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Dark Matter

The Dark Matter

vector mediator (qqg), g4 =0.25,gpm=1,m, =1 GeV

vector mediator (), g, =0.1,9pm=1,9,=0.01,m,> 1 TeV
(axial-)vector mediator (9q), g4 =0.25,9pm=1, m,=1 GeV
(axial-)vector mediator (xx), 9q=0.25,9pm=1,m, =1 GeV
(axial)-vector mediator (), 9y =0.1,9pm=1,9;= 0.1, My > Mpmed/2
scalar mediator (+t/tt), gg=1,9om=1,m, =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+j/V), 9¢=1,9om=1,m, =1 GeV
pseudoscalar mediator (+t/tt), gg=1,g9om=1,m, =1 GeV
complex sc. med. (dark QCD), mp,, =5 GeV, cTx,, =25 mm

Z' mediator (dark QCD), Mgark = 20 GeV, riny = 0.3, Agark = Q52
Baryonic Z/, g4=0.25,gom=1,my =1 GeV

Z'—2HDM, g7 =0.8,gpm =1, tanf =1, m, = 100 GeV
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CMS Searches Summery Plots
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The Dark Matter
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The Dark Matter Model-independent Analysis

* We explored the pair production of new p
bosons at the LHC in collaboration with
research groups from Texas A&M, Rice
University, and University of Sonora.

* QOur analysis presents a search for new
light bosons decaying into muon pairs, P
corresponding to an integrated luminosity

of 59.8 fb~! at the center-of-mass 13 TeV

Schematic example of the pp interaction that produces a pair

energy ) recorded durlng 201 8 at the CMS of new bosons of which each decays into a muon pair. The
grey circle indicate the dark sector inter- actions. The X
o The parameter Space probed |S fOr 'the particle is to signify any excess processes other than the four

lepton final state.

mass of the mediator
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The Dark Matter

The Vector Portal

» DM resides in a dark sector (charged
under a dark symmetry group).

1 1
4= ZBWBMV - ZBWB w—EBBY,
* This new sector communicates with
SM sector thrOugh d Weak pOrtaI *BH" is the SM electromagnetic field tensor

eB'"Y The field tensor in the dark sector

* Spin 1-Vector portal where a dark
gauge boson interacts with an SM
gauge boson through kinetic mixing

o¢ is the kinetic mixing parameter



The Dark Matter Vector portal & Scalars

+,,—+,,—

pp — ZLp — SpSp —> U U U

P

mixing parameter: €

\e Z,
4

% U

time

>

Zp, decays into a pair of scalar dark matter particles which then each subsequently
decay into two oppositely charged muons.
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The Dark Matter Vector Mediator Summary Plot
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The 90% CL upper limits (black solid curves) on the dark vector

mediator in the plane of parameters m,,, and ¢ are shown. The
D

A search for pair production of new light bosons decaying into muons in |. it h . |. ht d ' d d d b
proton-proton collisions at 13 TeV IMITS snown In lig orange correspon O dataset recorge y

2019 CMS during the 2016 era.
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Samples | Monte-Carlo Simulation

MC Simulation

Simulation Process Description

Model Implementation
Feynrules

Hard Scattering Simulation amc@nlo v2.6.5

Parton showering SVTHIA 8

Hadronization, detector

response, & reconstruction CMSSW 0 2 X

2018 Data

Dataset Labels

/DoubleMuon/Run2018A-17Sep2018-v2/
MINIAOD

/DoubleMuon/Run2018B-17Sep2018-v1/
MINIAOD

/DoubleMuon/Run2018C-17Sep2018-v1/
MINIAOD

/DoubleMuon/Run2018D-PromptReco-v2/
MINIAOD

Total

Number of
Events

/5 499 908

35057 758

34 565 869

169 225 355

314 348 890




Analysis | Trigger and Muon Selection

Trigger Paths Muon selection

HLT DoublelL2Mu23NoVix 2Cha slimmedMuons in MiniAOD

HLT_Mu18_Mu9_SameSign PF Loose muon (>=3) + standalone-only (SA) muon (>=1)

HLT TrkMu12_DoubleTrkMu5NoFiltersNoVtx, Two muons: pt >24 GeV, letal < 2

HLT _TripleMu_12_10_5 Four muons: pt>8 GeV, letal < 2.4

19



Mass Window Defining Control and Signal Regions

Since the muon pairs are produced from supposedly m,u/,tz

the same bosons with consistent masses, the
invariant mass of muon pairs should be consistent

as well.

m; — ny = f(———) m,,

20
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Available on the CMS information server CMS AN-19-153 CMS PAPER HIG-21-004

ublication Status

DRAFT
CMS Paper

fne content or this note IS | nded for CMS internal use and distribution only

2021/02/02

Archive Hash:43bba85-D _

Archive Date: 2021/02/02 Archive Ha.\,h: 945e303
Archive Date: 2021/02/02

’7()’7[ D nﬁ

R ® \We have a CADI line with AN and draft paper based on Run Il 2018

Ru r production of new

data with dimuon trigger w/o VTX constraints: on-proton collisions at

Sven Dildick’, Paul Padley’, Wei Shi
[amer Elkafrawy”, Marcus Hohln
amel 1frawy rcus Hc 1 CADI: HIG—21 _004
"R

< lexa

ton

Florida Ir

e Pre-approval talk: Feb 16 , 2021

e Unblinded results: Apr 28 , 2021

f new bosons in a mass range,

)0 mm, is reported using events

A model independent search for p spund.\ to 59.97 fb ! of proton
mass, 0.25 < m < 60 GeV/ md WI kl I I IG21 004 { n2 8 by the CMS experiment at the
with four muons. The dataset corre

Vs = 13 TeV recorded during 201! luct of the cross section, branch

eenrrmease 201/ data is being analyzed to be combined with 2018 results

acceptance is derived. The ““Ul S dI'€ Interpreted 1In e context of several benciumal model, the next-to-mimimal supersymmetric standard model, and dark SUSY models
models, namely, an axion-like particle model, a model for a vector portal to dark including those predicting a non-negligible lifetime of the new boson. In all scenarios,
matter, the next-to-minimal supersymmetric standard model, and dark SUSY models

S are mtcrpn_‘tud in the context
t particle model, a vector portal

_ _ a sizable parameter space is excluded compared with previous results.
including those predicting a non-negligible lifetime of the new boson.
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Background

Below Upsilon (Y) Resonances (0.25-9 GeV)

» QCD multi-jet processes, especially
contributions from bb

 Double semi-leptonic decay or decay
via resonances

n, @, ¢, JIy(lS), y(25)

 Data driven (2018 DoubleMuon)

Double semi-leptonic bb decays
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Background

Work in progress

Below Upsilon (Y) Resonances (0.25-9 GeV)

59.7fb™ (13 TeV)

CMS Preliminary

[GeV]

mw2
N

1.5

0.5 N

0.5 1

Below J/y resonance

1.5

I ! B2

\o
AN
||||c|)||||00||

(@)
I

(@)

> 25
My, [GeV]

1072

Events/(0.04 GeV x 0.04 GeV)

2D QCD background template + data at the CR

- 2D template integral SR/CR = 0.043/0.969
- 2-dimu events at CR: 98 (SR remain blinded)

- Estimated BKG events at SR: 4.34 +/- 0.44 (stat.)

Work in progress
CMS Preliminary

59.

7fo” (13 TeV)

9 | |

| p— | | |O| | | | / |
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O, . . B
= o ad 1
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Above J/y resonance

8 9
My, [GeV]

—h
o
o

Events/(0.04 GeV x 0.04 GeV)

2D QCD background template + data at the CR

- 2D template integral SR/CR = 0.035/0.965
- 2-dimu events at CR: 66 (SR remain blinded)
- Estimated BKG events at SR: 6.16 +/- 0.76 (stat.)




BaCkground Above Upsilon (Y) Resonances (11-60 GeV)

QED radiated high-energy photons produces ¢ M

muon pairs

Each muon is then paired with Drell-Yan (DY)
single muons which mimics our di-muon signal

q T
The Feynman diagram for QED radiation in DY process. The

ReJeCt the eventS Wlth QED baCkg rou nd pairing of the muon decaying in the DY with muon decaying

from the QED radiation mimics our signal
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Background

Above Upsilon (Y) Resonances (11-60 GeV)

o 5. CMS Preliminary 50.8 fb~1 (13 TeV)
§ ; ] * e ° s
o | ©
O,
5 = 0.0005
£ F50- =
<& 0
O
= 0.0004 10
| o
40- X
000037
| O
30- ok
' -0.0002 =
2
-
| 2
20- -0.0001 1]
20 3 40 5 60
mHHl [GeV]

Expected events in SR: 12.28 = 2.01
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EXpeCted LimitS Kinetic Mixing Parameter

N pp

o(pp = Zp)B(Zyy — SpSp) B sp = HH ) X gy <

en —

evt

N/m - 95% CL upper limit on the number of events

£ =597fb"", r=SF, XeMClag,,

Close to zero background analysis: expected 95% CL upper

Expected 95% CL upper limit on N

imit is ~3 events at each mass point

A
o
|

LXr

CMS Preliminary

59.7 fb' (13 TeV)

O 4O DD W o O O N 0o o©
| T
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EXpeCted LimitS Kinetic Mixing Parameter

The expected 95% CL upper limits function of the dark scalar mass m and the dark vector boson mass

mZD - CMS Preliminary 59.97 fb (13 TeV)
I ....... ..... ..... ............................ ........... ........ ....... . \E/)e(;teoc:tepggzlo/f‘gdLeLpper Ilmrt

{ —5— m, =200 GeV

2

| —5— m, =190 GeV

By translating the production cross-section to €, we set

95% CL limit on:

| —*— m, =180 GeV

| —®— m, =170 GeV

| —=— m, =160 GeV

| —*— m, =150 GeV

| === m, =140 GeV

| —5— m, =130 GeV

e*B(Zyy — SpSp)B-(sp = puu~)

|~ m, =125 GeV

sz= 110 GeV

|~ m, =100 GeV

{—— m, 95 Gev

he [imit curves exhibit a structure with an increase and

| —o— M, =88 Gev

.. ....... ..... ..... ............................ ........... ........ ....... . = mZD= 85 GeV

a dip as the s, mass

109| i
10 10°

approaches the kinematic limit of mZD/ 2.

29



Combination
With
2017

~vLORIDA TECH



EXpeCted LimitS Expected Limits - 2017

CMS Preliminary 41.5 " (13 TeV)

A -6
O 10 ki Vector portal model:
8) IR AL A SR S SRR :------1---|Expected 95% CL upper limit
O . . . . . . . . . . . mz =200 GeV
a D
i _ | = m, =190 GeV
= 3 | —a— m, =180 GeV
X = = |
O /l\ , —_—— mZD= 170 GeV
< - 10 e m, =160 GeV
L) :
Ql p. M, =150 GeV
m D
/-\D mZD= 140 GeV
7
U)D - mZD= 130 GeV
/l\ m, =125 GeV
-8 P
10
) m, =110 GeV
N "
CD R — mZD= 100 GeV
Al
« —s— M, =95 GeV
—o— M, =88 GeV
o 5 5 1| —8— m;=85GeV
10—9 | | I I I I I I I I >
10 10
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Expected Limits | Expected Limits - 2017 + 2018

Lo CMS Preliminary 101.3 fb~! (13 TeV)

% {2017 + 2018 datasets] —+— mz, =85 GeV mz, =150 GeV
— —t— mz, =88 GeV mz, =160 GeV
g) —+— mz,=95 GeV —t+— mz,=170 GeV
ON mz, =110 GeV  —+— mz, =180 GeV
- mz, =125 GeV  —+— mz, =190 GeV
Y mz, =130 GeV  —— my, =200 GeV
g 100 myz, = 140 GeV

95% CL upper limit on o(pp = Zp) X B(Zp = SpSp) X B2(sp = 21) [fb]

1072

101 102
ms, [GeV]
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Summary

® A vector-portal model is introduced as a benchmark dark matter model:

pp — Zp = SpSp — 4u

® Model independent upper limits on kinetic mixing parameter, cross-section branching ratio

and acceptance are set.
® The 2018 data from CMS is analyzed.

® \We are adding 2017 data to the analysis to improve the background modeling.
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Muon Pairing

Analysis

-




AﬂﬂlYSiS High Level Selection

Selection Description

Pixel Hit
ASL T Valid pixel hit for at least one muon in the muon pair: Ly < 16 cm, Lz < 51.6 cm

Fit dimuon vertex of each muon pair using KalmanVertexFitter, Pup > P(L,y, f( AR),
NIINY)

Dimuon Vertex

Mass Window . . . . L
Two signal dimuon required to have consistent invariant mass
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Perfomance

Generator v.s. Reco Efficiency

Z, Mass
—— M; =200 GeV
—x— M; =190 GeV
—— M; =180 GeV
x— Mz =160 GeV
x Mz =150 GeV
¥ Mz =140 GeV

x— M, =130 GeV

gulllagen

s MZD=1 25 GeV

x| —— M, =110 GeV
D

—— M =100 GeV

x MZD=95 GeV
—x— M, =91.1876 GeV
—x— M; =85 GeV

—— M, =80 GeV

Total selection efficiency over generator level selection acceptance, €g,;/a,,, as a

function of the s, mass for various Z;, masses in the vector portal model. The KM

parameter, g, is 1072,
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BaCkg foun Above Upsilon (Y ) Resonances (11-60 GeV) - Signal Region

CMS Preliminary 59.7fb™ (13 TeV) CMS Preliminary 59.7fb™ (13 TeV)
> — > —
8 60— DYToLL (0J) DYToLL (1J) 8 60— DYToLL (0J) DYToLL (1J)
2 F DYToLL 2J) B qqTozzTodl 2 F DYToLL 2J) B qqTozzTo4l
g 50 [ TTuetsToLL ggHToZZTo4L £ 50 [ TTJetsToLL ggHToZZTo4L
— B ggTozzTodmu || MC Error — B ggTozzTo4mu || MC Error
40— 40—
— { Data — { Data
30— 30—
20:_ \\Q\\ :_
35_ ..................................................................................................................................................
25_ ...................... @ - o h e e e e e e e e e ee e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaaaaaa s
— 1§_ ................................. . ............................... . ................................................................ @ ... o —
& _01E-ﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁﬁ-ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ'ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ‘:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁ:ﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ-ﬁﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁ'ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ'ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ &
T
e N R R R R R R TR R R R R T R R R T e LR R SRR SR TR R R ER T
15 20 25 30 35 40 45 50 55
m, .1 [GeV]
MC simulation compared with the data in control region for muon MC simulation compared with the data in control region for muon
pair 1. pair 2.

Good agreement between data and MC in control region
data

——=1.05£0.12
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Above Upsilon (Y ) Resonances (11-60 GeV) - Signal Region

Backgroun

.. -1 .. -
CMS Preliminary 59.7tb” (13 TeV) CMS Preliminary 59.7fb™" (13 TeV)
> — = u
§ 9 :_ DYToLL (0J) DYToLL (1J) (Ilg) 9O DYToLL (0J) DYToLL (1J)
o £ o [
8 8 o 81—
c — DYToLL (2J) l qqToZZTo4L S — DYToLL (2J) l qqToZZTo4L
Lﬁ 7 :— Lﬁ 71—
— l TTJetsTolLL ggHToZZTo4L — l TTJetsTolLL ggHToZZTo4L
61— 61—
5 — l ggToZZTod4mu §§ MC Error E l ggToZZTod4mu \\i MC Error
— S
4 41—
3 :_ \ NN —
— NN NN —
— ANNNN \ =
- NNNNNN u
2 I SOOI —
= NN -
1 :_ \\\\\ :_
0 o e b b 1 [ S —

MC simulation in signal region for muon pair 1. MC simulation in signal region for muon pair 2.

Estimated number of background events in the SR

SR : 12.28 £ 2.01
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2017 AnaIYSiS | Model-Indepandence Performance

Total selection efficiency over generator level
selection acceptance, €,/ & gen S @
function of the sp,mass for various Zj,

masses in the vector portal model.

KM parameter, g, is 1072

gulllagen

40

0 10 20 30 40 50
mg_ [GeV]

60

ZD Mass §

=.200. Ge\k ........

=85 GeV
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Unblinded Results Below Upsilon (Y) Background

Work in progress Work in progress
CMS Preliminary 59.7fb™" (13 TeV) CMS Preliminary 59.7fb™" (13 TeV)
< N B B B B B ;9 AL L L B L B L B BB G
O 25 _1 ) 7
g i 10 g ) A oy{ A/A/:
o\ < N 8 o / / ° __ <
% %J % o /S S Q] _2%)
e S S ; S0 1S
g / y o) a4 ol g
b > Co // // - ;
= P 0 0 ]
1.5 o 5 e - L G
< . <
Q F 1 o
S ] ! S
1 - 50 1] =
0 ] 1 0
4= p|
) — 1072 e E—— 2
0.5 1 1.5 2 2.5 4 5 6 / 8 9
Below J/y resonance muu1 [GeV] Above J/y resonance muu1 [Gev]
4.34 + 0.44(stat.) £ 0.18(sys.) 6.16 = 0.76(stat.) = 0.09(sys.)

Observed: 4 Events Observed: 6 Events
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Unbllnded RQSUltS Above Upsilon (Y) Background

" CMS Prellmlnary 59.8 fb~1 (13 TeV)
N 60 - — S
o ' y ° O
) ~
O .
o -0.0005___ | 3
= > E
Y O Q
O 10.00040 | ©
< ol &
X
000037
O
L0
10,0002
12
-
O
>
-0.0001 Wl

SR : 12.28 £ 2.01 events
Observed: 20 Events






Unblinded Results

The observed 95% CL upper
imits function of the dark
scalar mass mg and the dark
vector boson mass m,

Observed Limits

10°°

utu)

S —
D
o
~

—= 2
ZDestD)B (
=

2 B(
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Vector portal model:
95% CL upper limit

m, =200 GeV

59.7 fb' (13 TeV)

—5— M, = 190 GeV
—t— M, = 180 GeV
—— M, = 170 GeV
—5— M, =160 GeV
—#A— My =150 GeV
m, =140 GeV
— sz= 130 GeV
m, =125 GeV
m, =110 GeV
m; =100 GeV
i My = 95 GeV
—— MzD= 88 GeV

—&— m, =85 GeV

10°
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Unblinded Results

2018 Conclusion

CMS Prellmlnary 59. 7fb (13 TeV)
;60:"'|"'5*|(;"'01 """ ARNRRRRNRRRRN RN RICERYZARES
D g5 0 o o 0 3
9. E o oo o © OOO y4 A/O/E
" 1N50:_o ° o O/ s/ _:
» In 20-25 GeV region we observe 3 events = 0 o SR
45 . D o// /o o 2
. . . . 40 o° ) o O:/zo:fﬁA o Ooo o
» The expected number of events in the said region is el R v TS
o 0o /A/O ° go_g
~(0.3 30  °° o 7 6o o0 07 -
- °y/ / o ° L 01
25 G 0®
 This observation lead our research to explore the addition 20 % o o0 %o o5
-/ ° % g o _
. 15— © o ° o o ° —
of 2017 CMS data to the our analysis ,—//(( R A I AT
15 20 25 30 35 40 45 50 55 60
My [GeV]
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2017 AnalySiS | Tigger Paths and Selections

Trigger Paths Muon selection
HLT Mu23 Mu12 slimmedMuons in MiniAOD
HLT_Mu18_Mu9_SameSign 4 PF Loose muon

HLT TrkMu12 DoubleTrkMu5NoFiltersNoVtx Two muons: pt>13 GeV, letal < 2
HLT_TripleMu_12_10_5 Four muons: pr>8 GeV, letal < 2.4

Dataset Labels Number of
/DoubleMuon/Run2017B-31Mar2018-v1/ 14 501 767
/DoubleMuon/Run2017C-31Mar2018-v1/ 49 636 525
/DoubleMuon/Run2017D-31Mar2018-v1/ 23 075 733
/DoubleMuon/Run2017E-31Mar2018-v1/ 51 589 091
/DoubleMuon/Run2017F-31Mar2018-v1/ 79 756 560
Total 218 559 676




2017 AﬂﬂlYSiS Background: Below Y Resonances

CMS Prellmmary 41 5fb

(13 TeV)

-2D template integral SR/CR = 0.044/0.964

-2-dimu events at CR: 49 (SR remain blinded)

‘Estimated BKG events at SR: 2.26 +/- 0.32

0.5 1 1.5 2

_
_
_
-

2.5

my, [GeV]

48

1072

Events/(0.04 GeV x 0.04 GeV)
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2017 AﬂﬂlYSiS Background: Below Y Resonances

CMS Preliminary

— 9 | | T T
-2D template integral SR/CR = 0.08//0.918 E ,
— 8
E:L
7
-2-dimu events at CR: 2 (SR remain blinded) 6

‘Estimated BKG events at SR: 0.19 +/-0.13

41.5fb 1 (13 TeV)
| | | | | | | | A

49

Events/(0.04 GeV x 0.04 GeV)

ssaiboud Ul JIOpAN



2017 AﬂﬂlYSiS Background: Above Y Resonances

Histogram of test__m1_above_Upsilon_m2_above_Upsilon
| [ Fr IlIlllIlIIl

-2D template integral SR/CR =0.082/0.918 S o
E%

-2-dimu events at CR: 212 (SR remain blinded)

-Estimated BKG events at SR: 18.97 +/- 1.3

15 20 25 30 35 40 45 50 55 60

m,, (GeV)

50
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Events / (0.5 GeV x 0.5 GeV )



2017 AﬂﬂIYSiS | Summary

Expected model independent 95% CL upper limit on the number of events.

The analysis remains approximately near zero

background analysis

The results to be combined with 2018 and 2016

results using the Higgs combine tool

51

evt

95% CL upper limit on N

o —_ N w £ o O N @ o) O
| - - - -

—_
o
|

CMS Preliminary

41.5fb" (13 TeV)

I
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§|rﬁlom I’!‘pend¥ta alysis for pp — 2a — 4u is represented

»A vector-portal model is introduced as a benchmark dark matter model: pp — Z, = spSp — 4u

*Model independent upper limits on kinetic mixing parameter, cross-section branching ratio and

acceptance are set.
*The 2018 data from CMS is analyzed.

*\We are adding 2017 data to the analysis to improve:the background modeling.



The Experimental Apparatus | cwms lllustration

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~1m? ~66M channels
Overall length :28.7 m Microstrips (80x180 pm) ~200m?* ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID

Niobjum titanium coil carrying ~18,000A

MUON CHAMBERS
\ Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
\§ .

Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?> ~137,000 channels

FORWARD CALORIMETER
_ Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels



The Experimental Apparatus | Bending Muons

om Im m am am sm ém m
Key:
= Muon
Electron
“= Charged Hadron (e.g.Pion)
w = = « Neutral Hadron (e.g.Neutron)
- == = = Photon .

Iron return yoke Interspersed
with Muon chambers

Transverse slice
through CMS
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Hard Process

A scan of production cross-section for

varying mass of Z,.

Kinematics of the Model

Prod. o [fb]

10’

—h
o
o1

—
o
N

10°

-------------------------------------------------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------------------------------------

9]
O)

|
60

|
80 100 120 140 160 180 200
m, [GeV]




Hard Process | Kinematics of the Model

A scan of production cross-section for

varying mass of Z,.

(13 TeV)

o) B (s — u*t w)

Do

B(Z —s

ZDi Mass

m, =200 GeV.

TR - --fEr-m-Z-E;=-§1-90-GeV-§ .........

—+— m, =180 GeV'

—e— m, =170 GeV:

—=— m, =160 GeV
—— m, =150 GeV

m, = 140 GeV:

m, =125 GeV’

A0 T 11 L m, =110 GeV....

—5— m, =100 GeV.

—+—m, =95 GeV

1] == m, =91.1876 GeV

—&— m, =88GeV

—+— m, =85 GeV
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Hard Process | Kinematics of the Model

A scan of production cross-section for

varying mass of Z,.

(13 TeV)

Kin. & geom. Acc.

Z, Mass
m, =200 GeV
—&— m, =190 GeV
—— m, =180 GeV
== m, =170 GeV
—8=m, =160 GeV
= m, =150 GeV
m, =140 GeV
—F~ m, =130 GeV
m, =125 GeV
m, =110 GeV
m, =100 GeV

—==m, =95 GeV

D

—e= m, =91.1876 GeY

—&— sz= 88 GeV

—t— m, =85 GeV
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Hard Process | Kinematics of the Model

10° — (13 TeV)

§ Z, Mass
- m, =200 GeV
I c; —5— m, =190 GeV
IR0 03 S W B 0 | o
: : —_ - 1|7~ m, =170 GeV
A scan of production cross-section for s F . 2 O
. fZ g : 5 m, =150 GeV
varying mass or 4. g | a= e vacay
é% 10 §_ .......................... e
& B m, = 125 GeV
% : | = m, =110 GeV
2| S __________ g ________________ —= m, =100 GeV
" - r —— m, = 95 GeV
- "W\ || —o— m, =91.1876 GeV
I M| m, =88 GeV
I | | | —+— m, =85 GeV
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Model-Independence Peromnaatee/.s. Reco

Model independent ratio: €,/ a,,,
., - generator level acceptance
*4 gen-muons psand 7 selection + fiducial cuts
¢, full analysis efficiency
*4 reco-muons pand 7 selection + fiducial cuts+ full selection
Constant €,/ &, iIndicates model performance is independent of its parameters

Average €p, i/ O, = 0.418 is consistent with otherbenchmark models



Model-lndependence Generator v.s. Reco

ZD Mass

Total selection efficiency over generator level 0.9 F— v SR S—— AR — S— M, =200 Gev

- —%— M, =190 GeV

N MZD=1 80 GeV

selection acceptance, €,/ a,,, as a function

—x— M, =160 GeV
x MZD=1 50 GeV
x My, =140 GeV

of the spmass for various Z masses in the

«— M, =130 GeV

@ulllagen

SV MZD=1 25 GeV

vector portal model.

£ | —— M =110 GeV

—x— M, =100 GeV
Xx MZD=95 GeV

The KM parameter &,is 1072,

- MZD=91 .1876 GeV

e MZD=85 GeV

0.1

—— M =80 GeV

O L1 1 | | 1 1 | | L1 1 | | L1 1 | | L1 1 | | 1 1 |

0 10 20 30 40 50
Ms, [GeV]
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BaCkgrOund éSiiamam (Y) Resonances (0.25-9 GeV)

-Dominated by QCD multi-jet processes, especially contributions from bb

-Double semi-leptonic decay or decay via resonances (7, @, @, J/w(1S), y(2S))

*Data driven (2018 DoubleMuon): because, MC for QCD processes are limited

Construct 2D background templates, based on 1D MC distributions and fitting them ->
fim,,) ® f(m,, ). (See App. B)

*Estimate the number of background events in the signal region
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Background ELtimation

Above Upsilon (Y) Resonances (11-60 GeV) - Control Region

Events/3.5GeV

Pull

CMS Preliminary

59.7fb™ (13 TeV)

60— DYToLL (0J) | DYToLL (1J)

| DyTolL 2)) [ qqTozzTo4L
S0~ | TTJetsToLL ggHToZZTo4l

— B ggTozzTod4mu || MC Error
40 —

— { Data
30—
20__ O\

— N §\§

[ { ANB NN AR WA Y AN AN
10 )_ OV DRW NN

32_ ..................................................................................................................................................
22_ ...................... @ - ettt ettt ettt e e e e e e e e e e e an e e ea e
12_ .................................................................................................................................. o ......... SYRPR
o;_ ........... . ..................... . SRR LEPYERLEREE e LA @ ........ 7 PRERIRIRERE PR RRRELEELEELRECRELE
_1;_.. ...............................................
_2;_ ..................................................................................................................................................

15 20 25 30 35 40 45 50 55
m, .1 [GeV]

Events/3.5GeV

Pull

CMS Preliminary

59.7fb™ (13 TeV)

60— DYToLL (0J) | DYToLL (1J)
— | | DpyTolL2)) [ qqTozzTo4l
50— | TTJetsTolLL ggHToZZTo4l
— - ggToZZTo4mu MC Error
40—
— { Data
30—
20 :— “““
10 _‘
3 ;_ ..................................................................................................................................................
2 g_ ........... FORECTTEEEE . ...........................................................................................................................
-Ig_ ....................................................................................... . ......... @ rrrrrreereeeeeseesseaaaaaaaaas @ -
0 g_. ............................... . .................... . ......... o @ -ttt & @ -rrererearanaaand o....
_1 g_ ........................................... T T T NN .
_2 g_ ..................................................................................................................................................
15 20 25 30 35 40 45 50 55
M. [GeV]

Good agreement between data and MC in control region.
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Background E\stimation
Above Upsilon (Y) Resonances (11-60 GeV) - Signal Region

CMS Preliminary 59.7fb™ (13 TeV) CMS Preliminary 59.7fb™ (13 TeV)
> — > —
§ 9 :_ DYToLL (0J) l DYToLL (1J) § 9 :_ DYToLL (0J) l DYToLL (1J)
o [ o
&8 8 &8 8
GCJ - l DYToLL (2J) l qqToZZTo4L CIC) [ l DYToLL (2J) l qqToZZTo4L
Lﬁ 7 :_ Lﬁ 7 :_
— l TTJetsTolLL l ggHToZZTo4L Z l TTJetsTolLL l ggHToZZTo4L
6 6
E l ggToZZTo4mu MC Error E l ggToZZTodmu MC Error
S S
4k 4k
3F 3F
2 2
11— 11—
ok ok
30 35 40 45 50 55 60 30 35 40 45 50 55 60
m, .1 [GeV] m,.. [GeV]

Estimated number of background events = SR : 12.28 = 2.01
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