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Hot off the news!

1 Di/Tri boson measurement status at CMS
PAS is public!!!

M measurement of ZZ production

A, STEPY DE ERPER INTO
ELEMENTARY PARWICLE

o Differential cross-section measurement il bt SN e AN SRR

M measurement of WWYy production

0  WWYy signal significance D1SCOVERY
O WWy inclusive cross section

O Hy cross section upper limits and the :

E€Ms . CMS Experiment at CERN &
=

interpreted Yukawa couplings results & spuie

CMS reports the first observation of the simultaneous production of two W

bosons and a photon! 22 What a way to celebrate the 40th anniversary of the W
boson discovery.

A NEWETRI=BOSONPROQGCESS

Read more here - https://cms.cern/news/new-tri-boson-process-discovery
CERN #CERN #CMSExperiment #physics



Why study Di/Tri-boson processes?
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M Stringent test of the standard model (SM)

1 Precise measurement for SM test

O help to constrain SM contribution (background) in searches of many new
physics models and Higgs analysis.

M Search for new physics at the TeV scale.

4 Platform to measure the anomalous coupling

4 Platform to search the Higgs to light quark Yukawa couplings
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OMany multi-boson processes are
currently accessible only at the
CERN LHC given the energies and
iIntegrated luminosities required to
observe them.



Compact Muon Solenoid
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Measured cross sections and exclusion limits at 95% C.L.

Di/Tri-boson overview at CMS
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See here for all cross section summary plots

CMS preliminary

Overview of CMS cross section results

Wiv2023

ZHUHAI CHINA

18 pb~1-138fb~1(7,8,13 TeV)

!

" o(W) = 9.5e+07 fb
i o(W)=11le+08 b
W o(W)=18e+08fb
0(Z) = 2.9e+07 fb
0(z) = 3.4e+07 fb
¥ 0(2) =5.6e+07 b

Most papers pub
New results unve

ished in 2020-202
iled in Moriond/Lk

1
1CP 23  »,

[ o(ZZ) = 6.2e+
] o(z2z) = 7.

§ o

- o(Wy) = 3.4e+05 fb
& o(Wy) = 1.4e+05 fb
m  0(Zy) = 1.6e+05 fb
= 0(Zy) = 1.9e+05 fb
W) = 5.2e+04 fb
il o(WW) = 6e+04 fb
B o(WW) = 12e+05 fb
b(WZ) = 2e+04 fb
K 0(WZ) = 2.4e+04 fb
o(WZ) = 5.1e+04 fb
03 fb
+03 fb
¥7) = 1.7e+04 fb

-— q

- o(Zyy) =5.4fb

' o(Wwz
i o(wzz)
1 0(Z2Z22) < 2e+02
o(WVy) < 3
(Wyy) = 4.9 fb
i\ o(Wyy) =14 fb
==  0(Zyy)=13fb

a(VWV) = 1e+03 fb
o(WWW) = 5.9e+02 fb
) = 3e+02 fb
= 2e+02 fb
fb
.le+02 fb

I

—. o(EW g

EEI o(EW qqzy)

-

—- o(EW qqWZ) =
o(EW qqzZ) = 0.33 fb

o(VB

= o(VBF Z) = 1.5¢€

* o(VBF Z) = 1.7
W o

_ o(ex. yy=»WW) = 22 fb

o(EW qqWy) = 11 fb

mmmlln  0(EW qqWy) = 20 fb
o(EW os WW) = 10 fb

(EW ss WW) = 4 fb

s WW) =4 fb

=19fb

W qgZy) =52fb

1.8 fb

FW) = 4.2e+02 fb
* o(VBF W) = 6
+02 fb
°+02 fb
BF Z) = 5.3e+02 fb
- o(EW WV) = 1.9e+03 fb

e+03 fb

1.0e

+01 1.0e

+03
o [fbl

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty

Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction

1.0e+05

1.0e+07

1.0e+09

137 fb~1
5 fb~1
20 fb~!
137 b1

137 fb~!
137 fb~!
137 fb!
137 fb~!
137 fb~?
19 fb-1
19 fb~1
19 fb~1
19 fb~1
19 fb~1

Jan 2022

Span several orders of magnitude!

[1] https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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Hot off the news!

At CMS, recent public analyses:

SMP-22-001: Measurement of the ZZ(4€)+jets production Public on LHCP!!!

SMP-22-006: Measurement of the WWy production Public on Moriond QCD!!!
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D Measurement of ZZ production Introduction
\\\\ \\\ \\
LINK
Channel: 4 lepton final state (ZZ->4%) q >
Loop effects: up to 10% contribution
qy

2First differential cross sections measured as

a function of:

qg —>»

[ number of jets and properties of the jets
gmm as a function of different jet multiplicities

[ invariant mass of the highest p- jet and the second
highest p; jet
[ An of the highest pr and the second highest prjets

New results compared with the state-of-the-art next-
to-next- to-leading order (NNLO) and parton shower
(PS) predictions using MiNNLOPS
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e CMS 2020

m CMS 202v

o ATLAS 2/£2¢" (x1.016)

O  ATLAS 2020 + 202v (x1.016)
MATRIX qq[NNLOXNLO EW]+ggNLO
NNPDF3.1luxQED, pg = pp = my

||||||

MCFM qgNLO+ggLO
NNPDF3.0, pr = pr = mz



https://indico.cern.ch/event/1198609/contributions/5358378/attachments/2653547/4595107/LHCPTalk.pdf
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< Measurement of ZZ production
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2 Shape of distributions described well by predictions — normalization is not

2 Predictions over-estimate data — largest discrepancy for highest prjet with pt< 100 GeV

O Large uncertainty from MC modeling like QCD scale
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< Differential cross sections of ZZ production '
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™M Differential cross sections normalized to the fiducial cross sections

M On-shell Z-boson requirement applied (60 < m_, >,< 120)

_ . —~ CMS Preliminay 138 (3TeV) CMS Preliminary 138 fb™' (13 TeV)
" - - ——— Dala + stal. unc. 1 © g R N e e
® Comparisons with: Rl _ e o || S5 I ——
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WWy production introduction
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Experiment CMS ATLAS
Triboson Final Journal Lumi fb-1 Journal Lumi fb-1/
with y states /s TeV Js TeV
WVy Pvijy PRD 90 (2014) 19.3/8  EPJC 77, 646 (2017) 20.2/ 8
032008
WWy Ly SMP-22-006 138/ 13 _ 20.2/ 8
| ATLAS:

CMS: - ) «  Cross section limit of WWy (epvvy) and WVy (2viiy)
* Cross section limit of WVy (£vjjy) . o =1.5£09(stat) £ 0.5(syst) b (Njew=0)

* Limits on dim-8 and dim-6 operators . Observed (expected) 1.4 ¢ (1.6 o)

 Limits on dim-8 operators
SMP-22-006

Full Run2 13 TeV data
i 1 1 L]
e U, uv,y final states:

 Easy to generate the signal sample
 Clean signal signature
 Fewer kinds of backgrounds
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008
https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3
https://cds.cern.ch/record/2853299?ln=en

Signal production ol
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i . MVA e ID(=80%) anti-kr
eHYETm $$ process: pp>e Vel vy Y [QCD] . A =
Y ~oU"o
gl 0GRy MVA p ID (290%) 98%-99%

* Signal is produced by MadGraph at NLO in QCD accuracy showering by
Pythia8 with NNLO PDF
g FSR (final state radiation) photons are included
g No EW or much higher QCD corrections
* MVA-based identifications are used for physics object reconstruction

& |mprove efficiency and sensitivity

11
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WWYy production backgrounds
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ZY process

Diboson

 Top decaystobquark e Zto Tttt and Tto e/u

and W

Estimated by normalizing MC to data

e Suppressed by

rejecting events

containing b-jets

requirements ofp%,

e Suppressed by

Myp, and E%niss

not detected and y

from showering

Wiv2023
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e Nonprompt £ from jet
e Nonprompt y from jet

quark

:

hadronisation
JITTTTTNN

a .
L x4 .

non-perturbative

a4 X
Ty

Estimated by
data-driven

* Wor Zdecays to e/l/T  method

where one or two £ are

o Jets
misidentified

as 2ory

e ¢ misidentified as y

* Other backgrounds with ignorable contributions are Wy+jets, tZq, etc
* All background simulation samples are generated at NLO (NNLO

normalization factor considered if it exists)

12



Baseline
selection

A. Two leptons with ptv/e> 20 (25) GeV,

In| < 2.4 (2.5)
B. Pass HLT (pe) paths
C. my>10 GeV and ptt > 15 GeV

D. Ermiss(PF) > 20 GeV and mtWW > 10

GeV

E. pr> 20 GeV in the barrel or endcap

Nonprompt £ enriched region

Validate the nonprompt ¢
background

Constrain the nonprompt ¢
background by correlating the
same systematic uncertainty in
the SR

Selections

Basic
selection
same-sign ¢ opposite-sign ¢
[SSWWV CFq [ijets > 0 }

Yes No

Top and nonprompt y enriched region

« Validate the nonprompt y background

« Constrain the top background by floating top
background normalization

« Constrain the nonprompt y background by

correlating the same systematic uncertainty in
the SR

Wiv2023

ZHUHAI CHINA
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Compact Muon Solenoid

Measurement of WWYy production
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CMS Preliminary 138 o' (13 TeV) - CMS Preliminary 138 fb! (13 TeV)
5 Lo W67-13] ¢ IDItI[:I3I18I¢:I36I]I ] 3 E i wie2s12] 4 Dat I[1I292:¢3I6] """ E
g 1 000‘_ tW [130.3+5.5] ,./i,; aa, i 7 ﬁ 200 tW [128.0+5.5] ,./i././ aa_ i —
cC B QCD Zy [163.3:6.5] 77,7, Prediction [1198+23 ] i c - QCD Zy [162.1:6.5] 77, Prediction [1182=20 ] 3
] o 180F =
L|>J - [ tty [156.1:8.3] WWy [190.5x0.7] ] |_|>J - [ty [153.1:8.2] WWy [188.5+0.7] =
gool~ EEti[5.6:23) B Nonprompt ¢ [383.2:85] 160F Wi (s6:23) B Norprompt ¢ [577.7:8.4 Reasonable aareement
QCD Wy [10.1:6.8] - 140 QCD Wy [10.1:6.8] =
B I tZq [0.2:0.0] Nonprompt / [121.9+16.5] ]| = I tZq [0.1:0.0] Nonprompt /[120.5=11.8] 3
600/ ] 120 -  between data and
B . ] 100 —
Y Y Pre-fit | b, A 1T 14 =fi 3 1 1
400~ 22, 2224 e-1l ] 80l 154 "{ //{;, y | Pre flt —: predICtlonS _' GOOd
| _ i | 2 %P4 ]
L ettt i 60F L 2 = . .
- E [ i background estimation
L . 20 _: T — —
,,,,,,,,,, . o]
o 1 5 o ' ..... T ¢ ] to)
: S S S . e ;;;iii%iil .
a - ; ; ®©
T 0.5 b e S S S _ e i
o 100 200 300 400 500 600 700 O F>|:250
m m
lly TWW
e  Maximum likelihood fit for signal extraction e Simultaneous fit with control regions
AT E | | Poisson(n, |yt - s{0) + b(0)) - p(0) POl of the signal and normalization of the
j relevant top are float

mTWW: [10, 40, 70, 110, o)
meey:  [20, 150, 250, o) mtWW: [10, oo) mtWW: [10, 40, 70, 110, o)

14



Theoretical uncertainty

* Factorization and renormalization
 Parton shower

 PDF

Experimental uncertainty
 Simulation and data-driven statistics

1. Correction and measurement
 Luminosity, pileup, L1prefiring
* Energy corrections for jet and MET
« Efficiencies

2. Background modelling
 Nonprompt £/y uncertainty

Measurement of WWYy production

Wiv2023

ZHUHAI CHINA

* Correlated between years, categories, and

regions

* Apply for processes of the signal, relevant

top, and Vy productions

v

Dominant in total syst. uncertainties (0.21)

Around 13% impact on the cross section

* Correlated between different
categories and regions but
correlated or uncorrelated
between years.

e Apply for all simulation
processes

e Correlated between different
categories and regions but
uncorrelated between years

* Apply for corresponding data-
driven process

15



Measurement of WWYy production e
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N. =0 N. > 1
CMS ] 138 b (13 TeV) CMS ]~ 138 tb" (13 TeV)
%150 - jj; Stat @ Syst .Vy [72.0+6.4] WWy [121.5122.9]' -] % B ' j;j Stat ® Syst .Vy [94.7+9.3] WWy [132.5:27.2]' o 7 Observed (ExpeCted)
§ : —e— Data [414+27] VV [15.1£1.4] Nonprompt [ [45.7+4.0] : E} : —e— Data [916+37] VV [21.6+2.4] Nonprompt / [77.2+6.5] : 1 1F1 I
. | 7 Pred. [420:20] .Top[56.6:6.5] Nonprompt v [109.1:9.0] | LIJ300:— 7/ Pred. [898+29] .Top[270.9:25.8] Nonprompt y [300.8+24.3] _: Slgnlflcance IS 5.6 (4-7) S-d.
oo} ' ' - : j j :
C m,, >250 7 2001~ 20<m, <150 150<m,, <250 m, >250 ] T
__ = IR S B~ +  The first observation of
| P WWYy process
% % 1%’;’% Z I"’é"’""ﬁiﬁ WM A ...%#é//%#%i%%?’%ﬁﬁ%ﬁ% 7
508" 70.45 %075 ‘7:77(;770‘.0o 70.45 %075 ‘7:77(;770‘.0o 70.45 %075 0~‘77077;?~oo A 0.g 0.7, 707 707’5~Oo 70,40 %075 70 707’5~Oo 70,40 %07 70‘}707’;7~0o
mW [GeV] mW [GeV]
Fiducial region definition
* Cross section is measured in the fiducial region  Within uncertainties,
A pehis 25 (20) GeV. Inl <2.4 (2.5) » Theoretical cross section from MadGraph at NLO measurements agree
P e QCD accuracy is: with the SM predictions
5. Me> 10 GV and pt > 15 GeV o, = 4.61 + 0.34 (scale) =+ 0.05 (PDF) fb
C. p;¥>20 GeV in the barrel or endcap th = T 5 = -
D. AR(Y/£,£) > 0.5 » Measured results are:

Heomp = 1.31 £0.17 (stat) £ 0.16 (syst) £ 0.13 (theo)
e 05y = 6.0 £0.8 (stat) = 0.7 (syst) = 0.6 (theo) fb

* Main uncertainties due to parton shower
modelling calculations

16



Measurement of Hy production W

At NLO and ZHUHAI CHINA
considering the quark

Forg = c mass running effect
Forg =u,d,s 1. MadGraph
1. MadGraph  Model: loop_sm UFO
w * Model “Higgs effective modified to have ymc in
" Lagrangian” MS scheme
* Current-quark masses * Closely following
in MS scheme from theory studies for
PDG are used bbH (1409.5301)
e Process: qg — Hy e Process: qg — Hy
2. JHU generator [QCD]
« Ho> WHW- = eiﬂwfyepﬂ 2. JHU generator

H— W'W™ - e*u*y,p,

g o
* Main background from gluon-initiated Hy doesn’t exist due to
Furry’s theorem [1]
g w903 \--- h » Backgrounds in Hy are sum of signal and backgrounds in the WWy

measurement
* ggH, bbH are checked and can be neglected

[1] https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125 17



https://pdg.lbl.gov/2019/tables/rpp2019-sum-quarks.pdf
https://arxiv.org/pdf/1409.5301.pdf
https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125
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l_
H l+
I___ __4____.____>__ __./'/
Vl'-“ W_ I/—l

1.In the Higgs boson rest frame, the Higgs

SR

| ] ] . . .
Full wwy | Cut (spin 0) to two opposite-sign W bosons,
[ l ' AR(“)<2'3] AR“V)>°'8] Ad(Ev)>0.8 |15veling in opposite direction and with

[:HvSR}

N>

* Maximum likelihood function for signal extraction
* WWy normalization is float

e Fit for uit,dd,s5,c¢ = Hy separately

e Simultaneous fit of all regions (Hy SR, WWy CR, Topy CR, and SSWWy CR)  Foprt-
e Hy SR: 2D binning, [10, 40, 70, 110, <) in mtWWand [0.5,1.0,1.5,00) in

* WWy CR 1D binning, [10, 40, 70, 110, o) in mtWW

opposite relative spin orientation

2. The weak decay of the oppositely
charged W bosons with opposite spin
orientation results in two leptons that

tend to travel in the same direction -

=— gg— H— WW (130 GeV.

normalized to unity
° ;
I
@
o
)
S

---------
.

----------

0.02—

[1] https://cds.cern.ch/record/1261372/files/CERN-THESIS-2010-061.pdf 18



https://cds.cern.ch/record/1261372/files/CERN-THESIS-2010-061.pdf

Measurement of WWYy production
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Cross section limits

__ Process Tup PP exp.(0bs.) 1ot direction: assuming all other SM k scale as
ud = H+y —=epy  0.067(0.08) kH, Which is constrained as a function of kqto give
dd = H++vy —euy  0.058(0.072) a signal strength of 1 for all other Higgs

ss >H+7y —epy  0.049 (0.068) production decay processes [1]
cc—>H+vy—euy  0.067(0.087)

1 — BrSM \/ (1 - BrSM + 4Br§}1\4 5 Yukawa couplings limits exp.(obs.)
. K2 x,| <13000 (16000)
2 2 Kq| <14000 (17000)
. H
Hy rate can be scaled with Kq X x| <1300 (1700)
— RS S S
BroMxg + BroMxs x| <110(200)

[1] https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.073013

19


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.073013

Summary 4
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Differential Cross-section from ZZ production (to be submitted

to JHEP)

2 Observation of WWYy production (to be submitted to PRL) LHC Run 3 schedule

. ‘o . . . + o o Wi - ~
* Slgnlflcance and Inclusive cross section in e_Veﬂ +yﬂ}, Will take data until at least ~ end of 2024 (may be extended by 1 year)

¢ Will run p-p collisions at 13.6 TeV

final states
e Total integrated luminosity ~ 160-200 fb-1 (compared to ~ 140 fb-1 in Run 2)

* The cross section upper limits for Hy production, and

Yukawa coupling of Kc, Ks, Ky, and Kq interpreted results

2 In 1983, We found the W/Z boson at CERN. Now, Run-3

Ongoing:
More surprise expected!

20
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Triboson overview

CMS Triboson Cross Section [1]

VVV
WWW
wWwz
wzz
2727
WVy
Wyy
Wyy
Zyy
Zyy

tri-Boson

13 TeV
13 TeV
13 TeV
13 TeV
13 TeV
8 TeV

8 TeV

13 TeV
8 TeV

13 TeV

Wiv2023
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1 o(VVWV) = 1e+03 fb

] o(WWW) = 5,
1 o(WWZ) = 3e+02 fb
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[1] https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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[2] https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
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Uncertainties

Systematic source my, with all jets | O jet 1 jet 2jets | 3 and more jets
Trigger - - - - -
Electron Efficiency 0.42 % 0.38 % | 0.66 % | 0.36 % | 0.26 %
Muon Efficiency 0.05 % 0.06 % | 0.07 % | 0.09 % | 0.08 %
Jet energy resolution | 0.0 0.07% | 1.72% | 1.65 % | 0.8 %
JES correction 0.0 017 % | 1.77 % | 1.95% | 0.97 %
Reducible background | 0.18 % 0.18% | 0.32% | 0.33 % | 0.96 %
Pileup 0.02 % 0.05% | 0.11 % | 0.13% | 0.35 %
L uminosity 0.01 % 0.01 % | 0.02% 1 0.02% | 0.05 %
Monte Carlo choice 0.35 % 0.65% | 0.94 % | 0.48 % | 0.35 %
oo Cross section | VU2 % LOU3 Y0 | 009 Yo | U.06 7 | 1).0Y Yo
QCD Scales 0.15 % 0.16 % | 0.58 % | 0.54 % | 0.62 %
rDr V.05 7o V.05 % | U.15% | U.15 % | U.21 7
g 0.02 % 0.01 % | 0.05% | 0.03% | 0.02 %
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