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What is the nature of dark matter?

® various approaches to answer
the question:

direct/indirect searches

searches at colliders
Figure: Planck Collaboration

At the Large Hadron Collider ...

SM DM

SM DM

LHC CMS ATLAS
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https://www.cosmos.esa.int/web/planck
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A non-exhaustive list of typical DM searches at the LHC
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t/t+DM

Heavy Flavor
plus DM

Other

Dark Photon

Covered in this talk ...

Dark Matter Searches

List of DM searches

15.03.2022
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mono-jet

reducing model dependence by exploiting initial state radiation ...
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https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2102.10874

Experimental Searches Monojet 1507.00966 (theo.), 2107.13021, 2102.10874

Theoretical Scenarios Experimental Signature: p's% + jet

VH production of SM Higgs

¢ triggering based on p‘j}iss ¢

! 7 X o normally requires high p?iss thresholds
2 é. e removes dominant QCD multi-jet
Za background
q X

¢ offline selection ¢

.9 /, o targets two types of jets:
model: 2HDM+a * fat jets produced in V' — qq decays

- collimated hadrons from energetic
quarks
- machine learning used to ‘V-tag’

* standard size jets
o events with u, e, 7, or v are vetoed

e large Agf)(pﬂ;t,ﬁ’%‘iss) to avoid
misreconstructed QCD jets
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https://arxiv.org/abs/1507.00966
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https://arxiv.org/abs/2102.10874

Events / GeV.

Final Discriminant

¢ p?iss distribution ¢

ATLAS | ) ) ! )

5=13Tev, 139 fb
Signal Region
p,(i) > 150 Gev
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i+ g op
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Monojet

1507.00966 (theo.), 2107.13021, 2102.10874

Background Estimation

* Z(— vv) + Jets:

- identical topology
signal

* W(— l7p) + Jets:
- lepton is not

¢ based on subsidiary measurements in ‘control regions’ ¢

reconstructed
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Dark Matter Searches
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https://arxiv.org/abs/2102.10874

N C N [ — Inv (NEW!)  1903.03616 (theo.), 220111585, 2202.07953

Invisible
Dec

Higgs not only provides mass, it could also serve as a portal into darkness ...
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http://arxiv.org/abs/1903.03616
http://arxiv.org/abs/2201.11585
http://arxiv.org/abs/2202.07953

Simple Scenario: Additional scalar with mizing

L(H,$,%x) D NHH)? + p2(HTH) + Ayd* + n20% + Yy XX P

[}

Most sensitive production mode: VBF

o excellent balance between cross-section and signature

o p?iss and two jets with relatively high separation in n
q q 4

miss

4 combination of p/p'*® and VBF-like triggers employed ¢
- results in two different categories: moderate p?iss (VTR) and high piss (MTR)

¢ offline selection targets the characteristic VBF kinematics 4

- two jets in opposite detector hemispheres n;, - n;, <0

- large separation between the jets |n;;| > 1 and substantial Aq&(ﬁ’;ts,ﬁ’q&‘iss)

- events with charged leptons and photons are vetoed
”
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http://arxiv.org/abs/1903.03616
http://arxiv.org/abs/2201.11585
http://arxiv.org/abs/2202.07953

Final Discriminant

¢ m;; distribution ¢

Background Estimation

o dominant SM processes

- Z(— vp) + Jets
- W(— ) + Jets

o controlled using
additional regions

Events / GeV

H — Inv (NEW!)

101 fb? (13 TeV)

CMS
[ MTRSR —HDaa

[ W nose

— Ve

Z(wv)+ets (VBF)
WOkyrits (vBF) [2] Other EW

—— Tot. bikg. (B-only )3 Tot. bkg. (S+Bfi) =

2Z(w)+iets (strong)
W)t (strong)

[ QCD multjet

— - GV
B(H - inv) = 0.07

+B-only fit 4 S+8 fit \Bkg. uncert. — Fitted (S+8)/B
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| Retts

B(H — Inv) < 0.18 (0.10 exp) (CMS)
B(H — Inv) < 0.15 (0.10 exp) (ATLAS)

For comparison
@ mono-Jet (CMS):
@ mono-Z (ATLAS)

Dark Matter Searches

B(H — Inv) < 0.28 (0.25 exp)
: B(H — Inv) < 0.19 (0.19 exp)
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http://arxiv.org/abs/1903.03616
http://arxiv.org/abs/2201.11585
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N ¢/7 + DM (NEW!) 1810.09420 (theo.), ATLAS-CONF-2022-012

eavy Flavor
plus DM

Yukawa couplings will favor the invisible ones to be accompanied by the heaviest ones ...
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https://arxiv.org/abs/1810.09420
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-012/

t/t + DM (NEW!) 1810.09420 (theo.), ATLAS-CONF-2022-012

Theoretical Scenarios: 2HDM+-a

o dominant single top final state when
H* — W#a kinematically allowed

o mainly targets the scenario of a boosted
W= boson from H* — W¥*a decays

v

¢ triggering based on p’%‘iss ¢

- single-lepton triggers used for auxiliary selections in the estimation of background

¢ offline selection targets two main categories: 0/ and |/ ¢
high pjrﬁ‘iss in the event > high p%iss in the event
no presence of leptons (e or p) > exactly one lepton (e or p)
at least 4 standard jets > at least 1 b-tagged jet

at least 1 b-tagged jet

vV VvV vV VvV V

i ezl et e t(— o)W (— qq’) t(— qg'b)W (— liyy)

> at least 2 standard jets > at least 3 standard jets

> one W-tagged fat jet

4
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N ¢/7 + DM (NEW!) 1810.09420 (theo.), ATLAS-CONF-2022-012

Final Discriminant

é 10° ATLAS Preliminary s@xgma: M
i . . . o \s=13TeV, 139 fb™ ingle t
¢ pip'ss distribution ¢ Dot b osrs 2o
- Bkg.-only Post-fit i Others

- and SRs split in 5 pmlss bins
- SR kept in only 1 p?‘ss bin

Background Estimation

¢ main sources are W + Jets, tt, Z + Jets, and ttZ 0
¢ dedicated control regions targeting normalizations ¢ ¥

Slgnlflcance
bon

= r T @ ——
& 1400 ATLAS Preliminary | 8 - - - Expected
S C (s=13 TeV, 139 fb* ] r ‘1o 1
E b Alllimits at95% CL | R — obsened
12001~ - - Expected - 10=ATLAS preliminary 2HDM+a, Dirac DM oM SR =
L +1o,, ] F Vs=13 Tev, 139 fb™* m=10GeV,g =1 o come 3
1000~ — observed B [ Alllimits at 95% CL m, = 150 GeV, sing= 112 R, 1
r ] [ me=me=m, — DMUSRu ]
r — DMt SRy ] -
8001~ — DMt SRy, 1
F — DMt SRy, 1
r DMt SRM“ ]
600~ 2HDM+a, Dirac DM 4
r m=10GeV,g =1 tanB=1 bl
= sing =102, m = m, = m, ]
40— F S N B B A B I Loy b by 1y P
fOO 200 300 400 500 600 200 400 600 800 1000 1200 1400
m, [GeV] m,. [GeV]

and || channels statistically combined with 2 (2011.09308) channel
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https://arxiv.org/abs/1810.09420
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-012/
https://arxiv.org/abs/2011.09308

not only the visible sector deserves an explanation of how the mass was acquired ...
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https://arxiv.org/abs/1606.07609
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-013/index.html
https://arxiv.org/abs/2010.06548

Dark Higgs 1606.07609 (theo.), CMS-EX0-20-013, 2010.06548

Theoretical Model

o additional U(1)" local gauge symmetry
o U(1)" broken by introducing complex scalar (s <> Z interaction)
o SM particles interact with s through s <> H mizing

o specify how mediator and DM get their mass (as opposed to Simpl.)

¢ single-lepton and di-lepton triggers used 4 CMS_Simutation Preliminary
S e Y
- boosting in leptons for some mass configurations ® 07F DWW Wi
E an
0.6
. D m, =160, m = 100, m, = 500
¢ offline selection uses leptons and pi'>* ¢ 0.5

- 2 opposite-charge leptons with different flavor (reduce 04
Z + Jets) 03

- events with b-tagged jet are vetoed (reduces tt & tW) 4,

) . 1o )1ni:;s
- key variable is the transverse mass m. """ P 0.

-

1]
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https://arxiv.org/abs/1606.07609
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-013/index.html
https://arxiv.org/abs/2010.06548

Dark Higgs

Final Discriminant

Linin DRSS 1 o
¢ 2D my vs mp distribution ¢

Events / bin

- signal region further categorized according AR(I,1)

- accounts for different signal boosting regimes

unrolled 2D distribution =

Background Estimation

¢ mainly from simulation, normalizations in CRs ¢

Data/Pred.

1606.07609 (theo.), CMS-EX0-20-013, 2010.06548

CMS Preliminary 137 o™ (13 Tev)

T T
Il other background [ orell-van
W Hioos [ Nonprompt
T ww W and ti

[ m. =160, m =100, m_ =500 Total unc.

8R,<10

137 b (13 Tev)

dark Higgs, 7 - DM+ sWW)
Wiorana OV, m = 100 GV
9,7025,9, =1 5m0=001
— Observed 95% CL.
ipecied 95% CL
— +1 s dev

CMS Preliminary

170|

160/

1000 1500 2000 2500
m; [GeV]

137 b (13 Tev)

CMS Preliminary

— Observed 95% CL.
pected 5% CL
— +3 s dev

500 1000 1500 2000 2500
m; [GeV]

Dark Matter Searches

o can probe Z' masses up
to 2TeV

o most stringent limits for
my ~ 150 GeV

o sensitivity weakens for
ms > 2my as s — XX
starts to dominate
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https://arxiv.org/abs/1606.07609
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-013/index.html
https://arxiv.org/abs/2010.06548

... hidden intricate dynamics can produce truly distinctive signatures ...
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https://arxiv.org/abs/1707.05326
http://arxiv.org/abs/2112.11125

Theoretical Models

Semi-visible Jets (NEW!)

1707.05326 (theo.), 2112.11125

o hidden sectors with strong dynamics (analogous to QCD)

o possibility of compositeness with stable (DM candidate) and unstable ‘dark hadrons

o unstable dark hadrons can decay to visible hadrons through the portal coupling

q X
M
g X

J—
Tnvisible fraction (riny)

Nstablc

TInv =

Nstablc + Nunstablc

Signature: two highly energetic jets

¢ triggering based on jets ¢

4 offline selection ¢

- low Admin = min[A¢(Fjy i, D )]
(previous searches imposed an
inverted cut to avoid fake p7's%!)

- high Ry = pfFiss/mT (used to
uncorrelate p' < mqp )

- key distribution:

miss

2 _ 2 - I .
mp = mj; + 2pp {E’l‘” PT; cos(o)}

Arbitrary units

CMS simuiation (13 TeV) CMS simulation
i | | ! = PRI i ! ! |
— —acD £ —acp Signal (m,,, =
T 5 10 1 T =03, 0, =
0'f e g :
m, =41 TeV £ 107 4
102 < 102 —
10°
10 10
10°
104 10°
107
0 05 1 15 2 25 3 0 07

1@cern.ch
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https://arxiv.org/abs/1707.05326
http://arxiv.org/abs/2112.11125

Semi-visible Jets (NEW!)

1707.05326 (theo.), 2112.11125

) CMS simulati (13 TeV)
Identification of semivisible jets 2 WOCO | Signal (m, 20 GeV, ‘
S Wilv)+jets 1, = 0.3, a,, = aZ)
> 1L EZvvets -my =21 Te
©® designed to reduce even further the background % ! Y
© targets differences between semivisible jets and SM jets < 107
© 15 input variables are combined in a BDT -
- exploit quantities related to jet-substructure
10°

- accounts for variations in signal (r1nv,m 5/, Mdark)

- chosen WP (0.55) rejects (accept) around 85% (87%) 107

Final Discriminant CMS 138 b (13 TeV) CMS
T

I
0.4 0.6

I
0.8 1

BDT discriminator (J, ,)

High-SvJ2
4 Data
—g,x

%10, =103/14 -
W Uncertainty [g,(x)]

¢ dijet transverse mass mp

m, =41 TeV

- selection categorized according to
Ry (low and high)

number of events
number of events

Background Estimation

¢ analytic smoothly falling function ¢

g0
211 =939/17 ~-m, = 3.1 TeV
[ Uncertainty [g,(x] m, = 4.1 TeV.

p1@ ,p2[l4p3 In(2)]

g(z) =e

Data-Fit
Data-Fit

- parameters (p;) and normalization
freely floating in the final fit

Dark Matter Searches
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https://arxiv.org/abs/1707.05326
http://arxiv.org/abs/2112.11125

Semi-visible Jets (NEW!)

1707.05326 (theo.), 2112.11125

[T

o large improvement vs analysis without
BDT identification of semivisible jets

o excluding 1.5 Smyr <5 TeV for
Ty = 0.3

o excluding 0.01 < rp, S 0.77 for
Mdark = 20 GeV

o small excess around my = 3.5 TeV
with no real significance (~ 20 local)

o B [pb]

CMS 138 fb! (13 TeV)
T T T T
95% CL upper limits BDT-based
- Observed (a7%%) — Theoretical

- -Expected (a725)

[W68% expected (a7%)

[95% expected (o)
My =20 GeV, 1, =03

-=-Observed (a})
Expected (aj%) |
-+ Observed (a(fy,

---Expected (a2,

CMS 138 fb! (13 TeV) CMS 138 fb! (13 TeV)

< 100 10T z =)
[ a = =
e am 10 m
% o [
& 1 < c
o 1 o

= =

E £

107 " =

g 95% CL upper limits 10" 8

95% CL upper limits aQ BDT-based =

BDT-based =] — Observed =]

— Observed 107 ;4 — Median expected 1024

— Median expected o - -68% expected o

68% expected [] 95% expected ©

-95% expected _ m,,, =20 GeV, ay,, = 3

iy = 0.3, 0, = G0 100 1020

: < <

2 3 4 5 0 2 3 4 5 0

o o

m,. [TeV] m, [TeV]
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S e
® large variety of interesting signatures being covered by ATLAS and CMS

o dedicated analyses for specific final states

o optimized for a wide range of model types

experimental techniques evolving to more sophisticated approaches

o use of machine learning is consolidating bringing substantial improvements

o increase on importance of having good control of systematic uncertainties

still more searches to be ready in the near future with full RunlIl data
o improvements expected also from adding channels previously not considered

® no signal observed yet, but many new searches planned

For more results: CMS/ATLAS
2000 miss 1
% EATLAS -Preliminary [/m>20% _igp'jﬂ@v 36.1 fiy
A @018) 180
‘g 1800[ 15 = 13 TeV, 36.1 - 139 fby 2HDM+a, Dirac DM
Limits at 95% CL o ] =Er=nb), 139 o
£ 1600 M= 10CeV. 6, =14 yiep 1 ooy 08

sing =0.35, tanB = 1

=EP=+z(Il), 139 fb*

1400 anv: 2111.08372
1200 - EPSawe, 139 bt
EPIC 81 (2021) 860
1000| - Htb, 139 fb
vy JHEP 06 (2021) 145
800 e
h(inv), 139 fo™
600 1 aTiasconra00.052
e ET™+h(yy), 139 fo*
400) 3 wep10@ozy13
—Combination
200 T e, £z
100 200 300 400 500 600 700 800
m, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome

S e
® large variety of interesting signatures being covered by ATLAS and CMS

o dedicated analyses for specific final states

o optimized for a wide range of model types

® experimental techniques evolving to more sophisticated approaches

o use of machine learning is consolidating bringing substantial improvements

o increase on importance of having good control of systematic uncertainties

® still more searches to be ready in the near future with full RunlIl data
o improvements expected also from adding channels previously not considered

® no signal observed yet, but many new searches planned

For more results: CMS/ATLAS

200 EATLAS “Preliminary [/m>20% —ET+Z(qd), 36.1 fb*
JHEP 10 (2018) 180

Limits at 95% CL - _ . ] TEP+h(bb), 139 fb*
My =10GeV.0, =19 yiep 1) (021 209

50 = 0.35, tanf = 1

=EPZ(l), 139 b

>

3 V5=13TeV, 36.1- 139 fbo’!

O, 1800f¥s= eV, 36.1- 2HDM+a, Dirac DM
<

£

1400 anc: 211108372 S
anks for your
EPIC 81 (2021) 860
1000 -~ Htb, 139 fb* °
T JHER 06 (2021) 145 n 1 n
800 ™ - N .
. h(inv), 139 fby
600 1 anasiconezoos
& ET™+h(yy), 130 b
400| 3 sep 0oz 13
~Combination

ET (BB, £ (1)
0 200 300 400 500 600 700 800

m, [GeV]
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Monojet
Requirement SR ‘ W o v ‘ Zopp ‘ Woer |Zoee Top
Primary vertex at least one with = 2 associated tracks with pr > 500 MeV.
P
Trigger s single-electron single-
clectron
e
>
. R e e S NS S
Pl cut 200GeV prip| > pripw| > | prie)] > priee)| > [
200GV | 200GV | 200GeV | 200Gev T
pr(o)l >
200GV
Tets Up 10 4 with pr > 30GeV, 7] < 2.8
TAGGet P 504 (> 0.6 200GeV < B = 250GeV)
Teading jet > 150Gl < 24 Fo foms = 01
brjets any none any none. any atleast one
xactly one
electron,
exactly two | tight, with
exactly one exactly two
muons, with | pr >
muon, with g electrons,
e pr> 30Gev, | (Y| same as for
Electrons or muons | none 10Gev. 10Gev, e G, W vor
oo | o< (1.37,1.52), | (0 | same s for
100Gev: | e = tight neGev; | W
noclecron | H10GEVE | dsolation, o
no electron | 30 < mr <
100Gev:
no muon
Tleptons Tone
Photons none
Source of uncertainty and effect on the total SR background cstimate [%o]
Flavor tagging = T-lepton identification efficiency 0.1 — 0.07
Jet energy scale 0.17- 1.0 | Luminosity 0.01 - 0.05
Jet energy resolution 0.15- 1.3 | Noncollision background 02 -00
Jet VT efficiency 0.01 - 0.03 | Multijet background 10 -00
Pileup reweighting 0.4 - 0.24 | Diboson theory 0.01 - 022
EP resolution 0.34 - 0.04 | Single-top theory 0.13 - 028
EDS scale 0.5 025 | i theory 0.06 - 0.7
Electron and photon energy resolution  0.01 — 0.08 | Vjets -lepton definition 0.04-0.16
Elcctron and photon energy scale Vajets pure QCD corrections 024 - 11
Electron identification efficiency V-jets pure EW corrections 0.17-22
Electron reconstruction efficiency Vjets mixed QCD-EW corrections 002 - 0.7
Electron isolation efficiency Vejets PDF 0.01 - 0.7
Muon identification efficiency 3 VBE EW V-+jets backgrounds 002~ 11
Muon reconstruction efficiency 04 - 1.5 | Limited MC statistics 0.05 - 1.9
Muon momentum scale 0.1 07

Total background uncertainty in the Signal Region: 1.5%—4. 2%

n@cern.ch
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Monojet

| CcMS ATLAS
pimiss > 250 GeV > 200 GeV
number of p??iss bins 22 13
categories mono-jet, mono-V mono-jet
control regions 5@2xW,2xZ,1xvy) | 5(2xW,2xZ,1xt)

B(h — Inv)

< 0.28 (0.25 exp)

< 0.34 (0.39 exp)

Dark Matter Searches
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H — Inv

Group of systematic uncertainties

Impact on B(H — inv)
Observed  Expected

Theory 7002
Simulated event count +0.022
Trggers rog
Jet calibration BReE
QCD multijet mismodelling +0.012
Leptons/photons/b-tagged jets ool
Integrated luminosity/pileup £0.004
Other systematic uncertainties oS
Statistical uncertainty +0.028

+0.024

+0.021
—0.022

+0.018
+0.011

+0.013

-+0.009
—0.010

+0.004
£0.009
+0.028

Dark Matter Searches

15.03.2022

4/9



H — Inv

CMS

ATLAS |

final discriminant
p$ISS

|Ang;1
Adjj

control regions

mjj; (2 cat.: MTR & VTR)
> 160 GeV
>1
< 1.5(1.8)
V+Jets, QCD

3D binning (16) in [nj, mj;, Ad(F, 5)]
> 160 GeV
> 3.8
<2
V+Jets, QCD

B(h — Inv)

< 0.18 (0.10 exp)

< 0.15 (0.10 exp)
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Relative Uncertainty [%)]

S L) S /i + DM

50

40

30

T
ATLAS

T T
Preliminary

Vs=13 TeV, 139 fo™*

Bkg.-only Post-fit

T T
] Total
- - -=- Background normalisation
- ==~ MC statistics

==== Theory and modelling
Detector

Binning: p)

1.3 22 2 g 2 3 2 g
%:E ru'xé H 3 & & @ 55
o a a o
n n S . e e e e '
£2 22 £z 22 £z n
o 2 o
2] 7] 72 0 7]
s = [250, 330, 400, 500, 600, inf] GeV
Dark Matter Searches 15.03.2022

6/9



Quantity Selection
Number of leptons 2
Lepton flavors ey, pe
Lepton charges Opposite
Additional leptons 0

£ max
P >25
P!} min > 20
My > 12
pi > 30

miss > 20
P;rniss > 20
p T,proj

o > 50
ARyy <25
Number of b-tagged jets 0

s

Binning;: mljlni"’pT = [0, 50,90, 130, 160, inf] GeV vs my; = [12, 60,90, 120, inf] GeV

* comparable impact between statistical and systematic uncertainties
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CMS simulation
T

Signal:
m, = 3.1 TeV, m,,, = 20 GeV,

Semi-visible Jets

Background  Acc.

AUC 1/Ebkg (Esig = 03)

X“Eg’;;::s (0.936) E QCD 0.883 0.946 636.8
E — Z(w)+jots (0.930) E tt 0.883 0.932 290.0
e T 0 o o8 1 Wiets 0.883 0.936 477.1
Egig Z+jets 0.883 0.930 455.4
Scan myz [TeV] mgan [GeV]  Tiny Xdark
peak
1 1.5-5.1 1-100 03 Kiork
u u pea
2 1.5-5.1 20 01w
low 18
3 1.5-5.1 20 03 alow —al8
perez.adan@cern.c Dark Matter Searches 15.03.2022
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Semi-visible Jets

Uncertainty Yield effect [%]
Integrated luminosity 1.6

Jet energy corrections 0.05-12
Jet energy resolution 0.02-2.3
Jet energy scale 0.29-21
PDF 0.0-5.3
Parton shower FSR 0.07-9.4
Parton shower ISR 0.0-2.9
Pileup reweighting 0.0-1.3
Renormalization and factorization scales 0.0-0.12
Statistical 1249
Trigger control region 0.24-0.40
Trigger efficiency 2.0
Total 3.3-22

Figure: Signal uncertainties

* impacts dominated by fit function parameter uncertainties

o largest one is from background normalization (unconstrained pre-fit)
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