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Multiboson Processes

» Multiboson production is sensitive to gauge-boson self-interactions
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» Cubic and quartic couplings with precise predictions of the coupling strength
» In the Standard Model, these always involve a pair of W bosons

> EWSB ensures renormalisability at O(a?) (experimentally accessible for the first time at the LHC)

Multiboson measurements serve as a test of the electroweak theory at the TeV scale
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Existing Measurements/Searches
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> The ATLAS and CMS
collaborations have a rich

(7ev )
program of multiboson _

analyses

> All diboson production

mechanisms have been measured
> by both collaborations
> exploring different decay modes of the vector bosons
> not always on recent data (i.e. with lower L and v/s) 27y

> Many triboson production mechanisms have been studied

> low cross sections require use of hadronic decays of
massive gauge boson
> hence, no clear separation of different processes Y44

(results at lower +/s are not shown in the table

—
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https://arxiv.org/abs/1302.1283
http://cms-results.web.cern.ch/cms-results/public-results/publications/EWK-11-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-01/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-05/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/

Diboson Measurements

Diboson Cross Section Measurements
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» The precision of all diboson measurements performed in the dataset recorded in the
years 2015+2016 at /s = 13 TeV is limited by systematic uncertainties

> They are in agreement with state-of-the-art theoretical calculations
> |t seems, for inclusive cross sections “ultimate precision” is already reached

What are the prospects besides adding additional markers
at v/s =14 TeV, 27 TeV and 100 TeV?
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Precise measurements with Heavy Gauge Bosons
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» For all diboson processes differential distributions have been measured

> The datasets available already allow O(10%) of bins with uncertainties of few per-cent
» Recent fixed-order calculations reproduce the distributions up to the TeV scale

» Shape of distribution well described by modern event generators at NLO (QCD)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/index.html

Event Yields for HL- and HE-LHC

Nevents (Mg > Mingmin) [fb]
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> At the HL-LHC and HE-LHC, millions of gauge-boson pairs
will (could) be produced

> The energy reach is significantly extended compared to the
present dataset
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https://arxiv.org/abs/1902.04070

QCD in ZZ+jets
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> Also measurements of jet multiplicities and variables in V V events available
» Benchmarking pQCD predictions is required by our own experimental ambitions, e.g.:

> VBS studies require correct modeling of kinematic and angular dijet variables and correlations
> WW measurements require a jet-veto to suppress background

7/20


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-005/index.html

QCD with Dibosons

gy CE SUFETTT e ] g o e
= T §=13TeV, 36.1 fb g E §700; o 13 Tev, 36.1 f [ S 0 et uncersiny 7:
2 g oo @ S Fwoewn  Emseomei
“ E 600~ [ Sherpa 2.2.2, k=10 |
< C L * comb. w. Sherpa+OL gg—WW, k=1.7 |
e —. [S):;arpa 222 500:— WW — evuy 7:
E . Powheg+Pythia x1.18 r 1
I Sherpa 2.1 L i
107 WZ = £vEr Q 400~ b
C § S E
g T R R AR T
E 1 X & 11— =
(22 BDTScore 8 ]
et Phys. Lett. B 793 (2019) 469 3. 1+ " b
BT Zog =
0 C 6 1\ \2 :\; J‘ = 5‘ 30 35 40 45 50 55 60
= Jet-veto P, threshold [GeV]
Eur. Phys.). C 79 (2019) 535 ™= Eur. Phys.J. C 79 (2019) 884
» H . T T T T T T T
Different tools on the market: ST W DS en0aTey
> Fixed-order calculations at NNLO+NNLL
> Event generators with parton shower at NLO (QCD)
> Multi-leg configurations up to one parton at NLO (QCD) and oo
up to three partons at LO A
> Large differences between predictions, and between e s ORI
. . . . . 0.25 0.3 0.35 0.4 0.45 05 0.55 0.6
predictions and data possible in tails R,= ol Flolgs

Phys. Lett. B 763 (2016) 114
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-24//

Electroweak Corrections
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» In the tails of the distributions we are already ;_ st
., . . o Pl e
sensitive to the effects of NLO electroweak corrections® "= o o oo
. . . . My [GeV]
> They are very important in our interpretation of the JHEP 1602 (2016) 057

differential measurements as EFT limits
» Can we find variables maximally sensitive to these predictions with small sensitivity to
non-SM gauge couplings?

9/20


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
https://arxiv.org/abs/1510.08742

Double Differential ZZ — 4¢

Prediction / Observation
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» Double differential measurements give access to
different sub-processes

» Extensive set of cross-sections, uncertainties and
correlations made available

> An example of how we can make our data accessible
to theorists and preserve it for the post-LHC era
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09/

Polarisation Measurements
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Eur Phys J.C79 (2019) 535
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> A first measurement of the polarisation fractions in V'V events is available from WZ
events, using the angular distributions of the leptons

> The longitudinal polarisation states of heavy gauge bosons result from the extra
degrees of freedom introduced by the Higgs potential

> Similar measurements in other V V processes and the possibility to enrich events in
longitudinal final states will be critical to study EWSB (and conceptual studies can start now)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/

Z-boson Decays to 2¢ and 2v

> The ZZ and Zy measurements usually

explore both Z — ¢¢ and Z — vv

> Cross-section results comparable in precision
(with expected differences in stat.and syst. uncertainties)

o =462+ 1.5 (stat) 7 (syst) 1S (lumi) fb
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> Additional selection on p?‘ss leads to loss in acceptance, usually only at low energy

— Higher branching ratio is beneficial in studies of
anamalous couplings and limits are consistently better
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/

Beyond Leptons

> Measurements with hadronically decaying gauge oMs 35.9 (13 Tev)
bosons typically have: % 10 Electron channel

> much larger background
> much larger uncertainties

> more statistics in the tails! .
B Post-fit unc.

4 Daa -
— — signalc_A?=159 Tev?q
wand

than the measurements using only leptons

> The W bosons can be fully reconstructed

g, i
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-008/index.html

Challenges at High Luminosity

> Pileup is already a source of background in
some measurements

> In particular, unconverted photons are
difficult to associate to the primary
interaction vertex

> Many performance measurements are
already systematically limited, they do not

necessarily descrease with more luminosity 77 - 4L at s

Only small improvements of uncertainties
for systematically limited measurements
(‘experimental uncertainties are either correlated or
uncorrelated depending on their origin”)

[2]

2 ¥ AtLas [68% CL E
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8- E|
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arXiv:1911.04813 <>

= 13 TeV (CMS)

Year Fiducial cross section, fb

2016 [5] 40.9 + 1.3 (stat) + 1.4 (syst) & 1.0 (lumi)
2017 39.14 1.2 (stat) + 1.2 (syst) = 1.0 (lumi)
2018 39.2 + 1.0 (stat) + 1.3 (syst) + 1.0 (lumi)
Combined | 39.9 £ 0.7 (stat) £ 1.0 (syst) £ 0.7 (lumi)

CMS-PAS-SMP-19-001
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-001/index.html

Systematic Uncertainties

WW — evuv,

Uncertainty source Uncertainty [%o]
Electron 0.7 Z’}/ - 557! ATLAS
Muon 0.9 Source Uncertainty [%] Correlation
. etey  utuy
Jets 3.0 Trigger cfficiency 02 mo
b-tagging 34 Photon identification cfficiency 1.0 yes
E;"wmk 04 Photon isolation efficiency 0.9 ves
k Electron identification efficiency 14 - no
Pile-up 1.6
i . Electron reconstruction efficiency 0.3 no
Wjets background modelling 3.1 Electron-photon energy scale 09 06 partial
Top-quark background modelling 2.6 Muon isolation efficiency 0.4 no
Other background modelling 13 Muon identification efficiency - 07 mo
e . . 7 + jets background 13 yes
Unfolding, incl. signal MC stat. uncertainty 1.4 Pile-up background 06 Yes
PDF+scale 0.1 Other backgrounds 0.8 0.7 partial
Systematic uncertainty 6.7 Monte Carlo event statistics 04 04 no
Statistical uncertainty 13 Integrated huminosity T yes
o N Systematic uncertainty 32 29
Luminosity uncertainty 2.1 g uncertainty 0.6 05
Total uncertainty 7.1 Total uncertainty 32 3.0

Eur. Phys.J.C 79 (2019) 884

> General statements on systematic
uncertainties are:

arXiv:1911.04813

ZZ — 4t at s = 13 TeV (CMS)

Uncertainty

nge of values

Lepton efficiency

> Multilepton final states have large lepton uncertainties ~ [rigser efficiency

— in principle known at the per-mille level

> The most concerning source of uncertainty is
reducible background (misid. leptons, b-tag ineff.)

— for the future, we should reevaluate if our

Background
Pileup

PDF

MR, HF

Integrated luminosity

lepton/b-jet/...working points are still appropriate

2-8%
1-2%
0.6-1.3%
1%
1%
1%

2.3% (2017) 2.5% (2018)

CMS-PAS-SMP-19-001
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-001/index.html

Triboson Production

VBF, VBS, and Triboson Cross Section Measurements staus: sy 2019
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S
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3
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» Triboson production so far has only been discovered in e —-i-
the yyy and Zyy channels, based on data at s = 8 TeV
> In particular, no production of three massive gauge —

bosons has been observed

» Due to o x BR(to leptons) below 1 fb these can particularly benefit from the dataset
expected from the HL-LHC
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Observed Processes

> F T

> Measurements of yyy production from ATLAS @ i ATLAS ]

and Zyy production from ATLAS and CMS e f;:t:(es\y/:?j;:c)

based on ~ 20 fb™! at V5 = 8 TeV 4 oft o NG aMC+Pys

5 1t ¢ MCFM E

» Triphoton cross section measured differentially = F ! ]

in several variables 10t J
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s 4 4

> The Zyy cross sections have been measured ? 05k E
slightly high (ATLAS) and in agreement (CMS) %30 4050 100 200 300

with the predictions at NLO Phys. Lett. B 781 (2018) 55 Ei‘ [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-06/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
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WWW/WWv/Wvz

» Searches for the production of three massive gauge bosons have been performed by
both ATLAS (79.8 fb™1) and CMS (35.9 fb™?)

> Branching fraction WWW — 3£3v ~ 1%
— Analysis of up to one V — jj final states
» Classification in number of same-flavour opposite-charge pairs

35 CMS 3591 (13 TeV)
ﬂ F T T T T T T
S [ Eireducibie .Charge misassignment - o (sackea) ATLAS
o 30 F [ vostithree leptons [y - lepton } Data Decay channel Significance
25 [JNonprompt leptons B8 rotal uncertainty ¥y Observed  Expected
20; WWW combined 3.20 2.40
E WWW — lvlvqq 4.00 1.70
15F WWW — lvlviv 1.00 2.00
10; S5 RRRA E3L WV Z combined 3.20 2.00
E RRRK WV Z — lvqqtt 0.50 1.00
5 Ve WV Z — tvlvil]qqllll 3.50 1.80
0 eyt e H ete’ eyt e 10 SFOS 1 SFOS 2 SFOS WVV COmbined ‘ 4 10 3 10

.4— m; |n—> <— mj-out —> <Three Ieptuns-b'

Phys. Rev. D 100 (2019) 012004 Signal regions Phys. Lett. B 798 (2019) 134913

» Evidence for WV V production from ATLAS with 4.10 (3.10 expected)
» Search for WWW production in CMS with 0.60 (1.80- expected) 18/20


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/

Triboson Production at the HL-LHC

WZZ — 5¢1y
T

ATLAS Simuaton Prlminary

5=14 TeV, 3000 b

ATLAS Simulation Preliminary
{5=14Tev, 3000 f”

ATLAS Simulation Preliminary.
5=14 TeV, 3000 b

Events /50 GeV
Events / 40 GeV'
Entries / 2 GeV.

[CJWWz - 4i2v (DFOS)
B Diboson

Cwzz - siv
Fake-lepton

. Top

B Diboson

B Higgs+X

B Triboson

Fake-lepton
. Top

M Higgs+X
R Triboson

o Top
Fake-fepton

I Triboson

B Higgs+X

0 50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 300 350 400 450 105 110

m? [GeV] arXiv:1902.04070 Pl [GeV] m, [GeV]

> At the HL-LHC there is sufficient integrated luminosity to study V V'V production in the
purely leptonic decay channels

> Background considerations are similar, so only particular combinations of lepton
flavour and charge are considered

WEWWT 53030 [ W WTZ S5 462w | W27 = 5l
Signal 312 168 19
. . Diboson 208 357 4.0
> The observation of WWW, and evidence for Tibosn s i 30
; g s y
WWZ and WZZ are projected o © w0 I
Total: 427 784 25
» Compared to 10 obs. (20~ exp.) from SeneneZ, 57 30 30
1. igni Z, (4000 15" 70 3.1 34
798 fb in ATLAS Preuslon}& ) 1% 27% 36%
Precision 1& (4000 fb ) 10% 25% 31%
arXiv:1902.04070
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Conclusions

> Measurements of inclusive diboson cross sections already are systematically limited

» Differential measurements become increasingly sensitive (and demanding) to
theoretical predictions from pQCD and NLO EW corrections

> Diboson final states are important for studies of the electroweak theory at the TeV scale
and the implications of EWSB

» There is evidence for the production of three massive gauge bosons
» The production involves quartic gauge couplings

> The full LHC dataset allows analysis of different VVV categories, also using purely
leptonic final states
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