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The VBF and VBS processes

e Vector boson fusion and scattering are characterized by a triple or quartic gauge vertex
* Probes gauge bosons self-interaction and electroweak symmetry breaking

o Although very challenging and vast data required, now benchmark SM measurements

* Sensitive to many new physics scenarios; crucial input to for EFT studies

e Tests anomalous triple and quartic gauge couplings (aTGC and aQGC)

 EFT: Probe new physics at scales beyond direct reach of LHC . @ |- H
. gluon higgs
vV vV vV
TGC Y
Higgs can be Photon
V QGC exchanged -



The VBF and VBS signatures

 VBF and VBS cannot be probed in isolation

 The standard approach is to study EW Vjj and EW VV73j
production, to which the VBF and VBS diagrams contribute

| %4

jet 1

EW V)

dijet system

» Rare processes but distinct topology: jet 2

1. Large rapidity gap between jets Ay;;
2. Large dijjet invariant mass mj;

3. Little hadronic activity (few extra jets), ‘ jet1
especially in rapidity gap between two leading jets (Z\G.iif ) ' oy 5

4. Low pr (or lack) of third jet / low pt of (V) V)] system y

), U |
Boost (rapidity) of (di)boson and dijet system similar * et 2 ‘ V | dijet system Gjj)

4

6. pr of (di)boson and dijet system similar + back-to-back in ¢

* Centrality: & ~ (Yyy) — ¥;) / Ayj; ; ,' 2
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 New way to probe VBS at LHC (2021)

yy > WW

e Photon induced VV production

e No forward jets

Details in Savannah
Clawson’s talk, Thursday

Very clean, but very rare

J




VBF and VBS measurements at ATLAS

Standard Model Production Cross Section Measurements
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YY

H Hjj VH Vy ttV ttH

VBF

tot.

« Electroweak V37 and

VViyyandyy - WW
production are all
very rare

 Rate relative to inel.
pp —> X

~12
0ii | Oiper = 10
6,10 .~ 10714
Z7jj ' ¥1el ™

e Challenging analysis:
Small signal swamped
by backgrounds; often
poorly modelled

e S50 observation for
WWjj, W23, £Z]] etc.



VBF and VBS measurements at ATLAS

1844

Lyy—tlyy
— [Njer = 0]
Wyy—€lyvyy
— [Njer = 0]
WWy—-evuvy

WWW, (tot.)

— WWW - €vlvij

— WWW - Evevey
WWZ, (tot.)

Hjj VBF
- H(->WW)jj VBF
— H(->vyvy)jj VBF

Wjj EWK M(jj) > 1 Tev)
— M(jj) > 500 GeV

Zjj EWK
Zyij EWK

vy - WW
(WV+2V)jj EWK
W*W=jj EWK

W2Zjj EWK
ZZjj EWK

= =

ATLAS Preliminary

Vs =7,8,13 TeV

F
;-E___

Theory

LHC pp Vs =13 TeV
mm
stat
stat & syst
LHC pp Vs =8 TeV

- Data
stat
LHC pp Vs =7 TeV

Data
KN

stat & syst

2.0 2.5

.3.0. N .3.5l |
data/theory

| '4_0 in the backup slides + slide on yy

e Summary of ATLAS
measurements targeting VBF
and VBS

e The following slides presents
a selected subset of

* EWZj

EPJC 81 (2021) 163

e EW Z(%f f )}/ ]] ATILAS-CONF-2021-038

o EW Z(—=1v)yjj
.« EW Z7jj

CERN-EP-2021-137

arXiv:2004.10612

References to all these results can be found

- WW
observation, PLB 816 (2021) 136190



https://www.sciencedirect.com/science/article/pii/S0370269321001301
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038
https://arxiv.org/abs/2004.10612

CERN-EP-2020-043, arXiv:2006.15458 , EPJC 81 (2021) 163

Measurement of EW Z

EW Zjj was first observed by ATLAS using Run-1 data
JHEP 04 (2014) 031

With the full Run-2 dataset, differential cross sections
are measured for four characteristic observables

 Dyet mass 1,

- Signed azimuthal dijet separation A¢;; and py .,

and rapidity separation Ay

Z — ee and Z — uu data, p’1 > 85GeV, m; > 1000 GeV

Main challenge: separate strong Zjj and EW 7jj

e Strong Zjj poorly modelled in VBF topology region
EW Zjj enhanced signal region using VBF topology cuts
e Control regions used to constrain strong Zjj prediction
* Likelihood fit measures EW Zjj bin-by-bin

EW Zjj

q

q

Strong Zjj

(1/3)

’ M M

e
/&
s

Strong Zjj
enhanced

CRa

9780 events

Strong Zjj
enhanced

CRDb

3286 events

EW Zjj
enhanced

SR

7937 events

Strong Zjj
enhanced

CRc

1992 events

0.5

1.0 §Z 6


https://arxiv.org/abs/1401.7610
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://arxiv.org/abs/2006.15458
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

—

Data / pred.

Measurement of EW

CERN-EP-2020-043, arXiv:2006.15458 , EPJC 81 (2021) 163

"ATLAS

{s=13 TeV, 139 fb™, Zj—lljj

7 (2/3)
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> 1 CRa CRb 12 free parameter that constrain strong Zjj Analogously in 9 ijj, 10 Pt z¢ and 12 Agbjj bins
9780 events 3286 events
EﬁN ijd Str}(l)ng zjgi' 52 Main uncertainties:
ennance ennance . .
| | ERICIN L LICEDIE Y e N
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://arxiv.org/abs/2006.15458
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

CERN-EP-2020-043, arXiv:2000.15458 , EPJC 81 (2021) 163

Measurement of EW 737 (3/3)

 Measured event yields are corrected to particle level (Iterative Bayesian unfolding)

 Measurements compared to various MC prediction

e Differential cross sections are used to set limits on BSM models

do / dm; [fb/GeV]
G R

Ratio to data

—

-) —
O . O O

= Guidance on generator choice; refinement of parameter settings

using an EFT framework

. Agbjj 1s CP-odd and very sensitive to certain Wilson coefficients (cy)
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Impact from BSM modifications on the
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://arxiv.org/abs/2006.15458
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://arxiv.org/abs/2006.15458
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

STDM-2017-19, arXiv:2004.10612 / i ¢ d_, . ¢

Submitted to Nature Physics . < 2 }\NWM z
Observation of EW ZZJ_] TRl P

« EW ZZjj: very rare; unique sensitivity to non-SM quartic 4-7 coupling

e Main challenge: separate from strong Z7;j production -, :

e Analysis:

e Decay channels: ZZjj — 4¢jj and ZZjj — £€vujj

* Preselection: typical ZZ (4¢, ££vv) topology, q q
b-jet veto (reduce f7), g 22Ty e
g ;_ ¢ Data Bl ZZ(EW) ] i ATLAS o 1&8??2&5 =%%£5\6VE))
loose VBF topo. selection (m;;, Ay;) p TZ oD W oy || gfw}f; B =17 BT
= : —: 300 ignal Region
 Following preselection, BDTs are used to® « M | & itevisen® | |
oo i CECEC|| 1 251
separate EW ZZjj from backgrounds | Signal Region o
 EW and strong Zj) measurements: 10
8
¢ //tEW - 1.35 + 0.34 6
Hsirong = 0.96 £ 0.22 4
2
« EW ZZjj significance: 5.5¢0 (4.30 expected) ;
5 15— _
* EW+strong fiducial cross sections measured g“zi%y/ %( e 0 B /%/)f////////////%/
for 4¢jj and ££vvjj separately gors, Tt ¢ 4 'let I o v
Q Y21 -0.8-06 -0.4 —02 0O 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08

MD 9 MD


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19/
https://arxiv.org/abs/2004.10612

ATLAS-CONF-2021-033

Observation of EW Z(£ 7 )y

EW Zyjj is measured in the eeyjj and 1.41yjj channels g%x

Analysis targets VBF topology + Z — £ + v:
P{} > 50 GeV, p%2 > 50 GeV, p7. > 25 GeV, m; > 150 GeV, Ay, > 1

my, > 40 GeV, and m,z, + mg, > 2my (veto Z — yC't)

SR CR1

Main backgrounds: Strong Zyjj, , [ty

Key observable: Zy centrality {,,; SR: (., < 0.4

0.4

Fit performed to m;; spectrum

800 [ T T T I T T T T I T T T T I T T T T

5 = - —+— Data """" L e =

5 700 fU-AS Frelminary 1 EW-Zyj 4 3 700 S vty CEwz =

. .. . . . o = = S= eV, ) QQD-Z ] g TR s=13TeV, 139 fb QCD-Zvii -

Observation of EW Z(#'7)yjj with significance ¢ =% & RO Y =S

S ost-Fit ] 500 ost-Fit o

well above 56 (~100) e 400 L
 Fiducial cross section 1s measured:

Opvy 7, = 449 £0.58 fb, o =4.73+£0.27 b

D o
& 1.1+ \ < &’
g B \ E
© IS
a a

The strong+EW Zyjj cross section is measured £ °[ i

500 1000 1500 2000 2500 3000 ' 500 1000 1500 2000 2500 300

to be: 20.6* 75 fb (predicted: 20.4+25 fb)

10


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

CERN-EP-2021-137, EXOT-2021-17

First observation of EW Z(vv)yjj

Strategy: target VBF topology+E%niSS:

p%l > 60 GeV, p{,z > 50GeV, Ag;; < 2.5,

N,=1,N,=0,m; > 250 GeV, y between jets

Multiple control regions to constrain
backgrounds

EW Z(vv)yjj signal established with 5.2¢

(5.10) observed (expected) significance

e Measurements:
EW uy, = 1.03 £0.25

In addition to EW Zyjj measurements, also sets
limits on invisible / partially inv. decays of a

Higgs boson (VBF H—invisible)

Events / Bin

Ratio

180
160

140

120}
100 F

Observation of EW Z(vv)yn G

80 |-

S —
. ATLAS Preliminary
- Ys=13TeV, 139 fb™

- EW Z(—=vV)y |

DO H

1.
1.
0- AN N N
0.

N N BN
2 LS SRR Y - A -
\ NN N\ \ <

-@- Data/Post-fit ; .. Uncertainty

] L) L) L)

\ = Pre-/Post-fit |

I L) T L l L) Ll T

Post-fit ]
1 -@- Data

4 3 Uncertainty
EW Z+y

. B Strong Z+y
1 TV EW Way

1 B8 Strong W+y
1Mttty /Vyy
o Wy et

B i ey
jet—y

1 Ml jet—e

Fake-e CR W, CR

025 05 10 155/02505 1.0 15502505 1.0 155/0.25 05 1.0 155/0.2505 10 15 5 m” [TeV]

Y Y
w!,CR Z

Rev.Cen.

CR SR- m, 11


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

TGC v v
v Summary j_}ii
V Vv 1%

Precision measurements of processes that probes VBF and VBS provides:
 Important test of EWSB

e Sensitivity to searches for new phenomena (BSM)
e Crucial input to EFT fits

Typically, the associated cross sections are very small —
small signal swamped by large, challenging backgrounds

e Precision analyses only recently possible due to large dataset required

e Most measurements are statistics limited

Jo observation established for major VBF and VBS sensitive processes & channels
* Focus shifting to precision differential cross section measurements

Exciting times ahead with the larger datasets of Run 3 and beyond

12
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CERN-EP-2020-165, arXiv:2010.04019 , PLB 816 (2021) 136190 y W+

See Savannah Clawson’s
talk on photon fusion

ey Observation of yy — WW .

 Photon-photon scattering _—H 7 =
. . V
 Incoming protons intact or
fragment outside acceptance
« WW — evuv channel very clean; » : ' .
opposite charged ¢, no other tracks 2 1000 = . I . —
® - gft—?ww ?TLAS -
o -+ — oy e — ., s=13TeV, 139 fb" _
« Analysis selects £~ £ events, fulfilling: TH000 Ll TR a0cey g
— [ Other qq initiated
p{f I'> 27 GeV, prfz > 20 GeV, m,, > 30 GeV, SR: pe” > 30 GeV 800 [— M. Norvpromo
%54 Total uncertainty
Count tracks within 1 mm of 77 primary vertex R )

« Expectn,, = 0 additional tracks from Yy = WW —
 Backgrounds constrained using CRs: § K/

p;" <30GeVandny > 1

Y L B— R I ]

q) — —

. . D —

* Background-only hypothesis rejected S I i
With 8 .46 Significance CDU 82 L =

e 04 = 3.13 £ 0.31 (stat) = 0.28 (syst)

14 Number of reconstructed tracks, n.


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
https://arxiv.org/abs/2010.04019
https://www.sciencedirect.com/science/article/pii/S0370269321001301

VBF, VBS, and Triboson Cross Section Measurements status: July 2021

YvY

Lyy—ttyy

— [Njer = 0]
Wyy—€yvyy

— [njer = 0]
WWy—-evuvy

WWW, (tot.)

— WWW - ¢vlvij

— WWW s Evevey
WW2Z, (tot.)

Hjj VBF
— H(-»WW)jj VBF
— H(—>y7y)ij VBF

Wjj EWK M(jj) > 1 Tev)
— M(jj) > 500 GeV

Zjj EWK
Zyij EWK

vy - WW
(WV+2V)jj EWK
W=*W=jj EWK

W2Zjj EWK
ZZjj EWK

o=72.6+6.5+9.2fb (data)
NNLO (theory)

o =5.0740.73 - 0.68 + 0.42 - 0.39 fb (data)
MCFM NLO (theory)

o =23.48+4 0.61-0.56 4+ 0.3 — 0.26 fb (data)
MCFM NLO (theory)

oc=6.14+1.1-1+1.2fb (data)
MCFM NLO (theory)

0c=29+08-0.7+1-0.9fb (data)
MCFM NLO (theory)

o=15+0.9+0.5 fb (data)
VBFNLO+CT14 (NLO) (theory)

o =0.848 + 0.098 + 0.081 pb (data)
NLO QCD (theory)

o =230+ 200+ 150 - 160 fb (datag
Madgraph5 + aMCNLO (theory

o =0.24+0.39-0.33 +0.19 fb (data)
Madgraph5 + aMCNLO (theory)

0c=0.3140.35-0.33+0.32 - 0.35 fb (data)
Madgraph5 + aMCNLO (theory)

o =0.55+0.14 4+ 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

oc=4+0.5+0.4 pb (data)
LHC-HXSWG (theory)

0 =243+ 0.5-0.49 +0.33 - 0.26 pb (data)
LHC-HXSWG YR4 (theory)

o =0.79+0.11 - 0.1 + 0.16 — 0.12 pb (data)
NNLO QCD and NLO EW (theory)

o =0.51+0.17-0.15+0.13 - 0.08 pb (data)
LHC-HXSWG (theory)

o =65.2+4.5 +5.6 fb (data)
LHC-HXSWG (theory)

o =425+9.8+ 3.1 -3 fb (data)
LHC-HXSWG (theory)

o =49+ 17 + 6 fb (data)
LHC-HXSWG (theory)

oc=435+6+9 fb (data)
Powheg+Pythia8 NLO (theory)

o =159 + 10 + 26 fb (data
Powheg+Pythia8 NLO (theory)

o = 144 + 23 + 26 fb (data
Powheg+Pythia8 NLO (theory)

o =37.4+3.5+5.5 fb (data)
Herwig7+VBFNLO (theory)

o =10.7+0.9 + 1.9 fb (data)
PowhegBox (NLO) (theory)

o =4.49+04 +0.42fb (data)
Madgraph5 + aMCNLO (theory)

oc=11+0.5+0.4fb (data)
VBFNLO (theory)

o = 3.13+0.31 + 0.28 fb (data)

II|IIIIhJIIIII

MG5_aMCNLO+Pythia8 x Surv. Fact (0.82) (theory)

oc=6.9+22+1.4fb(data)
HERWIG++ (theory)

o =451+8.6+ 15.9-14.6 fb (data
Madgraph5 + aMCNLO + Pythia8 (theory)

o =289+ 0.51-0.48 4 0.29 - 0.28 fb (data)
PowhegBox (theory)

oc=15+0.5+0.2 fb (data)
PowhegBox (theory)

o =0.5740.14-0.13 4+ 0.07 - 0.05 fb (data)
Sherpa 2.2.2 (theory)

0c=0.29+0.14-0.12+0.09 - 0.1 fb (data)
VBFNLO (theory)

o =0.82+0.18 + 0.11 fb (data)
Sherpa 2.2.2 (theory)

ATLAS Preliminary mm
o
Vs =7,8,13 TeV . mmremm
" e
TS
‘mom
— =
Theory
e
LHC pp Vs =13 TeV o
g ee s
stat
stat ® syst k=3
oA
LHC pp Vs =8 TeV IO
- Data
stat

LHC pp Vs =7 TeV

Data
KN

stat @ syst

H...I....I....I....I

0.0 0.5

1.0 15 20 25 3.0 35
data/theory

Reference

PLB 781 (2018) 55
JHEP 2002 (2020) 057

PRD 93, 112002 (2016)
PRD 93, 112002 (2016)
PRL 115, 031802 (2015)
PRL 115, 031802 (2015)
EPJC 77 (2017) 646
ATLAS-CONF-2021-039
EPJC 77 (2017) 141
EPJC 77 (2017) 141
EPJC 77 (2017) 141
PLB 798 (2019) 134913
ATLAS-CONF-2020-027
EPJC 76 (2016) 6
ATLAS-CONF-2021-014
PRD 92, 012006 (2015)
ATLAS-CONF-2019-029
ATLAS-CONF-2015-060

ATLAS-CONF-2015-060
EPJC 77 (2017) 474

EPJC 77 (2017) 474
EPJC 77 (2017) 474
EPJC 81 (2021) 163
JHEP 04, 031 (2014)
ATLAS-CONF-2021-038
JHEP 07 (2017) 107
PLB 816 (2021) 136190
PRD 94 (2016) 032011
PRD 100, 032007 (2019)
PRL 123, 161801 (2019)
PRD 96, 012007 (2017)
PLB 793 92019) 469
PRD 93, 092004 (2016)

arXiv:2004.10612 [hep-ex]
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EW Z37)/VV)) measurement in global BSM fits

SU(3)°: EWPO + Diboson + Higgs
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 The ATLAS EW Z;7 measurements helps
constrain Cy, 1n particular

Top, Higgs, Diboson and Electroweak Fit to the
Standard Model Effective Field Theory
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Z1): Generators, cutflow, fid. def

Process Generator ME accuracy PDF iihower. ?nfi F’arameter Dressed muons D > 25 GeV and n| < 7 4
adronisation set T
Dressed electrons | pr > 25 GeV and [n| < 2.37 (excluding 1.37 < |n| < 1.52)
EW Zjj PowHEG-Box v1 NLO CT10nlo PytHiAa8 + EvTGEN  AZNLO
HErwIG7 + VBFNLO NLO MMHT2014lo HerwiG7 + EvTGEN  default Jets Pt > 25 GeV and Y < 4.4
SHERPA 2.2.1 LO (2-4)) NNPDF3.0nnlo  SHERPA default VBF topology | N¢ = 2 (same flavour, opposite charge), me € (81, 101) GeV
Strong Zjj  SHERPA 2.2.1 NLO (0-2j), LO (3-4j) NNPDF3.0nnlo  SHErpA default ARpmin(€1,7) > 0.4, ARnyin(£2,j) > 0.4
MaDGrAPHS_aMC@NLO  NLO (0-2j), LO (3—4j) NNPDEF2.3nlo PytHia8 + EvTGEN A4 A’jets > 2, [)!rl > 85 GCV, [)!rz > 80 GeV
MADGRAPHS LO (0-4j) NNPDF3.0lo PyTtHiA8 + EvIGEN  Al4 PT.ec > 20 GeV, p,l;al <0.15
\iV SHERPA NLO (0-1j), LO (2-3j) NNPDF3.0nnlo SHERPA default mj; > 1000 GCV, |ijj| > 2’ {.:Z <1
1t PowHEG-Box v2 hvq NLO NNPDF3.0nnlo PyTtHiA8 + EVTIGEN  Al4 CRa | VBF tOpOlOgy o Niztif > 1 and fZ <05
YA7A%4 SHERPA LO (0-1j) NNPDF3.0nnlo SHERPA default ] gai)
W+jets SHERPA NLO (0-2j), LO (34j) NNPDF3.0nnlo SHERPA default CRb | VBF tOpOlogy ® ]Vjets > land fZ > 0.5
gap _
CRc | VBF topology & Njetf =0and ¢z > 0.5
SR | VBF topology & Ni; = 0 and £z < 0.5
Sample Z — ee Z — uu
Data 10870 12125
EW Zjj (POWHEG+PYS8) 2670 = 120 £ 280 2740 = 120 £ 290
EW Zjj (SHERPA) 1280 £ 60 = 140 1350 £ 60 = 150
EW Z;jj (HERwWIG7+VBENLO") 2290 £ 100 £ 210 | 2350 £ 100 = 220
Strong Zjj (SHERPA) 13500 = 600 + 4500 | 15100 = 600 = 5000
Strong Zjj (MGS5+PYy8) 13140 £ 480 + N/A | 14810 £ 540 + N/A
Strong Zjj (MG5_NLO+PY8’) 8800 = 300 = 1000 | 10000 = 400 = 1200
ZV (V. —> jj) 179+ 8 =+ 6 178+ 8+ 6
Other VV 45+ 2+ 2 45+ 2+ 2
tt, single top 92+ 8+ 6 B+ 8+ 6
W (— {v)+jets, Z(— T71)+jets negligible negligible




Modelling issues for strong backgrounds
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Likelihood fit for EW Zjj signal extraction

92 strong br . strong, MC strong bur - strong, MC
Inf =- Z vri(0) + Z N%®@ 1ny,;(0) - Z -5 VeRa,i — YLi VCRa,i Verb,i — PHi Verp,i 0
. i T 2’ strong br . ( ) strong, MC strong b f( ) strong, MC
ri ri s Veri = OLiSf(Xi) Ve s Vege, = PR f(Xi) Vg ;
EW,MC her, MC : . .

Vri =|Mi|V,; + Vit;-mng + V,(,)t N, 20 bins, 5 POls, 12 free parameter that constrain strong Zjj (§+5+2)
-ICB - I | | | | | | | . | | | v_l | | | | _!] .I. I.. = (D — | | | | | | | | | | | | | | | | | | | -
S 405 LATLAS  Prefit s=13TeV, 13910, Zjj>llj - T . s[ATLAS Postfit (s=13 TeV, 139 b, Zj—llj -
S = - Data Bl EW Zjj (PowHEG+PY8) (] Strong Zjj (SHERPA) = o 10°E & Dat B EW Zii (P Pyg Strona Zii (S =
LL - ZV(V—jj) A tt, single top Other VV 22 Uncertainty - = s aa =W ZJj (PowHEG+PY8) ong 4 (/ HERPA) =
10* . » | = LL J0 - ZV(V—jj) I tt, single top Other VV =2 Uncertainty -
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Fractional uncertainty
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Ratio to SM

Z)): EFT fit and HEP-data

ATLAS Simulation vs=13TeV, EW Zjj-Ilj Wilson Includes 95% confidence interval [TeV 2] p-value (SM)
| Mas|? 2Re(MgyMqgs)  —|Mqgs|? + 2Re(MgyMas) coefficient | Mgg|? Expected Observed
; ; ; 2 _ —
cw/ N =02 TeV-2 i | cw /A no [-0.30, 0.30] [-0.19, 0.41] 45.9%
' ! | | yes [-0.31, 0.29] [-0.19, 0.41] 43.2%
I i cw | AN no [-0.12, 0.12] [-0.11, 0.14] 82.0%
—mlzzlh_ —_— . -
| | | cuwB /A no [-2.45, 2.45]  [-3.78, 1.13] 29.0%
| | 1
! : ! yes [-3.11, 2.10] [-6.31, 1.01] 25.0%
I I ] — )
— | ! ———— ¢ A no —1.06, 1.06 0.23, 2.34 1.79
Ew /A2 =02TeV 2 i l Hws/ [ bt ] )
[Cw , : - yes  [-1.06, 1.06]  [0.23, 2.35] 1.6%
I |
I |
I I I EW Z jj SR, mj; cross-section measurements
: : ! — do /dmy; [ab/GeV] | -] -] -] -] 41| 14] 55] 13]0.10
: : : Stat. unc. [%] - - - -1 131 13 13 17 | 26
! ! ! Gen. choice [%] - - - -l 94| 14 76
Theory syst. [%] - - - -1 81 66| 43| 3.1 1.2 o
— : ; | - Jet sysyt. |)%| - - - -| 84 /69| 63| 94| 14 Llnks t():
’ c / /\2 1. 8 TeV‘ - : Unfolding syst. [%] - - - -] 23 11| 07 06/ 06
rlil | ! ! Other syst. [%] i ool 20]20] 23] 22| 30
; : '_‘—\__l I_ _l Inclusive Z jj SR, mj; cross-section measurements .
i i — do /dmj; [ab/GeV] | 510 [ 1040 | 700 [ 320 [ 120 | 31| 88| 1.7 [0.12
: : : Stat. unc. [%] 16 10| 09| 13| 15[23] 45] 72 21 He Data ent Wlth
| [ I — Jet syst. [%] 52| 38| 33| 36| 36/|35| 41| 66| 15
| : : - Unfoylding, syst. [%] | 23| 16| 09 06| 05|04| 05| 06| 06 all 20 unfOlded
: : : Other syst. [%] 28| 28| 28| 28| 28|28| 29| 29| 34
: : : Inclusive Z jj CRa, m;j; cross-section measurements measurements +
: ! ! do /dm;; [ab/GeV] | 250 [ 610 [ 560 | 320 [ 130 | 37 ] 87| 1.6 0.10 . )
! H T S Stat. unc. [%o] 220 12 10| 1.3[ 13|21 | 44| 73| 22
_ CHWB //\ =1. 8 TeV 2 i i _ Jet syst. [%] (1| 11| 94| 86| 86|81 | 99| 11| 14 StatlStlcal CIr'oSS
Unfolding syst. [7] 6.7 53| 4.1 33127126 30| 39| 53 e
i i E I Other syst. |y%| 23| 23| 23| 24| 24|25| 25| 26| 28 COI‘I‘elathn
: : : _|_L Inclusive Z jj CRb, mj; cross-section measurements
l l Eﬁ—_‘_| do /dm;; [ab/GeV] 190 | 430 | 330 | 150 | 54| 10 1.4 | 0.11
: : : Stat. unc. [%] 35| 14| 12| 18] 22|42 11| 28| - A . d
: : ' Jet syst. [%o] 11| 90| 76| 80| 74|79 9.0| 89 -
i i i Unl’obllding syst. [%] | 23| 24| 24| 21| 18|21 3.0/| 38 - . SSOClate.
I I i Other syst. [%] 23| 23| 23| 24| 24|25| 26| 26 -
: : — Inclusive Z j j CRe, mj; cross-section measurements Rlvet routlne

do /dmj; |[ab/GeV] | 350 | 690 | 390 | 140 | 37 | 5.7 | 0.60 | 0.07

Pr— p— p— p— p— p— p—  p—  p—  p— p—  p—  p—  p—  p—  po—  p—  p—  p—  p—  p—  po—  p—  p—  p—  p—  p—  p— p—  p—  p—  po—  p—  p—  po— —

DO Orr OO NOOOOOWMOOOOMWOOOLIMONOODOONOIL e 5
,_'(\J(,)'v,\(\jm'm'dq:q:mcooomvr\ovaagggoqr\_a)_u?r\_c)l\_LQoo_r\_c»v— Stat. unc. [%] 1.9 1.2 1.2 20| 27|58 18 36

~N . . . . . e e o s e s S SIS . L. L L L EFNANANTO SO NN AN™ Jet syst. [% 6.7 36| 33| 50| 23|47| 55| 4.0
ngomom"‘oc’.m‘oooaggoooomon.,.-.,c\’o*o;,\"dm“m" syst. [l ‘
:.&aiﬁg‘ggg&i&g—'——tovg&ggvmmcorxo.o.,\mm,\o, Unfolding syst. [%] 1.2 1.0 08| 09| 1.1 |16 | 2.1 2.3

== ST rh-oDasa 8, o 2 Z 8 t‘_’ 20 oA o Other syst. [%] 28| 28| 28| 28| 2829 29| 3.1 :

“““““ Low bin edge [TeV] | 0.25 | 0.35 050 | 0.75| 1.0 | 15| 22| 30| 4.5
High bin edge [TeV] | 0.35 | 0.50 | 0.75 1.0 1.5122| 30| 45| 75 2 1



https://www.hepdata.net/record/ins1803608
https://rivet.hepforge.org/analyses/ATLAS_2020_I1803608

EW Z7)) measurement detalls

221

! I

Process veely g lvvygg § 20§ 4 ;(z[;%gco) =§J§§Ez\:tv) _ 35;' f,::jg TeV, 139 fb1;0?ﬁgrs E%%%%s) |
EW Z27) 206+ 2.5 12.3+0.7 G iras 0 gl SianalRegon ez BSeS
QCD ZZjj 77T +25 17.2+3.5 ; by o fsojeTevitsen 7
QCD ggZ 77y 3.1+ 44 3.5%1.1 o Signal Region |
Non-resonant-¢/¢ - 21.4+£4.8 ol T “
W2z — 22.8 1.1 8 15)
Others 3.2+ 2.1 1.240.9 6
Total 114 +£26 78.4+6.2 4
Data 127 82 i
5 18 .
o 1.25 25}
g V555 /i/é/ //}%///////////%%/
Results: §007g 067,2- ----------- + ---------------------- V...
217208 06 0402 0 02 04 06 08 1 21 -08-06-04-02 0 02 04 06 08 1
00075 — MD MD
LW HQCD Significance Obs. (Exp.)
veels g 1.b £04 0.95 £ 0.22 5.5 (3.9) o
lvvgg 0.7 £0.7 — 1.2 (1.8) o
Combined 1.35=0.34 0.96 £ 0.22 5.5 (4.3) o
Measured fiducial o [fb] Predicted fiducial o [fb]
0eelyy | 1.27 £ 0.12(stat) £ 0.02(theo) = 0.07(exp) 4+ 0.01(bkg) = 0.03(lumi) | 1.14 £ 0.04(stat) 4= 0.20(theo)
Wvvjyg | 1.22 £ 0.30(stat) = 0.04(theo) 4+ 0.06(exp) £ 0.16(bkg) 4+ 0.03(lumi) | 1.07 & 0.01(stat) = 0.12(theo)
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EW ZZ candidate

Event with m;; = 2228 GeV; ma = 605 GeV

ATLAS

EXPERIMENT

Run: 340368
Event: 454611985
2017-11-09 04:06:14 CEST




https:/atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Ob tion of EW Z(v0)yij
Process Fake-e CR  W., CR W), CR  Z}. cen. CR 0.25.0.5 0'5?11).”0' m;; [Ti\(g-]l.5 > 15
Strong Z~ + jets 8+8 0+1 3+2 50 £+ 12 20+ 6 54 + 12 13+5 542
EW Z~ + jets 0.6 +£0.2 0.3+0.2 0.4+0.2 7T+2 441 307 25+ 5 367
Strong W~ + jets 43 + 9 47+ 9 133 + 21 24 + 6 22+ 6 35+ 10 9+3 3+1
EW W« + jets 19+ 6 31+ 7 59 + 13 1.4+0.5 2+1 6+1 441 5+1
jet— 1+1 2+ 2 3+2 2+ 2 1+1 242 1+1 0.44+0.3
jet— e 34 + 17 5+3 — — — — — —
e — 7y - 2.7+04 29+04 13+1 6+1 11+1 2.6 +0.4 1.4+0.3
v+ jet - - - 0.7+0.5 0.7+0.5 0.44+0.3 0.1+0.1 0.1 +0.1
tty/Vyy 3+1 942 13 4+ 2 3+1 2+1 4+1 0.44+0.2 0.1 +0.1
Fitted Yields 108 + 10 96 +£ 8 213 + 14 1024+9 o8+ 6 143 +12 54 + 5 52+ 6
Data 108 95 216 100 52 153 50 52
Data/Fit 1.00+0.14 099+0.12 1.01+£0.09 0.98 +0.13 0.904+0.15 1.07+0.11 0.93+0.16 0.99+0.18
L T S > LI I B I I S I U .
T ATLAS Preliminary Post-fit -®- Data N\ Uncertainty © Lok ATLAS Prellmlpary Post-fit ~®- Data N\ Uncertainty
g 300 Vs=1 ?o TeV, 139 b o EW Z+y [ Strong Z+y O - Vs =13 TeV, 1391b' ) EW Z+y B Strong Z+y )
TR, SR+Z ey cen, CR fOr EW Z(—v¥)y jj Bewwsy  [llsrong Wey — sol- SRfor EW Z(—vv)y | ew wsy Mstong Wy -
- tty/Vyy . e—y ; i \k\\ - t?y/Vyy . e—>y i
200 W jet—y T ORI\ ety -
q) -
150 \\\\\\*\\\\\ U>J j
40 ]
NCTEERRRRRRE A AN 20 _:
1.5
O
—
1
T ¢
0.5( @ Data/Big & Uncertainty — Pre-/Post-fit 0.5F = Data/Bkg & Uncertainty ~— Pre-/Post-fit

0 0.1 0-2 0.3 0.4 0.5 0_6 0.7 0.8 0.9 1 10..1;210.1..31011114.10..‘.5101...610..1‘710.1l.810;..1910..1‘i66. .1.10 2
Photon Centrality Photon E,, [GeV] 4




Single and double boson production

. Electrowea k Ratio
Strong production production (VBF)
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