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Dark Matter

mDM inferred from astrophysical
observations
A Galaxy rotation curves
A Strong gravitational lensing
A Bullet cluster
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mHunt for DM with complementary
approaches: Collider searches,
direct, and indirect detection
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Dark Matter Searches at CMS

mAt LHC, many BSM models considered in order to cover as much DM
theory as possible [see CMS briefing on Dark Matter]
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https://cms.cern/news/mapping-uncharted-territory-cms-reviews-searches-dark-matter
https://cms.cern/news/mapping-uncharted-territory-cms-reviews-searches-dark-matter

Dark Matter Searches at CMS

mAt LHC, many BSM models considered in order to cover as much DM

theory as possible [see CMS briefing on Dark Matter]
A Simplified Models / Dark Sectors

Involve a single mediator

o spin 1 portal : Vector,
Axial-vector, Dark
Photon

o Spin 0: Scalar,
Pseudoscalar, Dark

H iggS, e Simplified

dark sectors

O see Neutrino
portal

Dark sector
models in

CMS searches
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Dark Matter Searches at CMS

mAt LHC, many BSM models considered in order to cover as much DM
theory as possible [see CMS briefing on Dark Matter]
A Extended Dark sectors

More complex dynamics
of Dark Sector

o Supersymmetry,
Hidden Valleys, o
2HDM+a, Inelastic Dark iy
Matter

Extended

dark sectors

Dark sector
models in
CMS searches
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Dark Matter Searches at CMS

mAt LHC, many BSM models considered in order to cover as much DM

theory as possible [see CMS briefing on Dark Matter]

mExperimental challenges
and a wide variety of
experimental signatures
A Missing Transverse
Energy (MET) + X
A Displaced particles
A Semivisible jets,
Emerging jets, Soft
Unclustered Energy
Patterns (SUEPS)
A Other unconventional
signatures

10/04/2024
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Dark Matter Searches at CMS

mAt LHC, many BSM models considered in order to cover as much DM

theory as possible [see CMS briefing on Dark Matter]

mThis talk will briefly overview:
A New Summary Plots (full list in this link)

A Some recent searches that will serve as an example (impossible to

cover everything)
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NEW:
CMS-PAS-EXO-22-014

DM + t/tt

mX + pISSsignatures (mono-X: mono-jet/H/tt)

A mono-t/tt: DM associated with Singletoportt ¢
mSimplified model with a scalar (¢) or pseudoscalar (a)
mediator that interacts with SM and Dirac y DM

A Preferential couple to third-generation

DM+t: t'Cha“é‘-elt DM+t: tW channel
b W

forwar !e

All Hadronic Semileptonic Dileptonic
A Iept.ons veto: e,u A 1llepton:isolatede,u Ao 2 lepton:isolated e,u
A 23jets . A 22 jets (j small-cone) (opposite sign)
A =1,>2b-tagged jets , =1,22b-tagged jets Ao >1jets
A MET>250 GeV. A MET > 250 GeV A =1,>2 b-tagged jets
A +0,21forwardjets 4 40,>1forwardjets Ao  MVA techniques to
(Inl>2.4) improve sensitivity
i 138f6" (13 TeV)  _ 138 i (13 TeV) 138 57 (13 TeV)
mw"'I""I""I""I""IIIII !ﬁl_:';.""l""l""_lli L | L | L L
ERM LI - ;P ERT B 1294~ B=r W
% . Mz [ E [ et PE[IE!!EIY % ; .z-.: .w“- g Tap PFELEMEW UE mf I:lﬂ‘:l"ﬂ: .w LA HE'WMJEH}-'
B [ o e i i .n. . .M‘ - : . .
" e ot AH 2b SR & - SLOi-T1 SR | DL tW+DM SR (SF)
All Had: 2b-jet . o 1 :
J «t Semilep: 1b, 0 forward: - p;’,“ss /MVA
' used for fit in
signal and several
d I control regions
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https://doi.org/10.48550/arXiv.2211.05426

DM + t/tt
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m95% CL limits on production cross section vs mass of

scalar or pseudoscalar
A Exclusion for benchmark model up to ~400 GeV
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Scalar / Pseudoscalar Summary
mProduction vs mediator mass from DM + {j/V(qq); Z(Il); tt}

analyses

. CMS Preliminary 137 fb' (13 TeV) . CMS Preliminary 137 fb' (13 TeV)
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Z'\,nmediator: m_ 4 VS Mgy,

mConsider spin 1 mediator: vector (Z,)or axial vector (Z,)
mLimits on m 4 vs my,, for dijet and DM + {j/V(qaq);y ; Z(I1)}
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95% CL exclusions

— (Observed — —m__.=2m

med DM

L0 =012

Boosted dijet (77 ")  dijet
Phys. Rev. D 100 (2019) 112007 ¢ f

= = = Expected

Dijet w/ btag (19.7 it ")
Phys. Rev. Lett. 120 (2018) 201301

Dijet w/ ISR j (18.3 f5)
Phys. Lett. B 805 (2020) 135448

Dijet (35.9-137 fb')
e JHEP 08 (2018) 130
JHEP 0& (2020) 033

DM +jiV(qq) (137 fb™)
JHEP 11 (2021) 153

q

Axial-vector mediator
Dirac DM
gDM =10

1 g =025
DM + Z(ll) (137 fo'™ a

DM + 7y (35.9 fb™)
JHEP 02 (2019) 074

TS e
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Z'\,» mediator: dijet resonance and monojet

mConsider spin 1 mediator: vector (Z,)or axial vector (Z,)
mLimits on universal quark coupling g,

CMS Preliminary

IIII T T IIII]] T 1 1 IIII[I T T 1 LI rrbM=mZ'I3!gDM=1-0

- — N
AN\ Observed

q

------ Expected

—

Relic density (Q, h? > 0.12)
I,/ my.<~10%

Boosted Dijet+y, 35.9 fo' (13 TeV)
Phys. Rev. Lett. 123 (2019) 23
Boosted Dijet, 77.0 fb™" (13 TeV)
Phys. Rev. D 100 (2019) 11
Dijet+ISR jet, 18.3 o (13 TeV) .
Phys. Lett. B 805 (2020) 135448 moanet
Dijet b-tagged, 19.7 b (8 TeV)
Phys. Rev. Lett. 120 (2018) 20
Dijet scouting, 35.9 fo' (13 TeV)
JHEP 08 (2018) 130

Monojet (vector), 137 fb™' (13 TeV)
JHEP 11 (2021) 153

I,./m,<~50%

95% CL upper limiton g

—
<

Dijet, 137 fb™" (13 TeV)
JHEP 05 (2020) 033

| | I FZ.I m,. < ~100%
7 1 0 20 1 00 200 1 000 2000 Dijet angular, 35.9 b’ (13 TeV) _ _ .\
Eur. Phys. J. C 78 (2018) 9 q x(my )
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1072

10/04/2024 Jesus Vizan 12



Z'\,» mediator: comparison with Direct Detection

mConsider spin 1 mediator: vector (Z,)or axial vector (Z,)
m90% CL Limits on scattering DM-Nucleon cross section

107%
107%
107%
107%
107%
107

90% CL upper limiton o}, . [cm?]
S
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CMS observed exclusion 90% CL
Vector med., Dirac DM; g o= 0.25,g om=1 .0

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet+ISR j (18.3 fbo'™)

Phys. Lett. B 805 (2020) 135448
b-tagged dijet (19.7 tb™)

Phys. Rev. Lett. 120 (2018) 201801
Dijet (137 fb™)

JHEP 05 (2020) 033

DM +Z, (137 fb™)

Eur. Phys. J. C 81 (2021) 13

DM + y (35.9 fb™)
JHEP 02 (2019) 074

DM +j/V_ (137 fb™)
JHEP 11 (2021) 153

DD observed exclusion 90% CL
CRESST-llI
Phys. Rev. D 100 (2019) 102002

DarkSide-50
Phys. Rev. D 107 (2023) 063001

PandaX-4T
Phys. Rev. Lett. 130 (2023) 021802

XENONNT
Phys. Rev. Lett. 131 (2023) 041003

LZ
Phys. Rev. Lett. 131 (2023) 041002
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Dark photon with dimuon resonances
mDark photon A’: ’

A spinl mediator . . .
.. . ) experiment via data scouting
A mixing with SM photon a i and data parking

mMinimal dark photon model 2403.16134
mLow mass resonances with scouting triggers

m90% CL limits on squared mixing coefficient vs dark photon mass
CMS Preliminary

o NEW: Enriching the physics

program of the CMS

97 -137 fb~" (13 TeV)
T

—
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LHCb CMS ]
PRL 124 (2020) 131802 3

scouting triggers <g=m=p standard triggers

[#2]

T T T T T T LILBLRAL

BaBar

—

(@]
1,
[

CMS
JHEP 12 (2023) 070 Minimal dark photon model
1 | 1 L L 1 | I | 1

]
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https://arxiv.org/abs/2403.16134

. . 2310.12229
Dark Higgs in WW JHEP 03 (2024) 134
mIintroduces vector boson Z’ and a new physical Higgs boson s

A Semileptonic and fully leptonic
101 fb™' (13 TeV)

S H0"E agam |

0 9 B W+jets t

+ 10" " mm Nonprompt I Drell-Yan

g 108 VV + Vy + VWV -

11| 100 — (m_m,.m,) = (160,100,500) GeV Total uncertainty

—=—¢— Data

CMS 138 fb™' (13 TeV)
S 500 Dark Higgs, Majorana DM, Z' — DM + s (WW) g
- - 3 8 6=0.01,9,=0.25,g =1, m =150 GeV &
£ 12k I SVeaser ootz | 410°A Sharp drop of
3 TE . . Sniiie S G 400 +2 std. dev. L.
5 °°F | | | NE i ] sensitivity for
-1 -0.5 0 0.5 1 + B
BDT discriminator ~ so0L- 1 ms > 2my
B ] (s predominantly
sooll | decays to yy)

500 1000 1500 2000 2500
m,. [GeV]
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https://arxiv.org/abs/2310.12229
https://doi.org/10.1007/JHEP03%282024%29134

DM + bb (non-resonant)

mTargeting 2HDM+a model [CERN-LPCC-2018-02]
A y:Dirac DM fermion; a: addional light ps
mmono-bb: bb + high p#***Ssignature

ml and 2 b-jet categories
A DY(ll)/tt/W(Iv) Control Regions (CR) with
events with leptons

doscalar

NEW:
CMS-PAS-SUS-23-008

_ CMS Preliminary ______ | R 138 107(13 TeV)
. . é'ﬂjﬂ i I I-W(W}Mets -wwmmzz
ISlgnaI extraction *EmT 2b category | m,=as0Gev [ Zow)+sets | [l ocD Ml single t
. 6 i L i i.Z{II}+Jeis —$- Data
from fit to i 1 i i
. . 10 SR2 : Z(i) CR : tf(iv) CR
cos®* in Signal h | ! )
and Control 10°
Regions 0 By
10
02
..
02
0.0 _
10/04/2024 Jesus Vizan cos ®" = |tanh (771 ; 772) 16



http://cds.cern.ch/record/2894114?ln=en
https://cds.cern.ch/record/2644694

DM + bb (non-resonant)

mNo significant excess. 95% CL limits:

F}MS Preliminary

138 ! (13 TeV)

- 107
,_i - 5 -~ CLg Expected
EE .J: -I:ID:"*]I];:‘ CLg Expected 20
& 2 x 10°|- bb +—pEDI] oy CLg Expected +10
| a My = e
- = X =
3 b tand = 35
O anf sinf = 0.7
=2
= 10k
518
2% 107
l[]_.'_llll | [

400 500

m, (GeV)

300

A m_ up to ~260 GeV
Better sensitivity at high tan B (g,5.4, 9pp4 couplings are

tanB-enhanced)
10/04/2024

tanj

NEW:
CMS-PAS-SUS-23-008

CMS Preliminary
A B A e

= 2HDM+-a |'
[ bb + pip=s |
C ma = 600 GeV /
40Fm, =1 GeV

- sinf = 0.7

138 ! (13 TeV)

-—— Expected +is ]
— Dbserved

200

300

L I
400 200

m, (GeV)

A m, - tanf plane

Jesus Vizan
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http://cds.cern.ch/record/2894114?ln=en

Dark QCD

mNon-minimal Dark Sectors may have multiple new particles and
interactions decoupled from SM (Hidden Valley theories)
mDark QCD: strongly coupled dark sector

A Nfdark flavors of dark quarks

A Accessible via collider at high energy corresponding to the
mass of the mediator between DS and SM
A Numerous phenomenological signatures depending on
parameters of model
mDistinctive signatures such as semivisible jets, emerging jets or
SUEPs (Soft Unclustered Energy Patterns)

10/04/2024 Jesus Vizan

18



Semivisible jets P 06 (2022) 156

mDark quarks could shower and hadronize \
forming dark jets
A Stable dark hadrons become DM
candidates
A Unstable dark hadrons decay to SM

mCharacterized by r;,
A Fraction of energy carried by invisible
DM particles

CMS Preliminary 138 b (13 TeV)
I A (R L (R S L
=95% CL limits on \
. 085 - N _E === Observed
mass of mediator vs 0.7F = BN | et
. . h 0.6f £ 7 §1 NN 1 Diet
r., (comparison wit S - .\ R
E e N 1 Monojet
e . » N\ NN JHEP 11 (2021) 153
d IJ et a nd monOJ et 04_ 4N 3\ Semivisible jet (inclusive)
: Y = JHEP 06 (2022) 156
’ \ ] Semivisible jet (BDT-based, model-dependent)

analyses)

~d ~ JHEP 06 (2022) 156
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https://arxiv.org/abs/2112.11125
https://doi.org/10.1007/JHEP06%282022%29156

Emerging jets 2403.015565

mParton shower and hadronization on dark sector shorter timescale than | Submitted to JHEP

dark meson decay to SM particles CMS 138 fo! (13 TeV)

mLong-lived dark mesons: Emerging jets = < 10 GeV
= unflavored model ]
. . —_ — Obs. limit (GNN) o 1
.AnaIySIS Slgnature E i ~— Exp. |imili1G(GNN} 4 10
Quark Quan E —-- CMS 2016 obs.
< < 5 i - CMS 2016 exp.
q o 1
Xark ,‘,,‘ N Xk 27 21 .
a . e a 107 < GNN
", % d : A result | [ 4%
Kiark s xh o ¥ = | = it
q g e b L 6]
< <
Qs §:|m " [ jl
A 2 emerging jets with multiple displaced tracks | A |
: : : s A 1 | 410
(at various distances depending on dark meson Py :
lifetimes) i
A 2SM jets L7
m2 Emerging jet tagging approaches (S | [Fo
. : : 1500 2000 2500
A Selection on jet-level variables based on track GeV
mxdark [ e ]

displacement (model agnostic)

: cpe m95% CL limit on cross section for mass
A Graph NN trained on specific signal model °

of dark pion = 10 GeV
mModel depends on mass and lifetime of dark pion,

Taqrk, and the mass of the scalar mediator, X4«

10/04/2024 Jesus Vizan 20
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https://arxiv.org/abs/2403.01556

SUEP

minstead of collimated jets, Dark showers
can result in a large multiplicity of
spherically- distributed low-momentum
charged particles

CMS simuiation Supplementary arXiv:2403:05311 (13 TeV)

a

NEW:
2403.05311
Submitted to PRL

SM

SM

ms = 800.0 GeV
Ti 1.0 GeV [ Tracks . SM
me = 2.0 GeV X Scalar mediator
3] A ntn (1000) o AKI5 SUEP Candidate mModel depends on cascade temperature (Tp), masses
”’ 'ﬁ-\\ - T =
P ‘ AK15 ISR Candidate i
by | @ fpRcs of scalar mediator (mg) and dark meson (m)
! . \ .
2 ! L \ CMS 138 fb~' (13 TeV)
| - [ T T T T T ]
:‘ .“'?} - ; % 141 A (100%) 95% GL upper limits -
11 0 ; > g [ — Observed
\\ P4 =12k Expected (median, 68%):
' e B P S ~ i === mg = 2000 GeV
o 0- My E o ™ —== mg = 1500 GeV
/ N 10[ == mg =1200 GeV ]
j.-’-' ‘i ! i ms = 1000 GeV
-1+ o e ") 8r mg = 900 GeV -
IF = 3 . i - mg = 800 GeV
’ "\‘ ) . / sl : mg = 700 GeV ]
- 4] M0 ,,’ i :T mg = 600 GeV
\\ - /, i A mg = 500 GeV
e e 2 ar = § ——= mg =400 GeV ]
R I === ms =300 GeV
2 \“-ﬁ%ﬂ\' I === mg =200 GeV _
I e P e P === mg =125 GeV
4 Lab Frame b1 JTofmes™™ ! i
- T T ' T T T 2 6 8 10 12
¢ m95% CL limit on cross section for various model parameters

10/04/2024

Jesus Vizan

21


https://arxiv.org/abs/2403.05311

Summary

mExplored a wide-variety of DM models making use
of the full Run 2 CMS dataset

mComplementary approaches using simplified and
extended dark sector models

mConsidered various mediators and broad model-
parameter phase space

mFrom simpler MET + X signature to very
unconventional signatures

10/04/2024 Jesus Vizan
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Z'\,» mediator: comparison with Direct Detection

m90% CL Limits on scattering DM-Nucleon cross section

90% CL upper limit on oy o [6M?]

10/04/2024
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CMS observed exclusion 90% CL
Axial-vector med., Dirac DM; 9,= 0.25,9 om = 1.0

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet+ISR j (18.3 fo™)
Phys. Lett. B 805 (2020) 135448

b-tagged dijet (19.7 fb™)

Phys. Rev. Lett. 120 (2018) 201801
Dijet (137 fb™)

JHEP 05 (2020) 033

DM +Z, (137 fb™)
Eur. Phys. J. C 81 (2021) 13

DM + y (35.9 fb™)
JHEP 02 (2019) 074

DM +jV__ (137 fb™)
JHEP 11 (2021) 153

DD/ID observed exclusion 90% CL

PICASSO
Astropart. Phys. 90 (2017) 85

PICO-60
Phys. Rev. Lett. 118 (2017) 251301

IceCube (tf)
JCAP 04 (2016) 022
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DM + bb (non-resonant) NEw.

CMS-PAS-SUS-23-008

Parameters

¢ Particle content: Mixing angles

Betweenh and H : a

Between A and a : &
® Pair of charged scalars: H* VEV ratio of Higgs Doublet: tan ¢

® Two scalars: h (SM Higgs), H

® Twopseudoscalars: A, a Quartic couplings

® Dirac fermion DM ..I'1.-',|I .(:|.F| s ‘;J‘Fl
Benchmark Parameters

Masses

my= my:= my = 600GeV, my; = 125 GeV

A= Ap1= App= 3, my=1GeV, my my.. m,,m,m,
cos(B—a)= 0, tanB< 50

10/04/2024 Jesus Vizan 25


http://cds.cern.ch/record/2894114?ln=en

Preselection requirements

Se m IVI SI b I e JetS pr(Jia) = 200GeV, n(Ji0) < 2.4
Ry = 0.15

mResonant Production An(I, 1) < 15
my > 1.5TeV
J“"-'T_u == ﬂ
N, =0
P flters

'}‘RU] 2 Chonfunctional :] = 0.1

q

Final selection requirements
veto fo(j1) > 0.7 & pp(j;) > 1.0 TeV
veto —3.05 <1y < —1.35 & —1.62 < ¢; < —0.82 *
‘&@m[n < 0.8

mModel parameters
R1>0.25 Ndak = 5 Nk =)

My 'y Mdark, Cdark, and Tipy.

0.15<R1<0.25

Rr=Fr/My

mFit mT(JJ, MET) distribution in each signal region

:;I'I[l]. — 1:{_}-;{:3?'3::'3::5'2:' + 'y ][1[1"]:

r = my/y/s (with /s = 13 TeV) and py, ps, and py are free parameters in the fit

10/04/2024 Jesus Vizan



Semivisible jets
mSVJ Tagger (BDT)
Trained used a combination of signal models against a

combination of tt and QCD

-1 ¢ i
m MSI T 1T I T T T I LI L I T T T |1 3I-BI lel ;‘1|3|-|-IEI:‘II=I EMS 13‘5 Tb I I-1 3 TEIIIII.:'
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