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INTRODUCTION AND MOTIVATION

Non-abelian gauge structure of the SM allows for vector boson self
interactions — Triple (TGC) and Quartic Gauge Couplings (QGC)

Multiboson final states important test of the electro-weak sector of the
Standard Model — Precise measurement of the coupling values

Probing the strength of the couplings is an indirect search for new

physics
W77 — 5 lepton event
Many multiboson final states are gk Poston
backgrounds to searches for Cecror
new physics — Fundamental 1o S A 20002

have a detalled description
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Two main groups of processes:
QCD production and Vector
Boson Scattering (VBS)

Positron
Pr =68 GeV




EXPERIMENTAL CHALLENGES
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» Complex final state — High particle multiplicity

» High precision needed in the measurements — Small deviations can be
linked to the presence of new physics, EFT interpretation

» Measurement of inclusive cross sections and evidence/observation of
Processes never measured before



» Measure both inclusive and single channel cross sections

WWW == 2v g’
2 same sign (SS) leptons, = 1 jets

9 categories: lepton flavour (ee, ey,
uy), 1 jet and 2 jets with 65 < mjj< 95
GeV and outside

Backgrounds: lost lepton, SS leptons
+ jets, nonprompt

|
WWFZ - 27 2v (1+I7)

»  SFOS lepton pair with mll within
10 GeV of Mz

»  Dominant background from ZZ
production _

WZZ -l (141%) (

WWW = [=[z]+ 3v

0, 1 or 2 same-flavour opposite
charge lepton pairs (SFOS)

mi incompatible with Mz

Backgrounds: lost lepton, SS leptons
+ Jets, nonprompt

.|
777 - (141%) (I=1%) (1

»  Very small cross sections and BR

» 5l: must have 2 SFOS close to Mz,
prmiss > 50 GeV, backgrounds from
// and nonprompt leptons

»  ol: 3 SFOS pairs, very small

background from ttH and ZZ 4


https://cds.cern.ch/record/2714899?ln=it

Events

o1 Data/Pred.
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» Non-prompt lepton background estimated form data exploiting isolation
variables

» Boosted Decision Tree trained with simulated background and signal

» Two BDT applied in sequence for channels with more than one lbackgrounad
categories (for WWW: nonprompt and others)

» 41 WWZ category main background contribution from ZZ — prmiss cut
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Same-sign dilepton 3 leptons

L: expected significance
5 in single channel

4 |leptons

suodaio | BB . .

Data and prediction
¢ Data * stat. uncertainty

XX Background + systematics

Triboson signals
BWWW @, =1.157%)
BWWZ (u, =086'03)
BWZZ ., =2247%)
WZZZ =007

1|1 BKg. in same-sign / 3 leptons

[JLost / three leptons

B Charge mismeasurement
EWWEj / T

[ JNonprompt leptons

By — lepton

Backgrounds in 4/5/6 leptons

[Jzz []Jtwz  []Other
Witz @wz

Pulls: difference between
observed and predicted




VVV CMS 137 fb (13 TeV)
i i e BDT _ total stat
Combined S ¢ Sequential-cut 4 g5 4026 +021
» Measured signal strength in www | e 15 *045 1022
agreement with SM prediction | | o3 008
WWZ | —— - 0.86 "531 “0.29
L . wzz | i o 224 *1R 178
» Discrimination of signal ana | | =
background enhanced with 22z | ; Allowed S
BDT approach T T B e R
Signal strength u
Channel Cross section (fb) . g
Higgs boson contributions as signal Observed (expected) significances
VVV 10107550 " 130
1160 +160 Channel  Cut-and-count BDT
Wz e
WWZ 300+120 +%0
WZZ 200+160 +70 2.5 (2.9) 3.3 (3.1)
177 <200
Higgs boson contributions as background 3.5 (3.6) 3.4 (4.1)
140 +80
VVV 3702130 “e0
WWW 190* 150 50 1.6 (0.7) 1.7 (0.7)
80 +30
WWZ 100 50 735
WZzZ 1107190 £ 0.0 (0.9) 0.0 (0.9)
177 <80

* 2016 only (35.9 fb-") result: 0.60 (1.78)
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CMS-PAS-SMP-19-013

Selection

W — One isolated
electron (muon) with

pr > 35 (30) GeV

/ — TwoO opposite-
sign same-flavour
electrons (muons) with
pread > 35 (30) GeV

»  Study of the non-abelian structure of
the electroweak sector of the SM

Two photons with
ot > 20 GeV,

| Mesy) - Mz | > 5 GeV,
Isolated from e and

» Sensitive to the presence of many
different aQGC

» Possible background of VH
measurements (H—yy)


https://cds.cern.ch/record/2756372?ln=en

Vyy

|

» Backgrounds » Electron-photon misidentification

_ CMS preliminary 187 o (13 Tev) (mainly W(ev)yy channel) = Exploit

5 199F" « Data

2 40— 7770 Z _h
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120 Misid. jet : :
Z// B AT 50 Tev simulation
o

» Other irreducible backgrounds
from events with true photons
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Data / Prediction

. . CMS Preliminary 137 o™ (13 TeV)
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) . e ; - 1 Others
» Jet-photon misidentification B Visid jots
— Data driven estimate from o2 fuf A" =100 TeV

single photons events by 7
exploiting isolation properties L_
and then extrapolated to the A :

di-photon signal region

Data / Prediction
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Vyy

» Inclusive cross sections measured for the
electron, muon channels separately and then
combined

6, = 5411038 (stat) TS5 (syst) + 0.06 (PDF + scale) b

» Results in agreement with SM prediction

Systematic uncertainties

» Data-driven jet-photon
misidentification
background estimation (Wyy

21%, Zyy 6%)

» Photon scale factors (Wyy
12%, Zyy 5%)

CMS Preliminary 137 fo" (13 TeV)

\

CMS Preliminary

137 fb™ (13 TeV)

W(ev)yy -:-.— 5 0.23 * 022 (stat.) ggi (syst.) Z(ee)yy
: +0.11 +0.23
W(uv)yy —o— 0.74 " /., (stat) Py (syst.) Z(upyyy
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I 0.18 0.12
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—or 0.917 4 (stat.) o1 (syst.)

signal strength p

Observed (expected)

FIRST EVIDENCE

significance
OF Wyy PROCESS

Lyy
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Vyy

» Di-photon distribution exploited for limits computation

» High ptrr region most sensitive to the presence of aQGC

Woy (TeV™) Zyy (TeV™™)
Parameter =~ Expected Observed Expected Observed
fama/A* [-57.3,57.1] [—39.9, 39.5] - -
fums/A* [—91.8,92.6] [—63.8, 65.0] : - First time ever
fro/A* [-1.86,1.86] [-1.30,1.30] ([—4.86,4.66] [—5.70,5.46]| with Zyy
fra/A*  [-2.38,2.38] [-1.70,1.66] | [—4.86,4.66] [—5.70,5.46]| channel
fro/A*  [-5.16,5.16] [—3.64,3.64] \[—-9.72,9.32] [—11.4,10.9]
frs/A*  [-0.76,0.84] [-052,0.60]) [—2.44,2.52] [-2.92,2.92]
fre/A*  [-092,1.00] [-0.60, 0.68] | [—3.24, 3.24] [—3.80, 3.88]
fro/A*  [-1.64,172] [-1.16,1.16] | [—6.68, 6.60] [—7.88, 7.72]
frg/A* - - —0.90, 0.94] [—1.06, 1.10]
fro/ A - - —1.54,1.54] [—1.82,1.82]
Wlv)yy ¢ —e—i 2 7ot 75001 o 1aTo
. . ’ —e—i Wy [-5.0e-01, 5.0e-01] 359" 13 TeV
b e ' pEmie  sw
CMS results —— N e B IV
: AR R e o T LM [eeopetegn | mepT | T |
-5 0 ) 10 15

aQGC Limits @95% C.L. [TeV™*] 11
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— ss WW -2.1e+00, 2.4e+00] 19.4 fb.’ 8 TeV
H ss WW -1.2e-01, 1.5e-01] 137 fb?! 13 TeV
hi 74 -3.7e-01, 4.1e-01 137 fb?! 13 TeV
i OV = i+ e BEY
[ -1.2e-01, 1.3e- 35.9 fb e
£ IA — -2.7e+00, 2.6e 3591b" 13 TeV
T2 Zy -9.9e+00, 9.0e+00 19.7 b’ 8 TeV
’ — Z -2.0e+00, 1.9e+00 35.9 fb’! 13 TeV
y -1.1e+01, 1.2e+01 19.7 fo’! 8 TeV
. — Wy -1.0e+00, 1.2e+00 35.9 fb’ 13 TeV
ss WW -5.9e+00, 7.1€+00 19.4 fb.’ 8 TeV
Multi-boson processes z B pERest bR
— 74 -1.0e+00, 1.3e+00] 137 b’ 13 TeV
H 2z -6.3e-01, 5.9e-01 137 fb” 13 TeV
. H zZV -2.8e-01, 2.8e-01 359 b’ 13 TeV
£ IA Y -9.3e+00, 9.1e+00] 20.3 b 8 TeV
aC C e S S I e T5 — Z -7.0e-01, 7.4e-9(1)$ 35.9 fb’! 13 TeV
S | Y -3.8e+00, 3.8e+00] 19.7 fb" 8 TeV
H Wy -5.0e-01 .,SLOe;g(% 359fh" 13 TeV
£ IA — Z -1.6e+00, 1.7e 35.91fb" 13 TeV
T6 — v -2.8e+00, 3.0e+00 19.7 fb" 8 TeV
H Wy -4.0e-01, 4.0e-01] 359 b’ 13 TeV
f /A — Z -2.6e+00, 2.8e+00 35.9fb” 13 TeV
T7 'y -7.3e+00, 7.7e+00 19.7 fo’! 8 TeV
= | Wy -9.0e-01, 9.0e-01] 35,9 fb! 13 TeV
A8 — Zy 1.8e+00, 1.8e+00] 19.7 fo 8TeV
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H ZZ -4.3e-01, 4.3e-01] 137t 13 TeV
£ IA® 2y 7.4e+00, 7.4e+00 20.3fb" 8 TeV
T9 O — Zy -4.0e+00, 4.0e+00 19.7 fb"! 8 TeV
u — Zy -1.3e+00, 1.3e+00 35.9fb’ 13 TeV
—_ Zy -3.9e+00, 3.9¢+00] 20.2 fb' 8 TeV
I 1 | ! HH ! ! 24 I -9.29-01, 9.2e-0j] AL 13Tev

| —20
d Iﬁe re th p rO Cesses aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV'4]

Limits on anomalous couplings more and more stringent,
iIncreased sensitivity on new physics processes

First observation of massive triboson processes @ 13TeV
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BACKUP
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RESULTS INTERPRETATION

» Presence of effects beyond the SM (BSM) can change the value of the couplings
— Anomalous Gauge Couplings

» Effective Field Theories (EFT) provide a model-independent extension of the SV

/\ I1s the energy scale of the new physics, ld IS the dimension of the operator,
fris the strength of the coupling

M 9fb'(13 TeV
O_GCIII§IIII|IIII|IIII|IIII|I3I5I9I|bIII(1I?IIeII)

----- Median expected
W 68% expected

95% expected =
—— Theoretical cross section with 1/f;, =5 TeV-!
— Observed h

0.4 -

aGC effect enhanced for
high-energy (-mass) regions

o(pp—Wa) B(a—WW) [pb]

Probe explicit :
BSMmodelsat | Lo

. \ 250 300 350 400 450 500 550 600
high energies M. [GeV] 14



ELECTRON-PHOTON MISID

» An electron that does not leave a track in the
tracker, but only an energy deposit in the
electromagnetic calorimeter

» Simulation of the process in the Drell-Yan é
samples is not perfect = Correct in a data-
driven way

» Procedure: \

» Extract “fake” Z mass e+Yy in differential region of photon momentum and
pseudorapidity in data and Monte Carlo

» Fit distribution with template + background model — Systematics from
analytical fit with double Crystal-Ball shape

» QObtain a correction factor by comparing the number of events in the Z peak
In data and simulation

» Correct the simulated photons that match a generated electron for the

correction factor obtained in this way e



JET-PHOTON MISID

» A jet initiated by a neutral particle (for example a o)
that releases energy in the electromagnetic calorimeter
has the same signature of a photon

\
A
\
A

» Use shower shape distributions of photons in a control region

(no isolation requirement, enhance contribution of jets) in the MC to
estimate the contribution of the jet-photon misid

Use a variable that can

discriminate photons form jets:—-\
isolation

Categorise both data and
simulation in signal (Tight) and
Estrapolate the background control (Loose) regions
fraction to two-photon control

region

Exploit single-photon control
region to compute

isolation probabilities € and f 16



JET-PHOTON MISID

3
» A jet initiated by a neutral particle (for example a o)
that releases energy in the electromagnetic calorimeter
has the same signature of a photon

» Use shower shape distributions of photons in a control region

(no isolation requirement, enhance contribution of jets) in the MC to
estimate the contribution of the jet-photon misid

Probabilities for a photon to be Composition of the di-photon region in terms
Isolated in single photon control region of “true” events and jet-photon misid ones

N\ ~
(NTT ( % P! fie; fi1f, \
Nt | L €1(1—¢3) €1(1—13) f1(1—e€2) f1(1—13)
Nt (1T—eq)e; (1—eq)f, (1—"F1)ey (1—1)f;
\NLL/ \(1 —e)1—ex) (1—e))(1—1,) (I—f)(1—e)) (1—F)(1—1y)/
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JET-PHOTON MISID ™,
o

» A jet initiated by a neutral particle (for example a m©
that releases energy in the electromagnetic calorimeter
has the same signature of a photon

» Use shower shape distributions of photons in a control region

(no isolation requirement, enhance contribution of jets) in the MC to
estimate the contribution of the jet-photon misid

/NTT\
N

NLT
\Ny./

( €1€2
e(1—ey)
(1—€1)e;

€1f;
€1 (1—1,)
(1—¢€q)f;

f1 (1 — 62) f] (1 —fz) . N
(] —f1)€2 (1 —f] )fz
\(1 —e1)(1—e€3) (MT—e)(1—=1,) (1—-F)1—e) (-1 —fz)/

-

f1e; 113 \ M

Invert and extract composition of

the signal region 18



SYSTEMATIC UNCERTAINTIES

Table 1: Summary of the systematic uncertainties (in %) for the W+~ and the Z-yy cross section
measurements. The numbers indicate the impact of each systematic uncertainty on the value
of the measured cross section in the corresponding channel.

Systematic source eveYY Mvuyy lvyy eeyy wupyy lyy
Luminosity <1 2 2 3 1 3
Pile-up 2 <1 <1 2 <1 1
Electron SF 4 <1 <1 3 <1 1
Muon SF 1 <1 <1 2 <1 1
Photon SF 18 13 12 6 5 5
Jet-photon misid. 25 22 21 6 5 6
Electron-photon misid. ! <1 <1 - - -
W theoretical cross section 3 3 3 <1 <1 <1
Zy theoretical cross section 4 <1 <1 7 5 6
Other bkgs theoretical cross section 5 2 2 <1 <1l <1
Monte Carlo statistics 18 7 8 7 3 1
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