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Probing Dark Matter

e Evidence of Dark Matter (DM) on several astronomical observations

« DM is expected to compose about 25% of our universe

 Underlying assumption: DM interacts with the Standard Model particles (SM) at least
by the weak interaction

Collider
« Direct detection: scattering of DM | >
particles on nuclel SM DM

* Indirect detection: annihilation
products out of DM

Direct Detection

<

* Collider search: produce DM
through collision of SM particles
SM DM
< |

Indirect Detection




Hunting Dark Matter at the LHC

 The LHC is currently the best machine to produce high energy physics both for its energy and

for its luminosity — Possibility of study particles up to high masses with low production cross
sections

« Classical searches: Weakly Interacting Massive Particle (WIMP). It is not expected to interact
In the detectors = Missing Energy

o Simplified DM models: Explicit definition of the mediator and couplings

* Free parameters: masses, spins, coupling structure and strength

mono-X searches | Mediator searchesl Higgs portal |

- DM particles are produced together

with Standard Model particles - DM medlat.ors are prod.uced anq - DM production through the Higgs
. . decay to pair of SM particles, typically portal

- Look for an energetic SM particle uarks - Higgs Boson can decay into DM

recoiling against the invisible DM . 99 y

- Search for bumps in the mj spectrum particles

system (prMiss + X signature) 3



The CMS experiment

CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter :15.0m
Overalllength  :28.7m
Magnetic field :3.8T

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

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

STEEL RETURN YOKE
12,500 tonnes

SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



CMS collected 138 fb-1 of good data at 13 TeV (Run 2)

CMS data & Triggers

Already collected about 60 fb-1 at 13.6 TeV (Run 3)

e Larger datasets, but with larger pileup.

miss

Pr

and triggers very sensitive to this

How do we collect the interesting events? Triggers
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The Key variable: pt™miss (MET)

e The sum of all final-state particles transverse
momentum is expected to be null

e Since DM particles are not expected to interact with

the detector — meiss

 Most analyses rely on large p+

0

MmIssS

balancing against

"visible" (X) objects (jets, boosted-jets, b-jets,
photons, charged leptons...)

miss

Pr

Ag(py™
~pr

,X)~7Z'

e Events with non-null pr

miss

can arise from limited

detector resolution, presence of neutrinos in final
state, non-collisional background events...

 Understanding mei

SS . [
IS a critical task

MET = 1467 GeV

Jet pr = 1467 GeV

CMS Experiment at LHC, CERN
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Main Dark Matter analysis in CMS

The goal is to search for DM in all possible / feasible final states

* Bunch of classical searches during Run 2 presented in several conferences since 2017. No significant
discrepancies with SM predictions observed — results interpreted as limits on DM mediators, simplified
model parameters, and on DM-nuclei interaction cross sections

Mediator searches Higgs Portal Dark Photon

* MOno-X: * Di-jet X = jj bump hunting « Dark Photons in VBF

° Mono_jet & Mono-V (CMS-EXO-16-056)
(CMS-EXO-20-004)

. Higgs — invisible Higgs (cms-Ex0-20-005)

 Di-jet light resonances (CMS-HIG-20-003) .

e Mono-photon (cms-exo-16-053) (CMJS_Exogﬂ_om) e inZ(LL) + HY + MET
(CMS-EXO-19-017)

° - - - -19- .
Mono-Z(—££) (cws-exo-19-003) « Angular Di-jet (cms-Ex0-16-046) « Resonance decaying to

* Mono-top (cws-Exo-16-051) tWO MUONS (CMS-EX0-19-018)
 Mono-Higgs (cms-exo-18-011)

e DM + t/ tt (cms-Exo-18-010)

 Covered in this talk: latest CMS results on Run 2 data (became public within the last year or so)
involving more exotic signatures and / or novel interpretations:

« Search for inelastic Dark Matter with long-lived particles (cms-Exo-20-010)
« Search for semi-visible jets (cms-Ex0-19-020)

« Search for dark Higgs (cms-Ex0-21-012) .




Search for inelastic Dark Matter

arXiv:2305.11649

Two dark matter states y; and y, with near masses

: Model parameters:
e \ector current couples y1 and y, as the Majorana
mass term &/m << 1 (Smith & Weiner, PRD 64 (2001) m1 = [3-80] GeV
) ’ m2-m1=06=1{0.1,0.4} *mi

043502) elastic fetime x2= [1-1000] mm

. . mA' =3 * m1

Inelastic (5 coupling strength of dark QCD ap = {0.1, aem}

fixed kinematic mixing € between Y, Z and A’

Dy ﬁ‘i(YﬁuM — Yﬁu)ﬁ)‘*‘ %(Yﬁm — X10uX1)

* Dominant ineslastic coupling = x4 and y, can be
produced Slmultaneously a.t the I_HC Vla dal’k photon Proj studies: lzaguirre, Krnjaic & Shuve, PRD 93 (2015) 063523
F‘ermion Thermal Relic iDM, A=0.1m
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https://arxiv.org/pdf/hep-ph/0101138.pdf
https://arxiv.org/pdf/1508.03050.pdf
https://arxiv.org/abs/2305.11649

Events topology

ISR jet
~ -

—

o Soft decay muons due to small mass difference 6
between y, and y-

)
* Decay width of y, proportional to & — long-lived
muons

Displaced muon reconstruction:
» Used hits from muon detectors only
 No beam constraints

* Worse momentum & position resolution but much
better reco efficiency for large displacements
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, (Up to ~20 GeV)

\ Soft muons

CMS transverse cross-section
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* Analysis categorization based on geometrical matching with

Analysis strategy

(Up to ~20 GeV)

\Y
\ Soft muons
\

Event selection: \

* Two displaced muons, MET > 200 GeV, 1 or 2
reconstructed jets, AQ(MET, leading jet) > 1.5, AQ(MET,
sub-leading jet) > 1.5, no b-tagged jets, AR(u+, u-) < 0.9,
AP(MET, p+p-) < 0.5

Displaced reconstruction
Standard reconstruction

standard muons (O-match, 1-match, 2-math)

Tracker Muon chambers

Maximize the resolution & signal sensitivity on 0-match

Nbkg” / NbkgB = Nokg® / NokgP

* Background estimation: ABCD data-driven approach
e 138 fb” (13 TeV)
* For 1-match & 2-match: v1 = muon displacement, 5 10°F CMS 2muonsmachea |
v2 = muon isolation 2 5L —+— b ]
g_) § Background ) §
* For O-match: v1 = muon displacement, v2 = AG(MET, p+p-) 100 E 0 ey wm aon oo tomm 3
10° :E m, = 60 GeV, A/m, = 10%, ct =1 mm _;I
Bin ' 0-match 1-match 2-match 102 3 B I b E
A [rad] min—dxy [cm] Events I{,‘i} min—dxy [cm] Events If;eFl min—dxy [cm] Events 10+ | ]
Obs. A 0-0.25 3-15 68 >0.25 0.02-0.75 716 >0.25 0.02-0.15 424 = ””*f””*j_l : E
Obs. B | 0.25-0.50 3-15 9 <025  0.02-0.75 33 | <025  0.02-0.15 22 1E4W/ R —
Obs. C 0-0.25 >15 9 >0.25 >0.75 12 >0.25 >0.15 10 ol s /////////%//
Obs- D1 95 050 >15 2 <0.25 >0.75 0 <0.25 >0.15 0 TOTI S . L
Pred. D 1.2+0.6 05+02 0.54+0.2 0.05 01 015 0.2 025 03 035 04
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First attempt to search for inelastic DM at the LHC
» Upper limits on o(pp = A" = xox1) Blxa= x4H 1)
« Tighter constraint around 30 GeV as mA' = 3*my, ~ m, (larger xsec from mixing with Z boson)

2
* ap~ 1/e — smaller xsec for ay = 0.1

CMS 138 fb' (13 TeV) 0 CMS 138 fb™' (13 TeV)

Q}E\( A=0.1m, q’--:( A=0.4m,

E Expected (o, = a;,) = Observed (o, = a,,) E ------ Expected (o, = a,) = Observed (o, = a,) i
§: Expected (o, =0.1) —— Observed (o, = 0.1) g': e Expected (a, = 0.1) —— Observed (c, = 0.1) ]

@] o
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Search for Semi-visible jets

JHEP06(2022)156

e /' boson mediator with couplings to the SM
quarks (g,) and dark quarks (g,,)

« Several flavors of quarks (x4, x»...) contained
by dark sector which can yield to stable or
unestable dark hadrons:

* Unstable hadrons — decay to SM
particles

« Stable hadrons (DM candidates) —
no interaction with the detector

e Collimated mixture of visible and invisible
particles so called "semi-visible jets". Wider
and more energetic than SM jets

« Jets aligned with MET (commonly rejected
by other DM searches). Overall MET will
cancel as Z' is produced at rest

* Back-to-back semi-visible jets

12

q

Model parameters:

mZ' =[1.5-5.1] TeV
md = [1-100] GeV
7/ rinv = [0-1]

mX = md/2
gqg=0.25gx=0.5
_ ap = fixed by md

\ 4

Invisible fraction

Nstable
Nstable + Nunsta.ble

T'Inv =
v ~ 1 = covered by classical searches

(high MET along with ISR radiation)

v ~ O = covered by di-jet searches (two
jets and low MET)


https://link.springer.com/article/10.1007/JHEP06(2022)156

Analysis strategy

Event selection:

« Two central wide jets with pT > 200 GeV (signal topology), dijet mT > 1.5 TeV, An(j1, j2) < 1.5 (trigger)

e Lepton veto (reject tt, W+jets)

* R; > 0.15 (reject QCD), Ad,,, < 0.8 (reject t't, W+jets, Z(vv)+jets)

CMS simulation (13 TeV)

w 02 T T T T I T T : T T I T T | T T I T T T T I T T T T
"E —QCD Signal (m,,, =20 GeV,
s 10 ot (o = 0.3, 0, = G222
> 1 ! W(lv)+jets ---m, =2.1 TeV
® ! —Z(vv)+jets --m, =3.1 TeV
5 1077 - m, = 4.1 TeV
] 1
<< 1072 e
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1074 .

10° j

10°® :
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T B
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Decorrelate MET and mt

- Two signal regions to maximize the signal
sensitivity:

Arbitrary units

CMS simulation (13 TeV)
Frrrryrrrrrpr T T T T T T T T T T g
: <« —QCD Signal (m,,, = 20 GeV, 3
L ' ﬁ r'inv = 03’ adark = O‘zzik)
10" 1] : W(lv)+jets ---m,, = 2.1 TeV _
E ! —Z(vv)+jets --m, = 3.1 TeV 3
10_2§
107
107 E
- |AQ,, = min(A@(MET, j,),Ap(MET, j,))
M T T B T A
0 0.5 1 1.5 2 2.5 3
AO
min

Select for events with MET aligned to a jet

Two analysis approaches:

 Inclusive / Generic analysis
(sensitive to any model)

« BDT based (semi-visible jets tagger.

i3 Dark sector model dependent)



BDT training & performance

- Jet tagger trained to discriminate semi-visible jets from lighter SM jets (different underlaying interactions
between SM and dark quarks — make use of jet internal structure features)

* Trained on a mixture of different signal samples and simulated multijet and t't events
« 15 input variables related to jet flavor, substructure, g/g discrimination... etc

* Reweighted background jet p; spectrum to match signal — flat efficiency vs mT

CMS simulation (13 TeV) 1 CMS simulation
(D F T T T I T T T I T T | | T T T | T T T 3 c) [ T U T I T T T R S | | T T T
= N [elel) Signal (m,,, = 20 GeV, 18 i |
=} [ IW(v)+ets 1, = 0.3, o, = 0% 1+ 09
> | W Z(vv)+ets ---m,, = 2.1 TeV _ ~— -
© 1 F - -m; =3.1 TeV 0.8 :
E ----- m, = 4.1 TeV i 0.7 —
< s 0.6F
0.5F
0.4 - Signal:
"F m,=31TeV,m,, =20GeV,
03 :_ rinv = 03’ adark = az::l(
F — QCD (0.946)
0.2F — w(iv)+jets (0.936) ]
01F 1(0.932) E
i ' " FE —Z(vv)+jets (0.930)
1 0—4 1 I 1 | 1 1 1 | 1 1 : | 1 1 1 | 1 1 1 O C 1 ! 1 | 1 1 ! ] 1 1 ! ] 1 1 1 ] 1 1 1 n
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
BDT discriminator (J, ,) €sig

» Selected jets with BDT score > 0.55 — rejects ~84-88% background jets, keeps ~87% of signal semi-visible jets

« Same signal region categorization as in the inclusive analysis: Low-R; (0.15 < R; < 0.25); High-R+: (R; > 0.25) for
events with 2 jets with BDT score > 0.55.
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- Signal extraction: fit to mT shape

g(z) = exp(p,z)zP2[ P 1n(@)]

Inclusive analysis

138 b (13 TeV) 138 fo' (13 TeV)

T
Signal (my,, =2

— _ Peak _ _ peak
liny = 031 a‘dark - adark) linv = 03’ 0(‘dark - adark)

—_
o
w

X2/ Ngoy = 26.6 / 40
[ Uncertainty [g,(x)] -

3
X2/ Ny, =24.6/35 --m, =31 TeV
[ Uncertainty lg,(X)] ~my=4.1TeV

—_
()
w

Number of events
Number of events

High-Rt Low-Rr
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* Background normalization can freely float to the data

CuS

my =m,, +2 MET [\/mij T p%,]] ~Pr.u Cos(q)JJ,MET )i|

« Background estimated with analytic smoothly falling function

x = mr/\/s

BDT-based analysis

138 fb" (13 TeV)
SLCCALLLELAS,

number of events
=

L
High-SVJ2

¢ Data iy = 0.3, 0y = “Zkak)
—g2(x) -my =2.1TeV

%2/ Ny =10.3/14 --m, =31 TeV
[E Uncertainty [gz(x)] m, = 4.1 TeV

,,,,,,,,,,,,

T 3
Signal (mg,, =20 GeV,

number of events
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¢ Data
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r.
i

----- m, =4.1TeV E

T
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! 3
v =03, 0y, = 0‘321)
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X2/ Ny =9.839/17 --m, =3.1 TeV
[H Uncertainty [gz(x)]
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« Excluded models with 1.5 < M,. < 4.0 TeV and 0.07 <r,, < 0.53 (inclusive), and 1.5 < M,. < 5.1 TeV and
0.01 <r,, <0.77 (BDT-based) for m,,,, = 20 GeV

« BDT efficiency depends on mg,, — the inclusive search provides stronger limits at very high and very low m,,

values. Inclusive also provides reinterpretability for other signal models with MET aligned with jets

JEL Inclusive
— Observed
0.8 — Median expected
- -68% expected
0.7 .S --95% expected

| Inclusive analysisl

138 fb™ (13 TeV)
T — | T T T T |
95% CL upper limits

peak

My = 20 GeV, o, = o

=
== "

5
m,. [TeV]
138 fb' (13 TeV)

95% CL upper limits
Inclusive

— Observed

upper limit on o B [pb]

10~

1072

CL obs

95%

10

10~

S
95% CL obs. upper limit on o B [pb]
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BDT-based analysis

138 fb™ (13 TeV)

g
--------

F  BDT-based
— Observed
— Median expected
- -68% expected

E == 95% expected

_ ypeak
= Olyark

E My, =20GeV, o,

m,. [TeV]
138 fb' (13 TeV)

= 95% CL upper limi

BDT-based

r —Observed

F — Median expected

r - -68% expected

F --95% expected
I = 0.3, o

S

dark —
Ca=-

2
m,. [TeV]

10

upper limit on o B [pb]

1072

1073

95% CL obs

10

107

2
95% CL obs. upper limit on & B [pb]

1072



Search for Dark Higgs

e Search for DM using the dark Higgs simplified
model as benchmark

* Emission of a dark Higgs boson, S, that mixes

with the SM boson and would provide mass to
the DM (WIMPs) particles

* S can decay into SM states — can be
searched at the LHC.

* Mass scan [mS, mZ', my]. Fixed couplings

* Since S can be lighter than DM patrticles, it
could relax the DM relic abundance

constraints by introducing a new annihilation
channel yx — SS

« WW decay mode dominates the dominates the
picture for mS =z 160 GeV (resonance). Ongoing

CMS bb analysis is exploring the low mass
region mS < 160 GeV

* Semi- and di-leptonic W'W  final states have
been studied
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http://cds.cern.ch/record/2851848?ln=en

Event selection: dileptonic

* The analysis targets the dileptonic + semileptonic decay of the W W boson pair

 Same event selection for the three data periods: Target signature: two opposite charged

isolated leptons, and large transverse
missing energy from the neutrinos + Xs

Dilep Selection

2 leptons, Different flavour, opposite signed Wiﬂ’
otir/ plor > 25 / 20 GeV N ‘ Reduce Fakes -

Vetoed additional leptons with plsr > 10 GeV /
pt¥ > 30 GeV \
m¢ > 12 GeV

. >: ‘ DY suppression
prMiss > 20 GeV

mt(l + prMiss) > 50 GeV /

ARY) < 2.5 —> ‘ suppress non-resonant W+W-

Number of b-tagged jets = 0 —> | suppress ttbar

18



Event selection: semileptonic

* The analysis targets the dileptonic + semileptonic decay of the W W boson pair

« Same event selection for the three data periods:

Semilep Selection

Target signature: one isolated leptons, two
jets, and large transverse missing energy
from the neutrinos + Xs

1 isolated lepton, >2 jets

pliT > trigger thresholds

Vetoed additional leptons with plor > 10 GeV

Number of b-tagged jets = 0 —> | suppress ttbar

65 < mjj < 105 GeV — ‘ suppress W+jets

prmiss > 60 GeV ‘
o7 > 60 GeV §
‘target dark Higgs topology

e

ADGil) < 1.8, ARG < 3

Aq)([%’ meiss) > 2

19



Background estimation overview

- Dileptonic: Orthogonal selection:
* Non-prompt leptons: estimated with a fully data-driven Same lepton
method, and validated in same-signed validation region charges
 Top-quark: the normalization is measured using top- Number of b-tagged

tagged events in data control region jets >0

 Non-resonant WW: the normalization is measured using

events with large angular distance between the two AR(EL) > 2.5
leptons in data control region
o Z/yx — T T : the normalization is measured using low M1(L+MET) < 50 GeV

mT(LL+MET) events in data control region

- Semileptonic:
mT(l + MET) < 30 GeV

» Non-prompt: same strategy as for dileptonic && MET < 30 GeV
» Top-quark: same strategy as for dileptonic Numb?rtOf b-(;agged
jets >

 W+dets: the normalization is measured using events with
mjj side band in data control region mjj <65 or mj; > 105 GeV

o All other (small) processes are estimated directly from simulation:

HWW, VY/VY*, VZ, VWV (keeping the other

preselection requirements
20 in each case)




Analysis strategy: dileptonic

mis

 Dileptonic signal extraction: 3D ML fit to AR(#) - m& - mT({min + pr )

* More sensitive to the dark Higgs signal prediction than other quantities based on lepton
kinematics and/or |oT

CMS Smlt n Prelimin ry

- Optimized procedure: strong kinematic dependence  © 0-72— - W and —
on Mg 0'6;_ m, = 160, m_= 100, m_ = 500 _;
* Three signal regions are defined in AR(#), based on Zj: :
the S/sqrt(S+B) curves vs AR(¥) for each dark Higgs 0'35_ E
mass Ji: :
0.2:— e
* SR1: AR(#) < 1.0, SR2: 1.0 < AR(%) < 1.5, 0.5 1 3

SR3: 1.5 <AR(#) < 2.5 o550 it6 150 200 250 300 3o 400
m™ " [GeV]

e For each SR, a 2D template of m# - mT(/min + meis) Is defined:

e The m& binning is set from significance S/sqrt(S+B) curves vs mé for each dark
Higgs mass

« The mT(Ymin + pTmiss) binning is set by squeezing the sensitivity for each data
period

 Allow the different signal mass points to freely populate the 3D phase space while

using the same background modeling procedure
21



Results: dileptonic

* The signal strength is extracted by fitting the predicted yields to the observed events

e ML fit: 3 Signal Regions, 1 Top Control Region, 1 DY Control Region, 1 WW Control Region for each data period

Events / bin

Data/Pred

CMS Preliminary

is

* Signal regions information entering in the fit: 2D histograms of mé - mT(¢{min + me ) from SR1, SR2 and SR3

« Control regions information entering in the fit: 1-bin distributions. Top, WW, and DY normalization freely float within the global fit
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* No significant excess over the SM prediction
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Analysis strategy: semileptonic

« Semileptonic signal extraction: fit to the shape of BDT output score

« BDT trained with set of variables that showed most separation power between signal and
background, based on final state objects (lepton, 2 jets, MET)

Variable Definition
p” pr of the vectorial sum of the W candidate jets
pT pt of the vectorial sum of the visible particles
pmiss Size of the missing transverse momentum vector
Atjg5 and Ay ; An and A¢ between the lepton and the di-jet system
A?]” and A¢; ; An and A¢ between the W candidate jets
Ay, piss and A¢, pmiss A7 and A¢ between the lepton and s
A‘Pﬁll s A¢ between the vectorial sum of the visible particles and p&ss

min pT, p]T )/p®iss  Minimum of the lepton pr and the trailing jet pr, divided by pss
max pT, p]T )/pRiss  Maximum of the lepton py and the leading jet pr, divided by p&iss
max pT, p]T )/m gjpmiss Maximum of the lepton pr and the leading jet p, divided by

the invariant mass of the vectorial sum of the visible particles and the p7
where the missing energy is considered to be massless

miss

* Binning optimized based on S/sqrt(S+B) curves for the three data periods
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Results: semileptonic

ML fit: 1 Signal Regions, 1 Top Control Regions, 1 DY Control Region, 1 WW Control Region for each
data period

e Signal regions information entering in the fit: 1D histograms of BDT output score

« Control regions information entering in the fit: 1-bin distributions. Top and W+Jets normalization freely float within the

global fit
2016 BDT output 2017+2018 BDT output
CMS Preliminary 35.9 fb! (13 TeV) CMS Preliminary 101.2 b7 (13 TeV)
c T T T T I T T T T T T T T I T T T T 5 1010 T T T T I T T T T T T T T I T T T T
S 10° & I Higgs VV + Vy + VWV 5 o £ I Higgs VV + Vy + VWV
= 108 I Drell-Yan [ Non-prompt = 10 I Drell-Yan [ Non-prompt
£ . tW and tt B W+jets c 10° tW and tt B W+ets
f 106 [ ] m, =160, m, =100, m,, = 500 Total uncertainty f 10" =[] my =160, m, =100, m,, = 500 Total uncertainty
»n 10 ) 6
S € 19
o o 10°
4

10° 10°

10? 102

10 10

1
107 107
107 107
3 L 3
S 12 F Pt
£ :
T O8E ©
o - (@)
BDT discriminator BDT discriminator

* Finer binning in 2017-2018 to squeeze the sensitivity
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Results: combination

my =100 GeV | |mx =150 GeV|

CMS Preliminary 137 fb" (13 TeV) CMS Preliminary 137 b (13 TeV)
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> > C e
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(.2.350_ 6=001,9 =0.25,9 =1 i \g 9350_ 6=001,9 =0.25,9 =1 ) %
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Conclusions

- Most recent searches for Dark Matter performed with the CMS detector have been
presented

e Shown results on Run 2 data:
e Search for inelastic Dark Matter with long-lived particles
« Search for semi-visible jets

« Search for dark Higgs

* No significant discrepancies with SM predictions observed — results are interpreted as
limits on DM mediators, simplified model parameters, and on DM-nuclei interaction cross
sections

e Large part of the CMS results exploit the full Run 2 dataset (138 fb_1) so far
+ Already collected ~60 b on Run 3 at 13.6 TeV

* New results to come and new exotic signatures to be inspected in Run 3. Stay tuned!
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