CMS /!
§ §

=

o

Triboson production in CMS

Alberto Mecca (Universita and INFN Torino)
on behalf of the CMS Collaboration

Young Scientist Forum

Multi-Boson Interactions 2021, Milano - Bicocca




CMS,

Overview
e VVV = 2£2q /38 /48 /58 ) 6¢ SMP-19-014

* CMS Collaboration, “Observation of the production of three

massive gauge bosons at Vs =13 TeV”, Phys. Rev. Letters
(2020), doi:10.1103 /physrevlett.125.151802,
arXiv:2006.11191v?2

e Vyy, W ¥v Z-2¢f SMP-19-013
* CMS Collaboration, “Measurements of the pp to WYY and pp to

ZYY cross sections at Vs = 13 TeV and limits on anomalous

quartic gauge couplings”, 2021, arXiv:2105.12780
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SMP-19-014

Three massive gauge bosons at 13 TeV

p Theoretical cross o = Expected events
rocess
section (NLO) Tor X for 137 fb!

509 b 54.0 fb* 7 400
WWZ 354 tb 4.12 tb 560
WZ7Z 91.6 tb 0.36 tb 50
177 37.1 b 0.05 tb 6.9

o WEWEIW* = pEpt2vyqg 2 charged leptons
e WEWIWT - prptpt 3y 3 charged leptons
e WEWTZ — pEpt oy ptet 4 charged leptons
e WZ 7 - $ty 2(€if$) 5 charged leptons
o777 - 3(5 Ty $) 6 charged leptons

* Sum of 2 and 3 charged leptons channels
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Backgrounds
e Same sign dilepton (SS-27):

® [ ost lepton: mostly W7Z with a lost lepton from the Z

SMP-19-014

® Nonprompt lepton: 1 prompt + 1 nonprompt from hadronic decays
® Irreducible background: WEIWT from VBS, double parton scattering
° Charge misidentification: a lepton from Z is assigned the wrong

charge; negligible for |
® Three-lepton (3%):
e WZ with off-shell Z

® Nonprompt lepton: 2 prompt + 1 nonprompt from hadronic decays

e Irreducible: tt + W
® Four-lepton: ZZ, ttZ, tWZ, WZ+fake, Higgs
® Five-lepton: ZZ + fake lepton
® Six-lepton: negligible
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Reconstruction

e Particle Flow

® Leptons
® Common veto ID (1, d , dxy, isolation) for all tinal states

® Thigh selection for 2 lep channel, slightly looser for the others.
Loose for fake lepton background prediction
® Jets
* anti-kt, AR < 0.4, p; > 20 GeV, || <2.4

SFOS: A pair of Same Flavour, Opposite Sign (Ieptons)
PSS, negative vector sum in the transverse plane of jets associated
with the primary vertex

mip%*: Largest transverse mass from PH*® and any lepton
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Events

Data/Pred.

(2]

s vy [ Lost/three lepton: [ irreducibl L o
® Variables used for SS 1] and SS-  § (=  Sosewe Gl S S 5 o

w i

2] pmlss
A mm j1

CMS Suppiemenfary 137 fb (13 TeV)

80 N v [ Lost/three lepton: [|| educible |

—e—Data [ ] Nonprompt Ieplans (] y—>\eplon |

W Stat. Uncent. [l Charge missasignment

60 —0SFOS channel —

| |
n Y il
1
20— —
L P
0
2
155
4 e +. l
1 * A 1
0.5F
0 1 2 3
My

Events

Data/Pred.

1?12 £12
’ I)T‘ I)T' [)

® Additional for SS-2]: p

‘ mmln AR AR” : An]]

A. Mecca - Triboson in CMS

O G 62 05 04 0506 07 08 08
prompt BDT score

SMP-19-014

Boosted Decision Tree: 2€ and 3¢
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e Two BDTs, one for ttZ and
one for 77

® Input variables: My,

£3,4 ffff
pT ’ pT

e Additional against tt Z-

vis {’ 3,4 2047

p; ,Mr
e Additional against 17

minAR(j,€34), P lead]

4

Pz,

1=1 pT

sz (ﬁmiss + ﬁf,l ﬁgiz

Vis_ —>£1 €2 7
P (Bt +B7%) - ¢
( = unit vector, bisector of £ and £,
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= S tial cuts (54, 64 —
equential cuts (5¢, 64)
5¢ (WZZ) 6% (227)
41,2 .
pr "> 25GeV/c, p€>2> 10 GeV/c , no b-tagged jets

2 SFOS pairs 3 SFOS pairs
|mgpos — mz| <15 GeV |mgpos — mz| <15 GeV

miss |, —=e5 —>{’i =

z7+4,, m(pPsS + ) >50Gev X, Pr| > 250 GeV ttH | ZZ+¢¢
" CMS Sypplemeptalryl . 1|37‘fb“'(1‘3T‘eV) " QM§ .‘qupl.lenlnen{a‘ry‘ - I1E|57|fb|“(1$'!’e|V)
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Combination

SMP-19-014

® Each sub analysis targets a ditferent production channel, with

Cross contamination.

CMS 137 6™ (13 TeV)
4] ] - —
£ 1004 Same-sign/3 leptons 3514/5/6 leptons Data and prediction
G>J 1 | 30 ¢+ Data + stat. uncertainty
L 807 E | S\ Background + systematics
60 | Triboson signals
: L I BWWW @, = 1155
40 ECH BWWZ (1, = 08655
20—: ] o mwzz (J'szz =224775)
] 1 — g WZZZ &, = 0055)
Bkg. in same-sign / 3 leptons
E [CJLost/ three leptons
- B Charge mismeasurement
" 1—_. . OW*W=+jj / tw
n=:.' O e e e — - ——— [[JNonprompt leptons
-1 L1 TR TR T .Y — lepton

eeellleeeuPleeen L 2 1 0

1J mjj-out

mjj—ln

# SFOS

BN Z+eu BDT bins

Same-sign dilepton

A. Mecca - Triboson in CMS

3 leptons

4 |leptons

AB 123 45 w

suolds|

O0zz [Jtwz []Other

L
9 | Backgrounds in 4/5/6 leptons
3
5]
o | @tz @wz

23/08/2021




CMS

Combined
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Results

® Two fits of all the channels:
® Combined signal strength L

comb

e Four independent signal strengths
Hwww > Mwwzs Hwzzs Mzzz

137 b (13 TeV)

I ]
| : e BDT total stat
i ‘. ¢+ Sequential-cut 4 5o +026 +0.21
1 :
I | 0.45 +0.32
: —:.— 1.15 4:0_40 -':0_30
: | +0. +0.32
. —e= 0.86 *9% 035
‘ : 1.92 +1.78
1 . — 2.24 125 T4
| |
‘ _ Allowed <54 |

1 } 1 1 1 1 i 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5 6

Signal strength p

SMP-19-014

Process VH as signal
cut-based BDT-based
WWW 254 (2.94) 3.33(3.09)
WWZ 353 (3.62)  3.35 (4.09)
WZZ 1.55(0.70) 1.71(0.69)
777 0.00 (0.90)  0.00 (0.89)
combined 5.02 (5.37) 5.67 (5.88)

Process Cross section (fb)
Treating Higgs boson contributions as signal

VVV 1010+210 +150

—110 —-20
77 <200

Treating Higgs boson contributions as background

+140 +80

Www e b

—70 —10

777 <80
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Wyy and Zyy at 13 TeV s

p Theo. Cross
rocess
section (NLO)
2 000 tb
Zyy 680 fb

Q|
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Backgrounds

® Major sources estimated from data control regions
® Jets misidentified as photons

* Electrons as photons (e.g. Zy — eey where an € is misclassified

asyY)
* QCD: ty, tty, ttyy, VVy — from MC

Data control region

- CMS 137 b (13 TeV) CMS 137 fb' (13 TeV)
C [ -
8 7000 W(—ev)yy Data 9 300 Z(—ee)yy Data
e — A Wyy P - 22 Zy
‘g E e [ ] Misid. electrons € 250 [ Others
2 5000 [ Others L%’ 200 : [ Misid. jets
4000F- [ Misid. jets =
= 150
3000:— =
20005 100E" '
1000F- 50F-
g . g l
T osE | % osE ! |
@ 0 50 100 150 200 250 300 ®© 0 50 100 150 200 250 300
3 Pl [GeV] S P’ [GeV]
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Selection cuts for Wyy and Zyy

* Trigger: single e* with p; > 27-32 GeV or U* with p; > 24 GeV

Basic selection

Electrons Muons
pr > 15 GeV pr > 15 GeV
17| < 1.442 or 1.566 < |y| < 2.5 | < 2.4
Cut based Tight ID Cut based Tight ID
Impact parameter cuts Rochester corrections
photons
pr > 20 GeV

\Iﬂ < 1.442 or 1.566 < \fﬂ <25
Cut based Medium ID
Pixel seed veto

me, , —91.2] > 5 Zy — eey (eyy)

AR(7y, v/1) > 0.4

Event selection

Wy

Zyy

Exactly one selected lepton
P i) 4 > 35(30) GeV
At least two photons

At least two selected same flavour leptons
ph) 4 > 35(30) GeV
At least two photons
m, > 55 GeV

A. Mecca - Triboson in CMS
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Pre-fit: p; of diphoton
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Data / Pred.

Events / bin

Data / Pred.

SMP-19-013
CMS 137 fb! (13 TeV)
PO W wyy x?va;«?
1000—+— 2 Wy
% [ Misid. electrons
800 [ Others
600:— L Misid. jets
e —— f/A* =100 TeV*
400 7
200
1.5
1—= . v
0.5F ¢
0 50 100 150 200 250 300
p_':f [GeV]
CMS 137 o' (13 TeV)
160
= Zuyyy - Data
140E- | 2 Zyy
120 7 [ Others
100 [ Misic‘i‘. jets .
80: ; —_— fTUf_r\ =10 TeV
GOE
40 +
20
1l5§: | | | A A A
15— + +
05E . . . . . |
0 50 100 150 200 250 300
P’ [GeV]
.
23/08/2021




CMS

W(ev)yy

W(avyyy

W(v)yy

-

Results

CMS 137 b1 (13 TeV)

0.23 *0% (stat.) 082 o (syst.)
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-0.10

1 o0 1 > 3 4 5
Signal strength u

A. Mecca - Triboson in CMS

(stat)
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e o(Wyy)sg=13. 6+1 g (stat) = T O(syst) 10.08 (PDF+scale) tb

e 6(Zyy)sg=5. 41+8 gg (syst)£0.06 (PDF+scale) tb
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Selection: sequential cuts (2, 3¢)
Features Selections
SS + =2 SS+1j 3¢
Triggers Select events passing dilepton triggers

Number of leptons ~ Select events with 2 (3) leptons passing SS-1D (3£-1D) for SS (3£) final states
Number of leptons Select events with 2 (3) leptons passing veto-ID for SS (3¢) final states

[solated tracks No additional isolated tracks —

b-tagging no b-tagged jets and soft b-tag objects

Jets >2 jets 1jet <1 jet

ny; (leading jets) <500 GeV —

Ay (leading jets) <25 —

Mgy >20GeV —

Mgy imyy — my| > 20GeV if eTe™ —

MspOs — — mgpos > 20 GeV
MSFOS — — |mspos — mz| > 20 GeV
Mggp — — Mgy —mz| > 10GeV

A. Mecca - Triboson in CMS 23/08/2021
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SMP-19-014

Selection: sequential cuts (44)

o 4{ (ZWW)

e 1 SFOS with
|mgpos — My |< 10 GeV/c?
pil> 25 GeV, p¥?> 10 GeV/c

® If the other 2 leptons have

same flavour:

Imyp, — my| > 10 GeV/c?

e Any Mgpog > 12 GeV/c?

min Syl > Sv2 >
mro :ﬁ¥1 + ﬁ¥2 — ﬁ?’liSS lmax (mT(p)]/"ll p%)! mT(p)]{z’ p']lf))]

A. Mecca - Triboson in CMS
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Sv(e) P, = (ﬁ%l’liss + pit + ﬁ;ﬁz) {
Py~ (5f1 + 79 -¢

{ = unit vector, bisector of 1 and £,
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SMP-19-014

Electron and muon Common veto ID

ID MVA POG Loose Nolso Loose
M| <25 <24
|d, | < 0.1 cm < 0.1 cm
|dxy| < 005 cm < 005 CciIn
Irel,R:O.3,EA,Lep <0.4 <04

The isolation is computed including other

leptons, in additions to hadrons and photons

A. Mecca - Triboson in CMS 23/08/2021
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Electron definitions

SMP-19-014

SS-ID  Loose-SS-ID  3/4-ID Loose-3¢-1D

Veto ID see Table 7 Common Veto ID Common Veto ID
POG MVA wp MVA POG 80% No Iso MVA POG 90% No Iso
Pt > 25 GeV > 20 GeV

1| (veto 1.4 < || < 1.6) < 24 <24

IP;p < 0.01 cm < 0.015 cm

dyy| < 0.05cm < 0.05 cm

d| <0.1cm <0lcm
Irel,Rz[}.B,EA,Lep < 0.05 < 04 < 0.10 < 0.4
3-charge agreement yes not required
Trigger safe cuts yes yes

\ A. Mecca - Triboson in CMS 23/08/2021
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SMP-19-014

Muon definitions

SS-ID  Loose-SS-ID  3/-ID  Loose-3/-1D
Veto ID see Table 7 Common Veto ID Common Veto ID

POG ID Medium Medium
P > 25 GeV > 20 GeV
vi <24 <24
IP;p < 0.015 cm < 0.015 cm
IP3p /o, < 4 <4
|y < 0.05 cm < 0.05 cm
d, | < 0.1cm < 0.1 cm
Lol R=03EA Lep < 0.04 <04 < 0.15 <04
o(pr)/ plrack <0.2 < 0.2
A. Mecca - Triboson in CMS 93/08/2001
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Triboson production

Theoretical BR for Expected
Process | cross section selected events for
(NLO) final state 137 fb-!
20 7.42 % 36.4 tb 5000
WWW 509 b
3¢ 3.46 % 17.6 fb 2 400
WWZ 354 1b 1.16 % 4.12 b 560
W77 91.6 tb 0.39 % 0.36 tb 50
777 37.1 b 0.13 % 0.05 tb 6.9

* Sum of 2 and 3 leptons channels
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Process sample name o (pb)
QCD_Pt-20toInf_ MuEnrichedPt15_TuneCUETP8MI1_13TeV_pythia8 7.210°
QCD Multijet /QCD_Pt-*_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 variable
/QCD_Pt-*_EMEnriched_TuneCUETP8M1_13TeV _pythia8 variable
/QCD_Pt-*_bcToE_Tune CUETP8M1_13TeV_pythia8/ variable
g5 - ZZ GluGluToContinToZZTo(2e2mu/ 2e2tau/2mu2tau)_13TeV_MCFM701_pythia8 0.005423
GluGluToContinToZZTo(4e /4mu/ 4tau)_13TeV_MCFM701_pythia8 0.002703
ZZTo2L2Nu_13TeV_powheg_pythia8 0.5644
qq + 4Z ZZTo212Q 13TeV_powheg_pythia8 3.221
ZZTodL. 13TeV_powheg_pythia8_extl 1.3816
gg +H = ZZ GluGluHToZZTo4L._M125_13TeV_powheg2 JHUgenV6_pythia8 0.011814
ST_s-channel 4f leptonDecays_13TeV-amcatnlo-py thia8_TuneCUETP8M1 3.6818
ST_t-channel_antitop_4f_inclusiveDecays_13TeV-powhegV 2-madspin-pythia8_TuneCUETP8M1 80.95
Single top ST_t-channel_top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETPSM1 136.02
ST_tW_antitop_5f_ NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.559
ST_tW_top_5f NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.559
ST_tWI1_5f LO_13TeV-MadGraph-py thia8 0.01123
TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 87.315
tt TT]ets SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 114.6
TT]ets_SingleLeptFromT_TuneCUETP8M1_13TeV-mad graphMLM-pythia8 114.6
TTW]etsToLNu_Tune CUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8 0.2043
TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2728
Rare Top + X TTZToLL M-1t0o10_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.0493
tZq1l_4f 13TeV-amcatnlo-pythia8 0.0758
ttHToNonbb_M125_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8 0.215
TTGJets_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8 3.697
WletsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 61335
WletsToLNu_HT-*_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 variable
V +jets DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 20657
DYJetsToLL_M-50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 6025.3
DYJetsToLL_ HT-*_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 variable
DYnJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 (n =0, ..., 3) variable
Vi tjets WGToLNuG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 512.6
ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 1239
WWTo2L2Nu_13TeV-powheg 12.178
WWToLNuQQ_13TeV-powheg 49.997
WWTo2L2Nu DoubleScattering_13TeV-pythia8 0.170
Diboson (+ 7) WpWpll_ EWK-QCD_TuneCUETP8M1_13TeV-madgraph-pythia8 0.0539
WZTo2L2Q.13TeV_amcatnloFXFX_madspin_py thia8 5.52
WZTo3LNu_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 4.4297
WWG_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2147
WZG_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.04123
VHToNonbb_M125_13TeV_amcatnloFXFX_madspin_pythia8 0.952
VH HZ] HToWW To2L2Nu_ZTo2L._M125_13TeV_powheg pythia8 0.0186
GluGluZH_HToWW To2L.2Nu_ZTo2l._M125_13TeV_powheg_pythia8 0.0008912
WWW _4F TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2086
WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.1651
Triboson WZZ TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.05565
277 _TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.01398
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SMP-19-013

Monte Carlo

Vyy
Inclusive W, Z

Ly MADGRAPH5

tty(y) aMC@NLO 2.2.2 /

VVV 2 . 2 . 6

Yy + jets Generated at LO

Vy Main backgr. estimated
Vy SHERPA 2.26 with control regions
t POWHEG v2 Decay with MadSpin
VvV PYTHIA 8.219 / 8.226

Hadronization: PHITHIA 8.226/8.230 tune CUETP8M1 / CP5
PDF set: NLO NNPDF 3.0 / 3.1
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Selection for electrons

SMP-19-013

Variable Barrel Endcap
171 < 1.442 > 1.566 && < 2.5
dxy < 0.05 < 0.10
d, < 0.10 < 0.20
Tinin < 0.0104 < 0.0353
A7 | < 0.00255 < 0.00501
|A¢| < 0.022 < 0.0236
H/E < 0.026 +1.15/Eg- +0.0324p/Eg- | < 0.0188 +2.06/Eg- +0.183p/Eg¢
Iso, < 0.0287 4 0.506/ pr < 0.0445 + 0.963/ pr
|I1/E—1/p| < 0.159 < 0.0197
Missing hits <1 <1
Pass conversion veto Yes Yes

A. Mecca - Triboson in CMS
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Selections for muons

A. Mecca - Triboson in CMS

SMP-19-013

Variable Cut

Global muon Yes
Particle-flow muon Yes
Track fit y?/ndof < 10 | Yes
Muon chamber hits >1
Muon station segments | > 2

dxy < 0.2

d. < 0.5
Pixel hits > 1
Tracker layers hits > 5
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SMP-19-013

~ Systematics

Systematic source bvyy [%]  Llyy [%]

Integrated luminosity 2 3
Pile-up <1 1
Electron efficiencies <1 1
Muon efficiencies <1 1
Photon efficiencies 12 5
Jet-photon misid. 21 6

Electron-photon misid. <1 —

W+ theoretical cross section 3 <1
Zy theoretical cross section <1 6

Other bkgs theoretical cross section 2 <1
Simulated sample event count 8 4

A. Mecca - Triboson in CMS 23/08/2021




Mixed transverse and
longitudinal parameters

Aug 2020 KMhs — Channel
fg AT — il

fyq /AT

fya /A" L

fys /A L

fye /A

N

W,
1 | 1 1 1 1 1 | WV Zv,

-200 200

2 Status: limits on dimension 8

Transverse parameters

Aug 2020

CMS
ATLAS

fro /A"

Channel
WW

fr /A"

fro /A"

—20

A. Mecca - Triboson in CN

gttps: / /twiki.cern.ch/twiki/bin/view/ CMSPublic/ PhysicsResultsSMPaTGC
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SMP-19-013

Limits on anomalous couplings

Wy (TeV™?) Zyy (TeV™)
Parameter = Expected Observed Expected Observed
fan/A* [=57.3,57.1] [—39.9, 39.5] — —
fus /A [-91.8,92.6] [—63.8, 65.0] — —
fro/A*  [-1.86,1.86] [-1.30,1.30] [—4.86,4.66] [-5.70, 5.46]
fri/A* [-2.38,238] [-1.70,1.66] [—4.86,4.66] [-5.70, 5.46]
fro/A*  [=5.16,5.16] [-3.64,3.64] [-9.72,9.32] [-11.4, 109
frs/A*  [-0.76,0.84] [-0.52,0.60] [—2.44,252] [-292,2.92]
fre/A*  [-0.92,1.00] [-0.60,0.68] [-3.24,3.24] [-3.80, 3.88]
f/A* [—1.64,1.72] [-1.16,1.16] [—6.68,6.60] [-7.88, 7.72]
frs/A* — — (—0.90, 0.94] [-1.06, 1.10]
fro/ A* — — (—1.54,1.54] [-1.82, 1.82!
A. Mecca - Triboson in CMS 23/08/2021




