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Dark matter

Visible

¢Dark Matter constitute e
2'7% of the Universe |

¢There are Clear evidences
from Cosmology e.g.

rotation curve of Galaxies, 8 . e
gravitational lensing | L e

energy

3 ,_1_0’,'690 - 20,000 30,000 40,000 .

e . Distance (light years)

¢Goal: understand the origin/nature of dark matter (DM)



Dark matter Detection

* Direct detection Collider

+ To observe low-energy recoils of ' >
nuclei induced by interactions with SM DM
particles of dark matter, which pass
through the Earth

* Indirect detection

Direct Detection

<

4+ Search for the products of the self- SM
annihilation or decay of dark matter <
particles in outer space.

DM

Indirect Detection

* Collider searches
4+ Produce DM in laboratory

“+ Dark Matter particles produced that would escape the detector
unnoticed and must recoil against the SM particles to become
“visible"



Motivation and
Theoretical Overview



Introduction & Motivation

Search for dark matter produced in association with a pair of bottom quarks in
p-p collisions at \/g = 13 TeV with the CMS detector using full Run2 data

Collider DM searches: From EFT to 2HDM+a Model...

¢EFT ¢Simplified ¢2HDM+a
1 parameter (A) very few parameters few parameters
X problematic at high minimal particle content minimal particle
energies ¥ unitarity violation content
X no longer widely (although often not a gauge invariant

used problem practically)



https://arxiv.org/abs/1603.01366v1
https://arxiv.org/abs/1810.09420

Introduction & Motivation

Search for dark matter produced in association with a pair of bottom quarks in
p-p collisions at \/g = 13 TeV with the CMS detector using full Run2 data

- 2ZHDM + a model [CERN-LPCC-2018-02] (Simplest model with a pseudoscalar mediator
to evade DD experiment bounds)

- Minimal particle content and gauge invariant —

b

- Variety of MET signatures

- mono-jet, mono-H, mono-tt

« Particle content:

- Two scalars:h (SM Higgs), H

. Pair of charged scalars: H*

« Two pseudoscalars: @

- Dirac fermion DM: y


https://cds.cern.ch/record/2644694

Model Parameters

Masses Quartic
my = 125 GeV Couplings
My, My, My, My, My, A Any, Apy
Mixing Angles

v Betweenhand H : a
v Between A anda: @

v VEV ratio of Higgs Doublet: tan

E—

Benchmark Parameters
/13 —ﬂpl — /1P2 — 3 m — lGeV

N\ |

type—I11 2HDM

JREE

— B - Xy

type—II 2HDM
...... yp. 50

- Higgs fit

250 500 750 1000 1250 1500
M- [GeV]

4+ With various constraints

. My,,m,, m,sind@,tan f

)(9
+ The heavier (A) and lighter (a) pseudo-scalar
couple to SM and DM particles

. —1y,(Asind + acosO)yysy

+ 2,4 and g, ;. couplings are tan-enhanced
R R e S
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Model Parameters

4+ Dependence of parameters on the kinematics

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
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Model Parameters

4+ Cross-section scan on tan /3, sin @ :

CMS Simulation

100 =

Cross section (pb)

MISs

2HDM-+a: bb + il

lm 4 = 600 GeV
(m, =1 GeV, sinf = 0.7

1072

(13 TeV)

100
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Cross section (pb)

CMS Simulation (13 TeV)
t ! ! ! | ! [
10°F =
107 .
| 2HDM-+a: bb + pHiss
[l 4 = 600 GeV
|lmy, = 1 GeV, tan 8 = 35
1072 -
7 sin 0
—— 0.1 —— 04 0.8
i 0.2 0.5 —— 0.7 —— 09
—— (.3
| i | |1
10 100 200 300 500
mg (GeV)
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Experimental Setup



LHC and CMS Detector

4+ The Experiment starts with the
Large Hadron Collider (LHC):

v 1232 dipole magnets

CMS DETECTOR

STEEL RETURN YOKE
Total weight

: 14,000 tonnes

es SILICON TRACKERS
Overall diameter :15.0 m
Overall length

Pixel (100x150 pm?) ~1 m?* ~66M channels
: Microstrips (80-180 ym) ~200 m* ~9.6M channels
M tic field  :
v/ 392 quadrupole magnets

4 2'7 km at 19 K (SuperﬂUid W \ MUON CHAMBERS
He) | |

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

/ Vacuum ~ 10~ BAtm.

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

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

CRYSTAL
ELECTROMAGNETIC
L H C CALORIMETER (ECAL)

~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

12
Schematic of Cern Accelerator complex



Selection: Object and
Bvent



Event Selection
Signal Region

- Two categories based on
« Number of b-jets
« Lepton veto

Signal regions

N
1

Nuomber of b-jets

l 2 3
Number of jets

Emiss

Jetl

Jet2

Jet3

# b-Jets
Leptons (e/u)
Hadronic 7
m‘in(Aqb (jet,E?iss)>

<pr¥'i ss _ caloE“Tﬁ ss)

pr%l'l SS

SR1 SR2

> 250 GeV

pt > 100 Gev

p1 > 30 GeV

(if present) PT > 30 GeV

p1 > 30 GeVv

veto (if present)

1 2
veto

veto

> 0.5

<05

With main observable:

o) 1b: p¥iSS

© 2b: cos® * =

tanh < Hyet1 ; Hyet2 >
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Event Selection

Control Regions | Physics regions
- Hadronic Recoil > 250 GeV 2 -
_ [ nMiss Z Lepton> o
s I-
C
e Z+Jets CR 9
=
. //t//l/ee with 70 < Mll < 110, 23 0-
- leading lep p; > 30 GeV : ; -
with tight ID ISO Number of additional jets
e Topt+Jets CR e W+Jets CR
. u/e with tight ID ISO, . ule with tight ID ISO, M, < 160 GeV
M, < 160 GeV - No additional jets

+ > 1 additional jets - pr > 100 Gev -



Signhal Extraction &
Limits



Systematic Uncertainties

Table 2: Systematic uncertainties affecting the shape and normalization (InN) of the signal and
background predictions with an impact greater than 0.5%.

Systematics Type Size
Pileup reweighting shape 3%

b tag efficiency shape  3-8%
Incorrectly b-tagged jets shape 1-7%
Electron identification shape  5-7%
Electron reconstruction efficiency shape  3-5%
Muon identification shape <1%
Muon isolation shape <1%
Electron trigger shape 1%

PSS trigoer shape 1%

Jet energy correction shape 3%

L1 prefiring shape  0.5%
Muon prefiring InN 0.5%
T}, veto InN 6%

Integrated luminosity InN 2.5%
Cross section diboson InN 20%
Cross section Drell-Yan InN 5%

Cross section Higgs boson InN 20%
Cross section single top quark InN 10%
QCD normalization InN 20%

Renormalization and factorization scales shape 16—42%
PDF shape 25-50%



Signal Extraction

- Z+Jets and have the largest contribution in the 1b (2b) SR

Combining electron and muon channel then linking SR and CR through rataParam
will all the systematics taken as nuisance parameters

One rateParam for each bin and for each region

A simultaneous binned profile likelihood fit is performed in Signal and Control
Region

On pl%/ﬁss(cos O*) variable

Z11(b) Wiv(lb) Z11(2b) tt(2b)

W(v)+Jets
| %y Other

Z(11)+Tets
7.3%

Z(11)+Jets
(ele]

SR(b)

wWw/WZ/ZZ

WW/\WZ/ZZ

Zvw)+jets '-I.'S%'
[

Zlw)+jets

Sing le-t



Data/Pre

Postfit Distributions

The postfit distribution have good performance

. With leSS observable in
b

CMS _ | ___1381b" (13 TeV)

T L B L L D A |
1b category VH L Single t  EEQCD
m,=350Gev [l WW/WZ/ZZ ff Bl W(v)+Jets
B Z(vv)+Jets B Z(i)+Jets —¢— Data

Z(il)+jets CR ! W(lv)+jets CR

Events/bin
o O
o

SR 2

— et
Soooo
NN W~ O

d
o

Data/Pre

500 750 1000
U (GeV); U (GeV)

138107 (13 TeV)

CMS

Z(ll)+jets CR :

- WW/WZ/ZZ

I Single t
—¢— Data

L I T
2b category VH W)
m,=350GeV M Z(vv)+Jets [l QCD

tt B Z(i1)+Jets

. With cos® * observable

— in 2b

-4 Postflt

— Preflt

—
TTTTETTTT

OO 025 0.5 075 025 0.5 075

o
o
i



Run2 Results

1D Limits

« Full Run 2
_imit with
pr > (1b)
and

cos ® * (2b)

« No Excess
has been
observed

95%CL o(pp — bbxx)(fb)

CMS 138 fb~1 (13 TeV)
L | 11T 1T 1T 1T 1T 1 11T 1T T T T | 11T 1T 1T 1T 1T 1 | 11T 1T 1T T T
- 2HDM+a — Observed ]
bb + ng; oV ---- Median expected
ma = e o
1| m, =1 GeV B 68% expected —
- tang8 =35 95% expected -
™, Sln(9 = 07 ——— Oth _
i \,\. eory |

~N

IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII'\LII

50 100 200

300

400 500
m, (GeV)
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Run2 Results

2D Limits

CMS 138 fb~' (13 TeV) CMS 138 fo~! (13 TeV)
Q : | | | | | | | | | | | | | | | | | I |: % |7z 7)) | | | | | | l | | | | | | | | | | | | |_
c [ 1 £ I i
S 451 2HDM+a 1 @ ,42HDM+a -
- bb + i : [ bb+pPe :
40 ma = 600 GeV - - ma = 600 GeV .
- m, =1GeV - 0.7 m, =1 GeV ]
35f sind = 0.7 —~ - tang =35 i
30 - 0.6 ~
251 . 0.5[ -
o0 =
B ] 0.4 —
15[F —— Observed ] 2 —— Observed i
---- Median expected - E ---- Median expected |
10 B 65% expected 03z Bl 65% expected
95% expected T 95% expected
| | | | | | | | | | | | | | | | | | | | | | | | | | | |_ | | | | | | | | | | | | | | | | | | | | | | | | | |_
55 75 145 215 285 355 425 495 0'25 75 145 215 285 355 425 495
m, (GeV) m, (GeV)
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Run2 Results

2D Limits

>

@
O

200

120

80

40

CMS 138 fo~! (13 TeV)

|||||||||||||||||||||||||||||||||||||||“|...~‘
I — QObserved Ea
—2HDM+a ---- Median expected _
- bb + pis Bl 65% expected -
- ma =600 GeV 95% expected i
— tang = 35 B
- sinf = 0.7 1

0 50 100 150 200 250 300 350

m, (GeV)

400
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Ssummary

Search for DM in the bb+MET channel using Runll CMS data is presented
The results are interpreted with type-ll 2HDM+a model

Full Run 2 limit is calculated covering large phase space of the model

- Complementary to most of the mono+X searches

Published in JHEP

- DOI: https://doi.org/10.1007/JHEPO2(2025)050

Started LHC Run 3 Analysis

. Leveraging higher luminosity and improved detector performance for the
bbMET dark-matter search in the 2HDM+a model.

- Employing advanced ML techniques to enhance signal-background
separation and fit modeling.
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https://doi.org/10.1007/JHEP02(2025)050

Thank You



bb production with ¢ and A

Cross-Sectionforpp —b by %

fo) E pp—>bbm, (m —x%)
& 10;_ —o—mA-6OOOGeV —e— m, = 700.0 GeV
= E - =800.0 GeV  —e— m, =900.0 GeV
O 1L N mA =1000.0 GeV —e— m, =1100.0 GeV
= E . m, = 1200.0 GeV
é_)) 1 —
107 =
@) =
, =
MN102E
2 =
e 107° E-
O =
10 .
107> é_ .'",' .," ,
sC e pp%bbmA,(m — % %)
107 o o --e-- m, =600.0GeV  --e-- m, =700.0 GeV
7 — o’ : = 800.0 GeV --e-- m, = 900.0 GeV
107 mA=1ooo.o GeV --e-- m, =1100.0 GeV
10—8 - T N R N N RN N mA =1200.0 GeV
0 200 400 600 800 1000 1200 1400 1600

m,(GeV)




Estimating QCD

@ Using QCD as the
difference of DATA and
total background except
QCDMC in a dedicated
qcdCR for each region

(A¢ < 0.5)

e QCD contribution in the
region is the integral of

the FIT () from A¢ > 0.5
e Fit Function:

e a.exp(b.x)+c

CMS 41.5 fb” (13 TeV)
L J | 1T T I T 1
al_ § + Used for fit
10 _ 2b category R
- .~ All points
+10
. Fit function =
. ¥2ndf = 6.759/9
QCDCR: SR
(A¢<0.5) | (A¢p>0.5) —
¢+ :
,*} i
i .
10 N =
1_ . L L I
0) 0.2 0.4 0.6 0.8 1

min(A¢(jet, Pm'ss))
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https://indico.cern.ch/event/1098102/contributions/4621080/attachments/2349519/4007645/bbDM_status_19112021.pdf

1b Category Contribution

QMISPrIeIIimIinIaryI _

 1b category contributes
up-to 10% in the Full Run 2
Limit (expected) with

pl,}/ﬁss(lb) and
cos(60)*(2b)

diff

95%C.L W = U/Utheory

0.0

0.5k

0.5

| -<- Run2 2b (Expected)

Run2 Combined (Expected)

138 th~! (13 TeV)
L L

200

300

I400I — I500I
m, (GeV)
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Limits comparisons

103CMS 138 fb~! (13 TeV) CMS 138 b1 (13 TeV)
:I [ | L | L L | L | L | L | LI I: — | | | | | | | | | | | | | | | | | | | |
N — m, = 200 GeV, m4 = 600 GeV ] % - --- Expected .
L 2HDM-+-a --- JHEP05(2019)142, 36.1 fb~! | (5 1000} — Observed |
~ bb  piiss — m, = 350 GeV, my = 1000 GeV 1 —_ - — 1909.03460, 0-lep (M72) A
" m, = 10 GeV  --- JHEP05(2019)142,36.1 o~ é - o _ -
102k tang = 50 _ PP — bb, b — bX(l) }
: 800 -
6o ST —
400 | \‘ |
i | \ |
100 E_ ..................................................................................................... —E I ,: \“ |
- : 200 | \ s
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Ob]ect Selection

i ¥Electron ‘
¢ xpy>10GeVand |n|<2.5 §

& Muon
*pr>10GeVand|n| <24

Légende: Muon
Electron

Hadron chargé (ex.Pion)
— — — — Hadron neutre (ex. Neutron)
------ Photon

Trajectographe
au silicium

Calorimeétre

Calorimetre Solénoide

hadronique .
q superconducteur Culasse de retour de I'aimant

avec des chambres a muons

g
5
y

-
3
g
g

.‘,' ¢Tau ii ¢Jets

*p1>18GeVand |n| <2.3 .'3 * AK4PF jets, pt > 30 GeV, |n| < 2.5
rissmsmmnssmmamenwaeweed {4 Cleaned against electron and  }

muon using AR (lepton, jet) < 0.4 '
1{ 4 Db-jets with [n| < 2.5 DeepCSV |
* > 250 GeV i} Medium working point !




