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| Multiboson Measurements |

May2020 CMS Preliminary
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* Production
probability
lower by
factors of 2 -
100 (WZ -
WWW) wrt to
Higgs
production

e Rare and
difficult to
isolate from
background
processes

ultiboson Measurements

Standard Model Total Production Cross Section MeasurementsStaf“S’
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Multiboson physics is

e discovery physics (tribosons)
e precision physics (W+W-, Zy)

Focused on newest results from
ATLAS and CMS Collaborations
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Major milestone in Standard Model physics!

T RIPLEST REAIEESCSHSSSSUNE S\t [R]V Eg
P-aO-D WaC J ION OF T H RSEL
MASSIME VECTORZB 0 SUMNAS

http://ecms.cern/news/triple-treat-cms-observes-production-three-massive-vector-
bosons

Report number CMS-PAS-SMP-19-014

Title Observation of heavy triboson production in leptonic final states in proton-proton collisions at 4/S = 13 TeV

Corporate author(s) CMS Collaboration

Collaboration CMS Collaboration http://cds.cern.ch/record/2714899

Subject category Particle Physics - Experiment

Accelerator/Facility,
CERN LHC ; CMS

Exneriment

Auxiliary material: https //cms-results. web. cern. ch/cms results/publlcresults/prellmmary-results/SMP 19 014/index.html
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' Observation of Heavy Tribosons with Run Il data |

|

Combined observed significance at 5.7 o

Observed significance for WWW and WWZ at 3.3 c and 3.4 ¢

Rich physics content in triboson final states

V1 !2!3 = (W, Z)
Access to various couplings q v q Vi
1
Evidence announced last year by ATLAS:
arXiv:1903.10415, WWW+WWZ 4.0 (3.1) o ‘\’\'V2 . %:Lf V2
Search for WWW performed in CMS: q 7’LV3 q Vs

arXiv:1905:04246, 0.6 (1.78) o

New from CMS: Explore leptonic final states,
primarily geared toward:

1 Vi
e WWW: same-signed dilepton and trilepton vV
q V3

Radiative

e WW2Z: four leptons

o WZZ. five leptons

o ZZZ: six or more leptons Search for WWW, WWZ, WZZ and ZZZ

=== e e —

Multiboson Measurements, LHCP §) Saptaparna Bhattacharya



. ) T 7 CMS
| Cross sections X Branching fractions |

—— e — _— e e~ = —— = —— e —— — =

WWW ~ 0.51 pb WWZ ~ 0.35 pb

O lepton O lepton
1 lepton 1 lepton
2 OS leptons 2 leptons
2 SS leptons } 3 leptons
trileptons 7k events (137/tb) 4 leptons } 500 events (137/fb)
WzZ ~ 0.10 pb 227 ~0.04 pb
O lepton 0 lepton
1 lepton
3 leptons 4 leptons
4 |leptons
5 leptons } 50 events (137/fb) 6 leptons } 7 events (137/fb)

Explore leptonic final states; backgrounds ~ .
reduced with a BDT based approach and q Obackground ~ Osignal

complementary cut based analysis
P Y Y Background reductlon

Multiboson Measurements, LHCP / Saptaparna Bhattacharya



e Search for WWW in:
e 2 same-signed leptons + 2 jets

e further categorized based on

IMjj - Mw| s 15 GeV
e 2 same-signed leptons + 1 jet
e trileptons

e subcategories based on number of opposite-sign same-flavor (OSSF)

leptons

o Two BDTs trained to mitigate prompt and nonprompt backgrounds

WWW — 2 lepton + 2 jet event

Jet1 |

W boson = jj

13

Multiboson Measurements, LHCP
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_ WWW 2 same-signed leptons and 2

CMS

Compact Muon Solenoid

=P =23 =

CMS experiment at the LHC, CERN
Data recorded: 2016-Jul-02 14:25:40.606976 GMT
Run 276242, Event No. 96020969 LS 52

L N\ Stat. Uncert. D Charge missasignment
- OSFOS channel

o

CMS Preliminary 137 b (13 TeV)
T T T I T T T I T T T I T T T I T T T

- Il vvv [ ] Lost/three leptons [ ] Irreducible

L —e— Data [ ]Nonprompt leptons [ y—lepton —|

—_
= 01 N

o
1

}

(=)

0

Data/Pred.

01 02 03 04 05 06 07 08 09 1
prompt BDT score

3

<

3

S <

BDT trained with
lepton prs, jet prs,
pr(miss), mjj plus
other kinematic
variables
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e Search for WWZ in four lepton final state:
e Require one Z candidate

e further splitting based on the flavor of the
W candidates (eu or ee/pp)

 Major backgrounds from ZZ (dominant) and ttZ
e Two BDTs trained to mitigate ZZ and ttZ

backgrounds: used 2D plane of BDT scores to
define signal region

o CMS Prellmmary _ |1|37| fp': (13 TeV)

c i +Data .vvv [1Zz @tz .

Q | \Stat. Uncert. []Other [JtWZ EWZ _

L o0 eu category |
Main i ]
discriminant in ] )
the opposite- |
flavor channel I

o 2T T \

© " IO

Q 1'5157 H | 10 S \ N

D_ E\ |

R 055 | I T + T I | 1 \\ | E

s % 50 100 150 500 550

a
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CMS

Compact Muon Solenoid

CMS experiment at the LHC, CERN

CMS
Data recorded: 2016-Jul-23 08:13:27.898048 GMT ]
WWZ - 4 |epton event Run 277168, Evean No. 321971/4497 LS 11799 %

mL—1286eV

Electron

<

My = 93 GeV

Muon (u-) 2
Z boson

9 Saptaparna Bhattacharya
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- WZZ — 5 leptons and ZZZ — 6 leptons |

e e e ——— e — = ———— - Pl =

Search for WZZ and ZZZ in 5 and 6 W |

lepton final states

Low event yields, backgrounds W ya I+

dominated by nonprompt leptons: cut >

based analysis pursued I

In 5 lepton channel: Require 2 Z boson Z |+

candidates and associate remaining lepton

with a W (require Mt > 50 GeV if electron) -
CMS experiment at the LHC, CERN [@G{\%®) !

In 6 lepton channel: Require ) pr of all WZZ — 5 lepton event Data“e“éé'i?ﬁ%gi%%%ilﬁfﬁéfé‘é&&%ﬁi“&i@?Z

leptons > 250 GeV, powerful against - VW boson Fosn

backgrounds, contribute at percent level

Electron
Pr =59 GeV

1 . Z boson 2
1 Positron Mee = 92 GeV
q l Pr =230 GeV

P miss
T
=192 GeV

+

Electron
Pr =82 GeV

Z Z boson 1
Mee = 91 GeV

Positron
Pr =68 GeV

Multiboson Measurements, LHCP 10 Saptaparna Bhattacharya
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CMS Preliminary 137 fo' (13 TeV)
N - . —
£ 100 Same-charge/3 lepton 3544/5/6 lepton ]| Data and prediction
g . . . . 30 . Co ¢ Data + stat. uncertainty
L 80—: 253 E N Background = systematics
60 | | 203 | | .1 J|Triboson signals
: 5 l 1532 5| C 1] EMWWW G, = 115550)
07 | s | mwwz <MWWZ = 0.86°;5)
20—: RE * 4] BWZZ (v, =22477)
- 54 | mzzze,,-00n®
o ——————— 1| Bkg. in same-charge / 3 lep.
E [ |Lost / three leptons
=17 [l Charge misassignment
] 1-;. . 4| [Jlrreducible
go—_j —_——— . — . — — N 1| [[JNonprompt leptons
a -1 | | l | I | I | | | | | .Y — Iepton

eeeu upeeepun ee ep un 2 1 0

A B 123 45

1 jet m; out

mjj N

Same-charge dilepton

In the most senS|t|ve S|gnal reglons (

o O
#SFOS  gdrins Z+€uBDT bins © |
O O
3 lepton 4 lepton - 0

Backgrounds in 4/5/6 lep.

[1Zzz []Jtwz []Others
[tz @wWz

) non-VH S|gnal domlnates W|th a 66% probablllty (33% VH)
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* Triboson (VVV) production observed for the first time!
* Observed significance for WWW and WWZ at 3.3 cand 3.4 ¢

Observed (expected)

Process o
significance
CMS Ppreliminary 137 b (13 TeV)
i i ® BDT-based total stat
__________________________________________________________________________________________________________________ combined i _5_?— © cut-based 1.02%9-20 02
wWwz 3.4 (4.1 i i
4.1 wow ||t 158
WWZ : —_——— 0.86 +_o..35 f°:32
WZZ 1.7 (0.7) T Paee
__________________________________________________________________________________________________________________ wzz i ! —e 224192174
7277 0.0 (O 9) 777 E I allowed <54 |
------------------------------------------------------------------------------------------------------------------ 0 I T
) signal strength u
Combined 5.7 (5.9)

Multiboson Measurements, LHCP 12 Saptaparna Bhattacharya
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" Precision Physics with dibosons w-) |

|

CMS: https://cds.cern.ch/record/2714766 ’

'{ ATLAS: https //arxw org/abs/1905 04242 1‘

——— _———— =
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https://cds.cern.ch/record/2714766
https://arxiv.org/abs/1905.04242

ATLAS | Precision Physics with Multibosons (W+W-) |

EXPERIMENT “;’

— e  — ———— — — ————

e Diboson production, W+*W-, occurs at the
LHC via s-channel, t-channel (dominant),
sub-dominant gg = W+W-

 Allows for precise tests of the SM

* Important background in many New
Physics (NP) searches

e Pursued in both CMS and ATLAS

e ATLAS: Cut based analysis in 0 jet bin s-channel process could acquire
e CMS: Two different complementary contributions from higher dimensional
search strategies designed to reduce top operators
and Drell-Yan backgrounds explored:
e sequential cut based analysis (in 0 and Analysis performed in oppositely
1 jet bins) charged leptonic final state
* Random forest classifier trained on Higgs =@ W+W- considered:
simulated events (incl. njet = 2) * background (CMS)

* signal (ATLAS)

- -

Multiboson Measurements, LHCP 14 Saptaparna Bhattacharya
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- C . | |CMS
'Using the Random Forest Discriminator |

Compact Muon Solenoid

|
4

e e —— e e e e e e =—— — —_— T — — .

_CMs_Preliminary ss9ft13Tev)  © Background contributions reduced by using novel method:

g 106 it :
S W™ e  Random Forest discriminator
2 CF ez WVZ . : : . .
5 fera W | * Independently trained collection of binary decision trees
T 104 5777 0000000000000 0 )
e 1\ * Score defined as combination of decisions of each tree
103} _____*___:::—v—:::? -
r » Uses all jet categories
102
g 12 CMS Preliminary 35.9 fb' (13 TeV)
g .. . A | ]
< « v, LI XN ¢ ¢4 ¢ 0%e0°%e ,%0%0000, 0,0 o
S o0s | g B ® Data _
0.0 0.2 0.4 0.6 0.8 1.0 c v o % — POWHEG+PYTHIA
Top Random Forest score (o) -
S = |
o : |
' CI‘VIS‘ P(elimingry | | . 35.9 fb-1‘ (13T§V) g
2 | i - Data Spy>0.96 | ) 05~ o
g Nonprompt \\' Total unc. /)] | ]
O 104}e Wy * Drell-Yan i e
a [ M H(125) Wz . %) B -
S R ww —_
103 - T\.\fv_ngtrf\&w;%t cuy g - ]
§ I o) | ¢
[ — __a_paps il LL = | | E
t O] 2 [ Theo. uncertainty 1 3
102L— L o - ¢ Theo. prediction / measurement ]
512 g g 1.5 2 } —;
(0] - s
% 1.0 : o T ¥ e e e e e e e =
S o0s " ACMARACNTAR L | o 05 | | E
0.0 0.2 04 0.6 08 1.0 0 1 =2

-e- Data N

Top Random Forest score
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L . llcms
| Systematic Uncertainties ‘

—_— e —— = = = — = ~ > S

Theoretical Uncertainties Uncertainty source (%)
* Event selection in jet binned category tSftahstlcall. ur}:ertamty ;é
(cut based analysis): sensitive to ml)lr 1;1a 17ation ligat 1' 1

higher order QCD corrections Drell-Yan normalization '
| | o Wv* normalization 0.4
* Ascertained by varying factorization Nonprompt leptons normalization 1.9
and renormalization scales (in some Lepton efficiencies 71
cases pI- resummation technique b-tagging (b/c) 0.4
used) b-tagging (light) 1.0
* Additional theoretical uncertainties Jet energy scale and resolution 2.3
arise from as, PDFs Pileup 04
Simulation and data control regions sample size 1.0
Total cross section: Total experimental systematic uncertainty 4.6
QCD factorization and renormalization scales 0.4

. _ . WW . . .

o =117.6 = 1.4 (stat) = 5.5 (syst) = II:If)%her order QCD corrections and py' " distribution (1);1

. S :
1.9 (theo) x+ 3.2 (lumi) pb Underlying event modeling 0.5
Total theoretical systematic uncertainty 1.6
onnco = 118.7 + 3.0 -2.6 pb Luminosity 27
Total uncertainty 5.7

Multiboson Measurements, LHCP 16 Saptaparna Bhattacharya



| Precision Physics with Multibosons (W+*W-) | %'ATLAS

EXPERIMENT

e W=W= —esvp*v decay studied, with jet vet, includes b-veto

 Fiducial cross section computed (definition on slide 19)

>3000_ [ | 1T 1T 1 | T T 1 | T T 1 | T T 1 | T T 1 | 1T 1T 1 B L() T T | T TT | T TT | T TT | T TT | T TT | T T | T T | T T | T TT I_
8 - ATLAS égata o = Brell-\((janb . g 1200 ATLAS égata - = Brell-\;anb _
= 1 igna i- and triboson - — K 1 igna i- and triboson ]
Q2500 Vs=13TeV,36.1 " =, 5 Pred, stat, 1 & ~ Vs=13TeV,36.11b"  —, 7 Pred, stat, ]
P E A [ W+jets [ Pred. stat. ® syst. E 5 1000~ [ W+jets [ Pred. stat. @ syst. 4
©2000F ¢ 4 o I ]
2 f ] 800 ¢, 4 7
Z ' ] :+ - sdad y -
1500 :_ _: 600 :e‘;;;;ruu AAAA SRS N NDOISS _:
- i - ne,u .
- - L | cos0*| = [tanh :
1ooo: ] 400 ’ | ( 2 ) ‘ B
500} — 200 _ .
8 14f Q4T .
& 1 ?:*: e SGO ? SES@OFODOBBIBLPIXPEKPLSE : & 1 21 -_. 2 & ® ¢ e L4 J ’ 5
BRI v % ®

cU ] : < 3
+= 0.8t : = 0.8 —
S8 066 . o Voadle a1l S 8 o6 -
100 200 300 400 500 600 700 O 01 02 03 04 05 06 07 08 09 1
m,, [GeV - : . lcos(6%)I
on [GEV] Sensitive to spin structure of ey pairs (0%)
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ATLAS
pp — €*vu'v

{s=13TeV, 36.1 fb™

Systematic Uncertainties

ATLAS

EXPERIMENT

Systematic uncertainties associated with fiducial cross

section:

Data 2015+2016
379 = 5 (stat.)+ 27 (syst.) fb

MATRIX NNLO (incl LO gg— WW)
357 + 4 (PDF)=+ 20 (scale) fb

MATRIX NNLO + NLO gg— WW
368 + 4 (PDF)+ 20 (scale) fb

(MATRIX NNLO + NLO gg)® NLO EW
347 + 4 (PDF)= 19 (scale) fb
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
200 250 300 350

Integrated fiducial cross-section [fb]

Total cross section:

ofid = 379.1 = 5.0 (stat) = 25.4 (syst)

+ 8.0 (lumi) fb

Uncertainty source

Uncertainty [%]

Electron 0.7
Muon 0.9
Jets 3.0
b-tagging 3.4
E?lss,track 0.4
Pile-up 1.6
W +jets background modelling 3.1
Top-quark background modelling 2.6
Other background modelling 1.3
Unfolding, incl. signal MC stat. uncertainty 1.4
PDF+scale 0.1
Systematic uncertainty 6.7
Statistical uncertainty 1.3
Luminosity uncertainty 2.1
Total uncertainty 7.1

Multiboson Measurements, LHCP
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Differential cross sections !

_— — — - = ————— — —————

Fiducial selection requirements

Py
In’]

No jets with pt

27 GeV

2.5

55 GeV

30 GeV

20 GeV

35GeV, |n| <4.5

V V.V V AV

CMS

Compact Muon Solenoid

Fiducial cross section computed in:

m(ll) > 20 GeV, p1(ll) > 30 GeV and
pr(miss) > 20 GeV

= . —— — . CMS Preliminary 35.9 fb™ (13 TeV)
8 - ATLAS ¢ Data2015+2016 § c il T T T T i
S 10E (s =13 TeV, 36.1 fb” Stat. ® syst. uncertainty = g u b Data _
= F op — e viy B INNLO(qq)+NLO(gg)]®NLO(EW) 1 . 02 —
E‘” B owheg-Box+Pythia8, k=1.13 * 7 E= B — POWHEG+PYTHIA i
c 10 % Powheg-Box+Herwig++, k=1.13 * = X, B |
-E'b S ST %% Sherpa2.2.2,k=1.0* 3 _8 0.15 B ¢ n
- o, * comb. w. Sh OL gg—WW, k=17 7 A9 . e ]
S L T SREPRIOL . o - High m(ll) sensitive -
- 3 ~-— [— =
C s dakF ] — H H —]
: o : B to contributions -
107" 3 o f high d -
F I ] B rom nigner oraer ]
102 : - - operators i
= 0 jet category ] 0.05 [— P _
10—3 ;_ | w:ft’if’m | i
1.4F o ’ B © : _
1.2F L 11 | | = S R R
(] I —————] b oo oodkoor - MR 0205055t 0200005 PEeseseoies —TTT T T T T —T— T
5 e e R e ke S - g | | ]
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Data/Pred.

EFT Interpretation

e e —— = e

e Limits set on Wilson oefficients assoi_ate wih C
conserving operators:
OWWW — TI[WMVWVPWAL]

Ow = (D, ®) W (D, d) Op = (D,®)'B"" (D, ®)

CMS

CP conserving
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| ATLAS: https:/arxiv.org/abs/1911.04813 ]
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. Precision Physics with dibosons: (Zy)
I ‘z

ATLAS

EXPERIMENT


https://arxiv.org/abs/1911.04813

e e —— e e e e e e — =——

Production of Z in association with a photon (y) offers
important probe of the electroweak sector of the SM

Major background in Higgs — Zy channel

Previous exploration focused on large photon Et: Zy — vvy
(Er> 150 GeV) and Zy — bby (Er > 175 GeV), designed to be

sensitive to higher dimensional operators
This analysis explored an Errange of 30-1200 GeV

Photons arising from final state radiation (FSR) suppressed
by requiring m(//) + m(lly) > 182 GeV

Highly precise measurement of fiducial cross section
achieved

> 140 g o 80 £
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4: Precision Physics with Multibosons: Zy {;’

ATLAS

EXPERIMENT
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i Precision Physics with Multibosons: Zy : ATLAS

o Z+jets where a jet is misidentified as a photon constitutes the largest background: estimated from
sidebands

* Background arising from pileup: photon and lepton pair from different pp collisions in one LHC bunch
crossing

* Novel method used to determine this background by correlating z-coordinates of the Z and

they
* All other backgrounds determined from simulations
D 10° " ATLAS 2 e Daa ] > T s e Dam LS
© Vs =13 TeV, 139 fb’ Zy (Sherpa LO x1.23) = © u Vs =13 TeV, 139 fb’ Zy (Sherpa LO x1.23) .
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o tty = o — tty —
it — o N Pile-up v = 0 - \\\\ NN B Pile-up y 7]
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Relative precision of the cross section is 2.9%
Fiducial cross section defined by:

e m(/) > 40 GeV

e m(ll) + m(lly) > 182 GeV

Computed in bins of y Et, m(lly), |nY|, pr(lly), pr(lly)/
m(lly), A®(ll, y)

Low systematic uncertainty, major contributors
associated with:

e photon identification (1%)

e electron identification (1.4%)

e Z+jets background (1.3%)

e |uminosity (1.7%)
Total statistical uncertainty lower by a factor of ~6
Ofiducial = 933.7 = 2.1 (stat) = 12.4 (syst) = 9.1 (lumi) fb

MAuIﬁtibosian eaéurement, 7P o o 5

[fb-GeV

do
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 Three different analysis presented that highlight the myriad possibilities of
exploration in multiboson final states

e While, new processes being discovered, precision physics is being
concurrently carried out:

e New processes:

e VWV
 Precision analysis:
e W+W-

o Zy

e I’ll be in the zoom room after the talk: https://cern.zoom.us/j/95764014445
(session password)

Full list of Standard Model analyses performed by ATLAS and CMS Collaborations can be found here:
o ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

e CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
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Compact Muon Solenoid

e




Probe WWW, WWZ, WZZ, ZZZ processes by counting number of leptons

21 bins in total

/

2 same-sign leptons 3 leptons
(9 bins) (3 bins)
Nj=1 Nj=2
SS1J SS2J # of Same-flavor
Opposite Si_gn
IM; - 80 < 15 M;-80] =15  (SFOS)pair
A A A
/ \
ol B
g B N B B 0
I I o o o o
2 BE. - - - LL
ol o o} Eel §e %)
—] =] = AN
o =15 =

4 leptons
(7 bins)

Flavor based
splitting of the
W-candidates

ee/u

5 leptons | | 6 leptons
(1 bin) (1 bin)
n
S
5}
(9
YA

«  For cut-based, further split into 4 Mt2-My (ep) and 3
MET-p14 (ee/pp) bins

. For BDT further spllt into 5 bins in ep and 2 in ee/pp
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