*“{#%—%- _

* plus Sherpa+OL gg — WW

T LT
-~
—t—
1 =o—
>
-
—_
-o-
"-"'o-
-o-
_D_
e
_<,_
"-2-'
_—
-o-
._D_
-(>-
-4—
-m-
-
-0-
-o-
_,.D_
-(>-
...
-4-
I

Measurements of multi-boson production at ATLAS

02 03 04 05 06 07 08 09 1

cos(6%)

All results in HepData

27


https://www.hepdata.net/record/sandbox/1594122451

WW + >=1 jet: EFT interpretation

* Measurement used to study EFT (Mg5@NLO + Py8), in particular aTGC (using m,,, )

 Presence of high pT jet enhances aTGC sensitivity arXiv:1707.08060v1

* Increased sensitivity of Pol limits in high pT phase space using linear only terms

T T | T T T I T T ‘ T T T ‘ T T T |
ATLAS — 68% CL

Vs =13 TeV, 139 fb'1 . 95% CL
pp — e*vu'v j —— Linear

—— Linear + Quadratic

PE' > 30 GeV

4
cy/AZ [TeV?

16/04/2021
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https://arxiv.org/pdf/1707.08060.pdf

Multibosons: Summary

3 recent ATLAS multiboson measurements have been presented

» Providing precise SM measurements of integral and differential cross-sections
 Using improved techniques with aim to reduce the model dependency
* Probing jet substructures with higher QCD precisions
* Possibilities to scan parameter phase spaces of BSM models (EFT, B-L, ...)

Gif: scan of Cyyg coefficient using one of measured distributions from inclusive 41

6
o 14 ATLAS e _ =010 Bxp -° 2 .|ATLAS| - xidf=1) = ATLAS S + 2ReiM, M) + (Ml
: Felatevems  [RSwer| [=§] VE= 13 Tel, B3Ot 2 = 13 Tev, 130 7!
i av, | Obs = ey, 1 | - Q68 =3.47 S 5l e SM + 2Re{td M,
L 10 My spactrum [} | < 5 +2ReiMMa)
12 | (0182, -0.034)1-0.015,0.011] @ 9% CL (exp) A ] 5 - 10.99 =y SM 4 Ml
c€[-0.201, -0.033]0{-0.011,0.013] @ 5% CL (cbs} ” i - Expq~1888 il
10 --ge==: w ! — Obsq~=1324 m 4 - SM
LA X » i w5k toy distnbution £ b Data tot)
iy \\ b7 ! i — gaé g
ks — i 10-* HE < ]
06 /f 51 ;
[
04 /| [
X | 10 1
\\ |
02 _ o e,
3 i G & 2t S L A
. B8 030 28 se 75 100 125 150 T3 700
NPT ) 2
@ o ¢ Bl v Gondx toy g-statistic for cug/A? =-0.210
15 . Expaye’ v ChsAYe* s r
e u
ol * © Expq Obs q = Exppull [l Obs pul = (g '''''
S 8 -
o e BSM QCD Scale . 2 f
ol = : ~ = b ft pull BSM QCD Srale st ory
R TR T

-0.20 -0.15 -0.10 -0.05 0.00

3 NP value at cye/A? =-0.210
o [Tev-2) ;

https:/ /atlas.web.cern.ch / Atlas/ GROUPS /PHYSICS /PAPERS /STDM-2018-30/animated 01.gif
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/animated_01.gif
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Inclusive 41: Systematics

* Uncertainty dominated by data statistics

. . OE' : T T T T LI I T T T T T LI I :
(estimated with bootstrap method) S [AmAs , —Toml DSl -~ Background
c | Vs=13 TeV, 139 fb"' -+ Generator -e-Lep. Eff. - Lep. Res. & Scale ]

*g 100 -5 Other
* Lepton efficiency, resolution, scale from 5k
data-driven measurements, propagated [ ]
as scale factors 10} — .
« Comparison of qq->ZZ generator S |
prediction by Sherpa and Powheg+Py8 i3 E
 Theoretical syst. of processes treated as I | .

01 3I0 4I0 5I06I0I I EIOO 260 360 4CI)0 — I1I000 2000
uncorrelated, qqZZ uncorrelated across e o]
4

m4l slices
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Inclusive 41: Background

Example for 1 lepton FF estimates

In case of 41 16x16 matrix A
——————— P OO, EECEE0
1 N. N Fake __ g ! ! !
f True e Pass —) NPass = F . NFazl “% SF-OC : : : SC VR
0 1- f N Fake N Fail 3 SF-SC i i i
‘ In case of 41, g “““ s po——-—- i
f:how likely it is for a fake lepton F for each combmatlor: S SI;‘-(C))(C:I i i i DF VR
to be reconstructed as signal lepton > 5| i i i
S T R [
F — £ |SF-OC i i i SR
F Measured in fake enriched - g | SF-0C E i i
region as a function of event ]. - f o - >
kinematics OP,4F 1P,3F 2P,2F 3P,1F 4P,0F

o B Number of leptons passing signal
selection in the quadruplet
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Inclusive 41: Results (integrated fid. x-sec, BR)

1] Integrated fiducial cross-sections

; . Region
Full P Z-o4 i H- 4 Off-shell ZZ On-shell ZZ . .
Measured 889 | 21 i 476 24 293 2] Br anChlng fraction of Z->4l

fiducial +1.1 (stat.) i 0.7 (stat.) +0.29 (stat.)  +0.5 (stat.) +().8 (stat.) a
cross-section £2.3 (syst.) | +1.1 (syst.) : +0.18 (syst.)  +0.6 (syst.) 0.8 (syst.)
[fb] +1.5 (lumi.) +0.4 (lumi.) +0.08 (lumi.) #0.2 (lumi.)  +0.8 (lumi.)
+3.0 (total ) +1.3 (total ) +0.35 (total )  +£0.8 (total )  £1.3 (total)

SHERPA 865 i 23.6=15 4.57+0.21 11.5+0.7 46.0+£2.9 Subtraction of predicted
POWHEG + PYTHIAS 83+5 i 21.2+1.3 ; 4.38+0.20 10.7+0.7 46.4+3.0
ki Non qqZZ processes

Fraction of single Z
(rather than T channel)

___pred
o non—qqg—4l

) 5 12 Faoner

Fraction of leptons ]

Bz u = oy X Are
J/' —_ Not originating from taus
Total cross-section for a single Z production
Phys. Lett. B 759 (2016) 601 Extrapolate to extend phase space
80 < m4l < 100, mll > 4, no kin. req on leptons

Most precise results up to date!
By 4 = (4.41 £ 0.13(stat) + 0.23(syst) = 0.09(theory) 4 0.12(lumi)) x 107° = (4.41 +0.30) x 10~°

Powheg: Bz_.4 = (4.50 £0.01) x 107% Phys. Rev. Lett. 112, 231806 (2014)
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https://arxiv.org/pdf/1603.09222.pdf
https://arxiv.org/pdf/1403.5657.pdf

Inclusive 41: Correction

* Minimize dependence of SM lepton kinematics

m4] Response Matrix

by using per lepton pre-unfolding correction 5 B E amas _gg%@j

"5 ss5-585 [— Vs=13 TeV, 139 fb” T

E  s05.500 —80 E

» Efficiencies measured in lepton kinematics, 5 1%

. . . S S —60 =
derived for tau and non-tau, final eff weighted 5o 1.,
per tau-fraction e 2o e "
* Correction for the remaining detector effects 15 ﬁgﬂf 0
. . . D D . . 104-110 1‘=i =10
uSlnglteratlvebayeSlanunfOIdlng(2_31terat10ns) 23 8IIIlIIlllIIlIlIIIlIlIIllIlIIIlIIIlIllIIIlIIg 0

2828 B:-2881888888855888
« Statistical uncertainty on data is the dominant Reconstruction-level m, [GeV]

systematic of the measurement (bootstrapped)

16/04/2021 Measurements of multi-boson production at ATLAS 34




Z(bb) + y: Corrections & Systematics

* Corrected to particle level using Uncertainty %]

. . . . . . Source p p -
iterative bayesian unfolding (1 iteration) Trimmed jets _Soft-drop jets
Luminosity 2.1 2.1
Jet energy resolution 0.4 < 0.1
« Response matrix from Sherpa 2.2.1 Jet mass resolution 5.1 6.0
. Jet energy and mass scale 7.2 7.4
Generator systematic from Mg5b@NLO+Py8 b-tagging 5.3 5.8
Photon related 1.3 1.2
. Muon related 0.1 < 0.1
Response Matrix Photon trigger 0.4 0.4
ATLAS Simulation anti-k, R=1.0 LC jets Transfer factor: O-tag vs 1-ta 75 4.0
Z(- qq)+y Trimmed: f,,, = 5%, Ry, = 0.2 - U-lag g . :
< 160 S Transfer factor: statistical 29 1.5
8 110 g (7 + y related 1.7 2.8
§ 0.8 £ Wy related < 0.1 < 0.1
= 120 S e, "~ Zy modelling 12 15
3 100 0.6 %’ Reweighting of MC based g—bUnfolding non-closure 94 5.8
é % i on data distribution Signal MC response: statistical 3.9 6.0
2 04 S : i Background template: statistical 59 13
2 2] ; :
§ 02 5§ i Unc. on normalization = Fit statistical uncertainty 30 39
e £ i of signal and bkg. template -
T 0 o  from the fit Total uncertainty 37 46
100 120 140 160 e g

40 60 80

Particle-level Jet Mass [GeV]
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Z(bb) + y: Integral and differential cross-sections
Integral fiducial cross-section

Jet definition o (Z(— bb)y, p,%'je[ > 200 GeV, p% > 175 GeV, 30 < m%7¢ < 160 GeV) [fb]

* Corrected to particle level using Trmmed jeis D 17050 (sat) = 36 (syst)
. . . . . . SHERPA Zy prediction 13.4 + 0.2 (stat.)
iterative b ayesian unfo]dlng (1 1terat10n) MADGRAPH+PYTHIA 8 Zy prediction 9.1+0.1 (stat)
. Data 12.5 £ 4.9 (stat.) + 3.1 (syst.)
Soft-drop jets SHERPA Zy prediction 15.4 + 0.1 (stat.)
MabpGrara+PYTHIA 8 Z7 prediction 10.2 + 0.1 (stat.)

* Response matrix from Sherpa 2.2.1,

compared to Mg5@NLO+Py8 Ditferential cross-section in large R jet mass

1 .2 T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
L ATLAS

r _ -1
[ Vs=13TeV, 36.11fb Sherpa Zy
r anti-k, R=1.0LC jets

- Syst. uncertainty

L Trimmed: fo, = 5%, Ry, =0.2

L L L L B L ) L LB B B

- ATLAS

L Vs=13TeV,36.1 1"
0.8 antik, R =1.0 LC+CS+SK jets
 Soft drop: B =0, Z.= 0.1
[ Z-jet v
0.6 P;" >200GeV, p. > 175 GeV

[ Two b-hadrons

|

1

—— Unfolded data —— Unfolded data

—— Sherpa Zy

o Dominant Systematic from fit Syst. uncertainty

normalisation of signal and
background template (30%) 06

do / dm [fb/GeV]
do / dm [fb/GeV]

0.8/~ pZ™>200 GeV, pi. > 175 GeV
Two b-hadrons 7%

NN
X

0.4

0.2

N S

40 60 80 100 120 140  16C
Jet Mass [GeV]

40 60 80 100 120 140 160
Jet Mass [GeV]
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Events / 10 GeV

150

100

Z(bb) + y: Signal yields

A B
. ATLAS

" Vs=13TeV, 36.11b"
- anti-k, R=1.0LC jets
[~ Trimmed: f.; = 5%, Ry, =0.2

T T T ‘ T T T ‘ T T T
—e— Data (bkg subtracted) _|

—— Sherpa Z(— qq)+y

| pZ>200 GeV, p! > 175 GeV

— Two b-tagged jets at 70% WP

40 60 80

16/04/2021

100

120 140 160
Jet Mass [GeV]

Events / 10 GeV

140

120

100F
- Softdrop: =0, z =01

80

60

40

20

|

ATLAS

T Vs=13TeV, 36.1 fb
- anti-k, A = 1.0 LC+CS+SK jets

—e— Data (bkg subtracted)
—— Sherpa Z(— qq)+y

t

C pf"e‘ >200 GeV, p! > 175 GeV
Two b-tagged jets at 70% WP

+

40 60 80 100 120 140

Jet Mass [GeV]
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WW + >=1] jet: Subdominant backgrounds

Drell-Yan 2%) | Dibosons (3%)

- , « Main ZZ, WZ, Wy, Z
* Leptons from quark in flight . i+ Estimated from MC (Sherpa2.2.1) | . Sherps2.2.1/2.2 8)’ 14
decays (W+jets) i i* Mostly Z->tautau I Comp to PowrPys
* Data driven ..+ Comparisonto Mg5_aMC@NLO | | | v SR 3 e y
 Fake Factor in dijet p
* Validated in the same sign region | i i VyloosendID
> 1 = > Er T T T T T T > 120F; T U I s
> 200F ATLAS 1  Data E > :_ATi.AS 1 > — ATLAS ~Dat ]
S 180 Sra m;3s;5?1vv?q39fb VR DlFakes O 8005 D\F e—"1$:a'l;]e\\//R139fb VR G 1 i\\/Fz VSTeV 139fb1 VR .waza E
P mwzzzvy 3 2 700 - Data  100F ]
S Cww 3 S 600i @ Drell-Yan S C Bz ]
0 [Top E Rt = [JTop o 80 [others
[ Drell-Yan = 500F CJWwW - .
Stat.®syst. J £ EWZzZZ\Vy r Stat.®syst. |
E 400 ? Stat.®syst. - :
3 300" 2 1
E 200 - ]
E 1005 R
= — : Qe =Esss e ————
s eF } s e s * Ji
2 e N 2 +” AR
5 oo f g oo bt g 0 ++ f ++ +++“ AT
E + = E = + l_:
0.8F L 0.85 ... | | Lol \ 34 AR L (I R 1L
30 40 60 80 10, o 0P 45 50 55 60 65 70 75 80 0 20 20 60 80 100 120 140
psu ead. leb. [GeV/] Mg, [GeV] E_rrmSS [GeV]
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WW + >=1] jet: Correction and Systematics

* Iterative Bayesian unfolding (1-2 iterations) ", cerainty source Relative effect

. Total uncertainty 10%

 Sherpa MC used for response matrix _ —— _
Signal region statistical uncertainty 1.1%
Data-driven background and MC statistics 1.2%
* Dominant: Jet energy scale and calibration . jibration 6.3%
Top modelling 4.5%
« Modelling uncertainties assest Fake-lepton background 4.3%
. . . Signal modelling 2.7%
through alternative simulations Other background > 30
Flavour tagging 2.3%
signal: Powheg-Box v2 @NLO in QCD +Py8 Luminosity 1.9%
top bkg: MadGraph5_aMC@ 2.6.2 + Py8 Other systematic uncertainties 0.6%
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WW + >=1] jet: Dominant background

» Dominant background comes from (61%)
. . . Vahdatlon in top enhanced reglon
e Main contribution from ttbar (84%) and Wt o
) E 1 +Data = %
§ w0 FBme VR SN
. . . -~ C =
 Using data-driven approach due to bad modelling 5 140" CFekes 4
o - Bwz,zz, vy Je
1 20; W Drell-Yan 43
th ) o . 100 Stat.®syst* - g
Nlb — Ny — No ers LO'tt_Ge,u, . 2€b(1 — Cbeb) Wt impurity in 2 bjet 13% 80E- EL
NQb — Noy — Nothers Lo'tf(‘fe,u . Cbez Wt impurity in 2 bjet 4% ig? :;"’
SR_’NO(, = LUtt_Geu(l — 2¢ + Cbﬁg) Correlation coeff Cp, ~ 1 20 E
07 T T T T T T T - i
................................................. tftt 5 11..21§: ‘ + I + + l _E
Nt Cy (N1i +2N3}) _ Nt Nt g T ! E
0b = NIt 1b 2b o 09 E
2b 0.8 | X =
U 30 40 60 80 107 3x10?

pI::ad. lep. [Gev]

« Wt taken from MC (Sherpa 2.2.1)
* Other bkg: Fake leptons(3%), Drell-Yan (2%), Dibosons (3%)
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WW + >=1 jet: EFT interpretation

* Measurement used to study EFT (Mg5@NLO + Py8), in particular aTGC (using m,,, )

 Presence of high pT jet enhances aTGC sensitivity arXiv:1707.08060v1

* Increased sensitivity of Pol limits in high pT phase space using linear only terms

—— -+ Lin + quad. result missing effect of dim8 EFT
ATLAS — 68% CL

Vs=13TeV, 139" oo 95% CL operators
pp — efvpv j —— Linear
—— Linear + Quadratic
Jet pr Linear only 68% CIobs. 95% Clobs. 68% Clexp. 95% CI exp.
pjTet > 30 GeV e > 30 GeV yes [-1.64,2.86] [-3.85,4.97] [-2.30,2.27] [-4.53,4.41]
e 30GEV no .. [£0.20, 0.20]....1-0.33, 0.33] ... [-0.28, 0.27] .. [-0.39.0.38] ..
I T >200GeV YES ... [-0.29,1.84] [-1.37,2.81] [-1.12,1.09] [-2.24,2.10] :
> 200 GeV no [-0.43,0.46] [-0.60,0.58] [-0.38,0.33] [-0.53,0.48]
PE' > 200 GeV 1
Lin+quad results weaker than WW Eur. Phys. J. C 79 (2019) 884

B E «  Bestlin results: EWK Zjj Eur. Phys. [. C 81 (2021) 163
cy/A?[TeV?
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https://arxiv.org/pdf/1707.08060.pdf
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/2006.15458

