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) Mystery of Dark Matter

m Astrophysical observations strongly suggest a presence of

Dark Matter in the Universe
Atoms

Dark

i
m Unknown nature of DM particles but: =

m Dark because does not interact
with electromagnetic filed

m Interacts gravitationally

= Non-baryonic matter

m  No Standard Model candidate
s Neutrinos are too hot since they have high speed close to speed-of-light

Dark
Matter

o Plenty of DM particle candidates: (new kind of unknown particles BSM)
m WIMPS, weakly (only gravitionally) interacting massive particles
Weak scale particles: from SUSY, Extra Dimensions, No-SM Higgs boson models and more
AXxions, light bosons which can resolve a CP problem in QCD
Dark Sector particles: Dark Higgs, Dark photons

= and many others
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Dark Matter at colliders (LHC)

m DM particles (if exist) may be produced at colliders
in a controlled experimental conditions

INDIRECT DETECTION
: > :S|V|
— SM

COLLIDER DETECTION

DM
m We do not look for direct detection at colliders:
= We can not have appropriate triggers anyways
m  We are sensitive to DM production associated DIRGCT
. . . . DETECTION

with creation of anything one could trigger on
m  Insuch case undetected DM particles give rise

to transverse momentum imbalance

m DM production can be described by different approaches: D

m To balance signatures vs model-dependent searches

Effective Field Theories (EFT) Simplified models Complete models
- DM production mechanism undefined - DM production by mediator - DM production emerges
- Explored in Run-1 - Signature-driven from theory
v/g X - Model-dependent
g DM ’
0} 1
-t W
t q
q DM 5

M. Kazana DM @ LHC, IPA, 9.09.2022



‘n Dark Matter at colliders (LHC)

m DM particles (if exist) may be produced at colliders

in a controlled experimental conditions
INDIRECT DETECTION

DM > SM

s We do not look for direct detection at colliders:
= We can not have appropriate triggers anyways
= We are sensitive to DM production associated DIGECT
. . . . DETECTION
with creation of anything one could trigger on
m  Insuch case undetected DM particles give rise
to transverse momentum imbalance

» Generic signature of WIMPs oM

missing (transverse) momentum (MET)
and back-to-back SM or pair of SM objects

 — SM

COLLIDER DETECTION

Signature: Mono-X Signature: Resonance Di-X

SM
0 DM DM |« >
~.  MET

DM "3 frominvisible DMs 4~ DM
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Experiments at LHC analyze
various signatures
and different DM models

ATLAS and CMS
compete each other

LHCb has sensitivity in low
mass DM particles searches

In this talk, the focus is on
lately published results

for DM with the full LHC Run 2
data to present arich and
evolving programme of DM
searches at LHC

M. Kazana

DM searches at LHC- outline

bb+DM

t/t+DM

4

tt+DM

ZH
(mono-Z)

heavy Heavy Flavor
resonances plus DM
VBF
semi- iggs
visible jets : ngg\
Other Invisible
Decay
ggH
(mono-jet)
. Dark Matter
mono-jet
VV — 4q
Mono-X Dark Higgs
mono-Z
WW —
212v
mono- Dark Photon
photon
mono- . Z7Z — 4l
Higgs decaying \
dark photon
H — vpvy H — vpy
(VBF) (zH)

\/ Credits: D. Pérez Addn
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Mono-J/V with jets

m Slgnature mono-X: SM particle (jet, Z, y, h, ... ) recoils against MET
m Tagging from initial state radiation (ISR) or associated production
m Expect signal in the tail of MET distribution over the SM background

m Analysis strategy:
m Discriminating variables: Jet (high p; dominant jet) and back-to-back MET
m Events with leptons or photons are vetoed

m Analysis is performed in three exclusive categories [CMS]:

* Mono-J category: = Mono-V sub-categories wy/:

DM > hlgh Purity (based on jet structure from NN)
» low purity

DM

A, V(M

DM

7ned)

DM

Anti- kt R=04

///

/ Anti-kt ; R=10.8

pT > 100 GeV fat jet
In| < 2.4 pT > 250 GeV
In|<2.4
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CMS [JHEP 11 (2021) 153]

Mono-J/V with jets ==

. Background predictions:
m  High MET threshold (CMS: trigger & offline > 250 GeV) removes dommant QCD bkg

m  Main backgrounds: Z(vv)+jet, , WW/[ZZ|WZ, o

s =13TeV, 139 fb'

3% Standard Model w. unc.

W(.~> uv) Control Region 0 W ) + jets
m Extensive use of control data samples il e o

Diboson
Z(= 1l + jets

Events / GeV

for precise prediction of background contributions

- = = m(x, Z,) = (1, 2000) GeV
== DE, M, = 1486 GeV

-1
59.7 fb" (13 TeV) ATLAS: MET> 200 GeV
T TTTT TTTT TTTT TTTT TTTT TTTT T T T1TT]
% 3 [ [ [ I i [ -
3 10 CMS —+— Data Z(vv)+jets — % '
] ©
~ Mono-V (high-purity) Dw )+jets .WW/ZZWZ ] Q09 [t ncariiy
@2 102 2018 . 200 00 500 800 7000 7200
qC_) l:l Top quark |:| QCD Pl [GeV]
> ]
LUl .
—— H(inv), B = 25% —— —— —— —— -
10 _ JFE ATLAS ' Ly o E
Axial, m _ =2TeV 3 10 s =13 TeV, 139 fb R Standard Model w. unc. E
1 M= 1GeY 10°  Signal Region oy T
% - PT(j1) > 150 GeV 0 W(o v) +jets 3
o 10 VBF W(s Iv) + jets E
—1 ~ tf + single top E |
1 0 «® 104 E Diboson =
5 [ Multijet + NCB 3
Lﬁ 10° == m(E30) = (600, 580) GeV .

° 14 10 g
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;m; 1g
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Mono-J/V result interpretation

m All observation consistent with bkg-only hypothesis

m Limits are set on DM particle production in the context of
Simplified Models with Mediator

m  Set of benchmark models identified by ATLAS/CMS DM forum [arXiv:1507.00966]
q X(mpm)

Multiple type of mediators

vector axial-vector
9q Z Vuav"q 90> A7’
q

s Simplified Models ¢

with minimal set of parameters:
m  Mediator mass (M, .4)
m DM Mass (Mp,,)
m  Mediator coupling to DM (gpy)
= Mediator coupling to quarks (g,)

m Extended to models with t-channel mediator and dark sectors

q

spin-1

scalar pseudoscalar

spin-0

b, 7 AN~
ng;yfff gqﬁzf:yff’Yf
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m All observation consistent with bkg-only hypothesis

m Limits are set on DM particle production in the context of
Simplified Models for spin-1 Vector (Axial) Mediator

CMS Preliminary 137 b1, 2016-2018 (13 TeV) 137 fb~1, 2016-2018 (13 TeV)
< I EEES S TSSSSS S S S S S S ISS < T e s T 7B TR B TR T % ]
% 1400  Vector mediator d % 1400 Axial mediator d
% [ gq=0.25,9,=1.0 1 € 1 9q=0.25,g,=1.0 A
2 i | = . .
£ 1200l 2016 obse.rved ] é: 12001 Median expected

- 2016 median expected . - --- 68% expected

| --- Median expected ] | -+ 95% expected

1000? — Observed a 1000? — Observed ]

[ 68% Expected I I

800 . 800} .
600} 4 s00]- CMS N
400> § 400> ! i

I .' 1 i I‘.

200} v d 200} ' i
‘. :
L
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Observed values of the mediator mass are excluded up to 1.95 TeV
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Mono-J/V result interpretation
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CMS [JHEP 11 (2021) 153]

Mono-J/V result interpretation

m Limits are set on DM particle production in the context of
Simplified Models for spin-1 Vector (Axial) Mediator

m  Comparison to direct detection (DD) experiments

1005 CMS 137 fb~1 (13 Tev) CMS 137 fb~! (13 TeV)
&'\ ! | ' | ! L ! i N ! ror
= Vector mediator, Dirac DM S in de endent
L T gq=0.25gpw=1.0 — LUX P P
§101 | — Xenon1T 2018 Panda-X 1l i
E — Cresst-l] DarkSide-50
3 109 CDMSlite iiE
le]
c
2 -41
= 10 k- _
—_— /
o) \
Q n-43] | _
% 10 - —
_45] HN Axial mediator, Dirac DM . _
10 \/ _ gq 2 025, gDM _ 10 — PICO'60
J — Pico 2L — Picasso 90% CL
1047 I R | L L R | ! I | . L Lol I L IR | ! L IR |
100 10! 102 108 0° 10’ 102 103
mpwm (GeV) mpwm (GeV)
CMS compatible with DD at low mass CMS competitive with DD up to 600 GeV
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ATLAS [Phys. Rev. D 103, 112006]

Mono-J/V result interpretation

m Limits are set on DM particle production in the context of
Simplified Models for spin-1 Axial Mediator

m ATLAS and CMS limits at the same level of precision/exclusion

1500 I 1 1 I I 1 1 T T I T T T 10_37 I T TTTTI I IIIIIII T IIIIIIII I LA
- ATLAS Expected limit+ 2 6, T
- {s=13TeV, 139 fb™ Expected limit+ 1o,,, i 1 0—38
. ’ . = = == Expected limit
| Axial-vector mediator ... . POF@scale , ]
. . = Observed limit (£ 10y05, ) 1 0_39
L Dirac fermion DM === Relic density,Q,;n* > 0.12 —_—
9,=0259 =10 Perturbativity limit = _40
1000 [~95% CL limits —— ATLAS(5=13TeV,36.1 15" ] k<) 10
; b —_ -41
© S 10
O] . o
= 5 107%
7] o
£ < 43
500 - a) m .
i b(/) 10~ ATLAS 90% CL limits
E Vs =13 TeV, 139 fb! e XENONAT
7] 1 0_45 E Dirac Fermion DM LUX
l : ’ 0—46 ZE gq =0.25, gx= 1.0 Axial-Vector Mediator
A" 1 1 —47 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 1111111
0 1000 10 2 3 4
1 10 10 10 10
m, [GeV
2, [GeVi m. [GeV]
Observed values of the mediator mass ATLAS competitive with DD up to 600 GeV

are excluded up to 2.1 TeV
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= o] ATLAS-CONF-2022-036

2548 Mono-top with boosted jets

Resonant DM production Non-Resonant DM production

m  Many BSM theories predict production
of DM associated with top quarks: i
Aq Yy d
m Exotics particles (DM mediators) > w )
could decay preferentially to top quarks q

m  Signature: MET (2250 GeV) and Large-R jet (pT > 250 GeV &|n| < 2.4)

m Exactly zero leptons (hadronic channel)
m Atleast one boosted large-R jet associated to the top quark
m use top-tagging for S/B separation

(j/

m Analysis strategy:
= Main backgrounds: tt and Z/W+jets constrained in the control regions

I . o I . h I ARERRARARRARRRERE T ° .
2 o 2 m
5 ATLAS Preliminary ® Data mTop = F .
m  Multivariate Analysis (MVA) approac 5 LLan yebda  mIe 1§ a7ias ProiminayeDala  mTop
Is =13 TeV, 139 0" i le top puDiboson ] 10 Vs = 13 TeV, 139 fo MZ+jets Wijets
Monotop itV 77 Uncertainty 10*E" Monotop =§\|;19Ie P P Blr?r?esr?;m 3
TCR — Pre-Fit Bkg. 1 E ) 4 =
F VCR — Pre-Fit Bkg. q

to discriminate signal (XGBoost):
m  MET-based variables and AR, among the
most important features in the training 2
m  Further reduce backgrounds by selection — : - e

requirement on the number of b-jets and Ay, ,;, . :

1.25E

\ S o 27

*E Post-Fit

validation regions of the post-fit background model o5 s s 75 507 w6 o0 95 555555 si0-si6 7098800

ETS [GeV] ™ [GeV]

m  Good description of data in the control and

Data / Bkg.
Data / Bkg.
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ATLAS-CONF-2022-036

Mono-top - results and limits

= No significant excess above the SM expectation is found in any of the
Resonant top DM model signal regions

m Results interpreted in terms of expected and observed upper limit on the signal cross

No b-jet category 1 b-jet category
b2 R L L L DL B L B B L §2] UL L B R R R R R R R —_ — ——T ——T ——T ——T ——T ——T ——T 0
§ | ATLAS Preliminar){ ¢ Data —Res. § E ATLAS Preliminary ¢ Data — Res. ] Q E T I I I I T T T T
w Vs =13 TeV, 139 fo M Top W Z+jets a - Vs=13TeV, 139 o' W Top W Z+jets — i . 7
10° Monotop Wijets [ Single top ™ Monotop Wijets  MSingle top | TS 1 0* E ATLAS Preliminary —— Theory (LO) o3
F SROb Bes. I Dibosonl [ Y . ] 10°E SR1b Res. Diboson [tV - < E Vs=13TeV,139f' "= 95% C.L. Exp. Limit 3
[ Post-Fit 72 Uncertainty— Pre-Fit Bkg.| E Post-Fit 77 Uncertainty— Pre-Fit Bkg.g T 103 ‘_ Resonant DM model — 95% C.L. Obs. Limit _‘
ik | ] i = 2,= 08, y, =04 [ 95% C.L. Exp. 1o 3
= E x [ m=-10Gev [ ]95%C.L.Exp. 26 1
3 10°F E
) - ]
g 10g E
] b = -
. B S B S | | ||| 1|§_ E|
(=4 E 3 . = 3
% 1255 /’i— 2. 2;5 E - .
e e e T B O A S S e 10715 .
© E 3 {
S 0.75F 1R ‘ ¢ (5
F ) ) ) ) ) ) ) ! . E [m) 075:— = v v by b by b v by e by g 1y
085 0.55 0.6 065 0.7 0.75 0.6 085 0.9 095 1 0'5: e + 1 3 2500 3000 3500 4000 4500 5000 5500 6000
.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 GeV
XGB m, [GeV]
e XGBRes ¢

Resonant DM model is excluded for m, < 5.0 TeV

considering given parameters with mg,, = 10 GeV
extending the previous mediator mass limits by 1.5 TeV
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ATLAS-CONF-2022-036

Mono-top - results and limits

= No significant excess above the SM expectation is found in any of the
Non-resonant top DM model signal regions

m Results interpreted in terms of expected and observed upper limit on the signal cross

No b-jet category 1 b-jet category

..g 104_””|'”'\””|."."\”"|""\””|""\""[”"_ 2] 10°E AR R R R AR AN R AR RN RARRE RARRY
5 = ATLAS Preliminary ¢ Data —Non-Res. 3 § 0 E ATLAS Prehmmary ¢ Data —Non-Res. 3 = 10° ET LN L L L L L L LY I L L L B
it E {s=13TeV, 139 b’ [ Top W Z+jets i E {s=13TeV, 139" Wl Top W Z+jets = E 3
[ Monotop Wijets [l Single top | | Monotop W+jets  [MSingletop | =) C imi —— Theory (LO) .
5| SR1bNon-Res. Diboson [tV 5| SROb Non-Res. Diboson [tV _‘C“ 104 = ATLAS PreI|m|n1a1ry 95% C.L. Exp. Limit —
107" Post-Fit 77 Uncertainty— Pre-Fit Bkg 3 10°E" Post-Fit / Uncertainty— Pre-Fit Bkg ] 7 E Vs=13TeVv,139fb" = o L.L. Exp. Limit - 3
E 3 E | — O, -
R ] = C  Non-resonant DM model — 95% C.L. Obs. Limit _
T 40° a-05.g -1.m -10Gev L 95%CLEw o |
% = [ ]195% C.L. Exp. 2 E
g C ]
T 107 =
E Q- E E
g e i ]
C © 10g =
& 125 E- I B i 1 i

o . = = = =
s S e am. |y ST SUN———— b '3 | E
© E & = = b g A - =
S 075F « 8 075 ¢ 3 - ¢ .
0.5E . . \ . . . . . . E =E . . , , . . . . . 3 S T Y T T AT T SO T NN SN TN ST SR NN SO SO ST S NS SR S S N R

8.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1 0'0’5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 10 1 1500 2000 2500 3000 3500

XGBNcnRes XGBNonHes mv [GeV]

Non-resonant DM model is excluded for m, < 2.8 TeV

considering given parameters with mg,,, = 10 GeV
extending the previous mediator mass limits by 0.9 TeV
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CMS [JHEP 06 (2022) 156]

=N Dark QCD - semivisible jets

m Search for resonant production of strongly coupled dark matter

Portal C e Ap
; . Semi-Visible Jets 54 -
) S fos
€=mnn 7 jmm==d> Moderate MET g e
q Leptophobic .,/ low Acp,..(jet, MET) S [/
Visible Sector | £ Z / :
< &il Dark Sector SVjet - SV jet
SM o z' é .>?Z///

= \

n SM-DM @ 3 ; / a @ Detectable particles

q mediator e / Undetectable particles
\ J Lo

] i WIMPs
m  New SU_.(N) force: Dark QCD & associated particles Generic DM signal

High MET
m  Hadronization in the dark sector baé;k—to—back (jet,l\/lET)A(p ®<<'/\
m  Connected to SM by weakly-coupled mediators: S, V, etc. &
] Prompt decay of unstable dark hadrons to visible SM hadrons o 7/;?5;/ 7
.’?’4; 7 //j//

m Stable dark hadrons remain 7 1%

» Can be considered as DM candidates o
SM jet

m Unstable dark hadrons decays resulting in a visible fraction of the dark jet energy
m Unexplored signatures with non-SM behaviour
m  Semivisible jets not covered by existing DM searches
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CMS [JHEP 06 (2022) 156]

Dark QCD - semivisible jets

m Signature: SVJ are defined by r;,, — fraction of visible and invisible particles in the jet

. N stable dark hadrons CMS simulation (13 TeV)
Slgnalparameter:rmv:< ) @ LI U L A
N dark hadrons = EQcD Signal (m,,, = 20 GeV . .
- =} Wiv)+iets ., =030, =% A jet-level BDT is used
| > 1 MZv)ets --m, =21 Tev to tag SVJs and define
v N © tt --m,=3.1TeV ] .
I IEE = m, = 4.1TeV a high/low-purity category
N ) < 10" ;' i
a)r;,,~0 b)0<r, <1 ©) 1y~ ! 1020
CcMS 138 b (13 TeV)
_‘9 T [T '. T T T 10_3 J
c 10°%F Low-SVJ2 Signal (m,,, = 20 GeV, =
q>) X + Data rinv = 03’ adark = (Xg::f) ] :
(0] —gz(x) ---m, =2.1TeV . | | ' | |
e i W2/ Ny =9.39/17 --m, = 3.1 TeV 10 4L——— Coe : : : ' R
N 102 [ Uncertainty [g,(x)] - m, = 4.1 TeV = R 0 0.2 0.4 0.§ _ _0,8 1
g T m  Analysis strategy: BDT discriminator (J; ,)
E L]
2 oL i m  Resonance dijet search:
P + 2 jets with pT > 200 GeV and |n| < 2.4
L _: m Discrimination variable:
i ; transverse mass m; of dijet system and MET
107! ' : i m  QCD background rejected with cut on
= 22_ L [T T | L
| o GE . e, 3 _
ébag émrﬁ-_uﬂ_lﬂ oty P[] Rr= MET/mT >0.15
O] —1E = . . .
a _215_, L | B > ® Bkg normalization extracted in fit \
15 2 25 3 3.5 4 .
m, [TeV] m Dedicated SVJ tagger reduces bkg by ~O(100)
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CMS [JHEP 06 (2022) 156]

Dark QCD - results and limits

m  No structure (~ resonance peak) in the SVJ dijet transverse mass spectra
compatible with the signal is observed
m Present results for two conditions:

m Inclusive, signal-independent cut-based approach (most conservative), Ry = MET/m; > 0.15
m BDT-based, improved by almost a factor 10 (most aggressive), Ry > 0.15 + BDT

CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV)
~ L T T | T T T T I T T T T | T T T T | ] L | T T | T T | T T T T | T T T T I ]
ﬁ._ i 95% CL upper limits ﬁ 95% CL upper limits
oM 10 - Observed (0553 — Theoretical ; m 10 - Observed (£ — Theoretical E
o - - Expected (0£5%) = Observed (o) ] o) - - Expected (o) -=Observed (a}%) 7

[68% expected (of2%) - Expected (o)) | [68% expected (0f55) - Expected (o) |
[J95% expected (055%) -+ Observed (02" ) 3 [J95% expected (0£%)  =Observed (ai2")
---Expected (o) 7 My = 20 GeV, 1, = 0.3 ---Expected (0l2%)
107" 107"
102 0 T 102 eSS
1
107 : 107°E
2 3 4 5 2 3 4 S
m,. [TeV] m,. [TeV]
Inclusive analysis excludes the mediator When the BDT is employed to identify each jet

in the dijet system as semivisible, the mediator
mass exclusion increases to 5.1 TeV

masses in range 1.5 < m,. < 4.0 TeV
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Mo [GEV]

-

95% CL upper limits
300 BDT-based

F —Observed
20 F —Median expected

[ - -68% expected
F -- 95% expected
10E r -03,a, =d

dark dark

--=

E 95% CL upper limits
F BDT-based

. — Observed

Regions
inside circles
are excluded

— Median expected
- -68% expected
-- 95% expected

E’.‘ mdark =20 GeV, adark =i d:;lkk
| - -
A T T e s i
2 3 4 5
m,. [TeV]

95% CL obs. upper limit on ¢ B [pb]

—_
o

95% CL obs. upper limit on ¢ B [pb]

107"

1029

1073

Assuming the Z' boson has a universal coupling of 0.25 to the SM quarks:

CMS [JHEP 06 (2022) 156]

Dark QCD - BTD limits

1:5<m, < 5TeV excluded forr,, =0.3

0.02 <r,,, < 0.77 excluded for m,,, = 20 GeV

138 b (13 TeV)

,3. : T T T T T T T T T T T T T T T [
Q 95% CL upper limits BDT-based
o 10 - Observed (ocs:fkk) — Theoretical _E
o - - Expected (of%%) -=Observed (“;ifrt .
[68% expected (0f%) - Expected (o} |
[]95% expected (af2%)  -+Observed (o/2",) 3
My = 20 GeV, r,, = 0.3 ---Expected (o2%)
107'F E
1 0_2 E_ ...... _é
. 1
; 3
10°F E
: | I | 1 1 1 1 | 1 1
2 3 4 5
m,. [TeV]

= Small excess around m,, ~ 3.5 TeV w/ small ~2¢ local
significance weakened exclusion limit

These limits exclude a wide range of strongly coupled hidden sector models for the first time

M. Kazana
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CMS [JHEP 03 (2021) 011

Dark photons from VBF Higgs

m Signaturey .
m  MET and 22 jets with relatively high separation in n
and at > 1 photon

DM candidate

m  Triggering with MET or single-y or VBF online selection

m Analysis strategy:

m Discriminating variables: transverse mass of photon p,¥

and MET, my= \/2 p%ET ’ (1 — cos Ad’(YwET)) Data fecordedt Wed 061 19 16:20:18 2016 PDT ms !

. L —

= Events with leptons are vetoed , e
CMS Event display =

m 21photon wit p; >230 GeV |n| < 1.47

= with with mass
= inopposite detector hemispheresn,n;, <o

m  large separation between the jets and MET

m  Moderate MET threshold (offline > 140 GeV)

m Extensive use of control data samples for
precise prediction of background contributions:
W+jets, W+y, Z+y, y+jets
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CMS [JHEP 03 (2021) 011

Invisible VBF Higgs constrains

ATLAS [Eur Phys J. C 82 (2022) 105 ]

-1 -1
. CMS ﬁnal Search performed > 8 _' L B L " ‘Da'ta' |1 '30' f'b‘ $1'3'T'e\‘/_) > B T T T TTT 'Da'ta' \1 :'3(') f'b' §1'3'T'ey_)
] ] . [ i \ 1 o - . ]
in 6 signal m; regions for © gMS \*‘?A,,{‘gé;‘g,fé_ 19 e gMS \\\gi(gé:"gﬁé' E
m,; <1500 GeV and 2 Lm<isocev) —wy 1 2 | msis0cey]| wiet ]
g - mZy 1 0 ¥ mZy 1
m. >1500 GeV i, I v +ets 1 2 15K my+ets 5
Il L L Mismeasured y - kL Mismeasured y 1
m  Small statistics 4 i\\\& Hips — inv.+y, B =0.05 ] AN H,,. — inv.+y, B =0.05 ]
i N \§ ] 1 :\u .
[ N ] C . ]
m  First results for Higgs decaysto 2 [, ] R\ -
undetected particle and a e | i
photon in the VBF channel =14 E
. 512 3
= ALTAS estimate stronger £ T R 3
0.6
0 100 200 300 400 50
130 fo' (13 TeV) m; [GeV]
g W T 1 T}
& CMS — Observed
’+; L _ B 68% expected o) 10 E L T 3
Z b VBF+pT"**+y i 95% expected | & = — Observed ATLAS 3
P “+0.05 X Oy T Expected fs =13 TeV, 139 fb! .
T ? 1 EXpecteg + ;cs Limits at 95% CL —
= E xpected *+ 26 . ) E
SRR T E = oV with B(H—y )=0.05 VBF Higgs couplings ]
X o .
bﬂ>: B x 1071 E— = _§
102} 5 F TR =
o ©O - .
102
1 | Il L 1 | Il 1 L | L 1 L | L 1 1 F . = = =
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CMS [JHEP 04 (2022) 062]

N Dark phOtOﬂ decay— low mass di-muons

Triggering: CMS newly use of

high rate triggers (scouting):

m  Bypass the high-level trigger (HLT)
thresholds by directly sending HLT objects
to disk instead of saving raw data

m  Reduced event info compared to offline
reconstructed objects

= DoubleMu trigger path allow
sensitivities to otherwise inaccessible

low-mass events

Benchmark models: Z5: 0.5 GeV < m(Zp) <50 GeV o.1mm < ct(Z,)s1m

Very low mass search for long-lived dimuons
for a muon pair with displaces vertex (DV)
" masses down to ~2m and displacements L up to 11 cm

= Signature : At least 2 opposite sign muons (p,>3Gev, || <2.4)
and 1 displaced vertex

CMS silicon tracker

M. Kazana DM @ LHC, IPA, 9.09.2022 22



CMS [JHEP 04 (2022) 062]

Dark photon decay- resuits

"Bécl:-k}grounds- Enge e

m Controlled with a set of kinematical cuts
= DV/dimuon kinematics & displacement requirements,
material veto to reduce background yields:

m  Sophisticated cuts:
= log1o (An/A¢) < 1.25

m  #excess pixel hits<o

Strategy

PV'

PV1 PV2

s Simultaneous fit in all search
Search for a narrow peak in dimuon invariant mass spectrum

m  SM bkg estimated directly from data can be parameterized by bins EI’Fher bkg—only or
analytical functions bkg+ signal hypotheses
= SMresonances are masked (+50,,, window) for the result 101 fb! (13 TeV)
= Events are categorized in bins of 3 “Ceoms I ' I')t' T T T
muon isolation (2,1,0 iso-mu), di-mu momentum p;(up) 8 f Lyel17Iem B:Cigmund red () E
% E pT,(“u)<25 GeV h, = ¢ X (2.0 GeV, cro=1 mm) [x 5] .
E 10°tcms i 'aatéz'z' i 1 :ij 15}2'S°'ated” -
B H-ZpZp (8 GeV, cTp=100 mm) [x100] N ]
§ 101/fb (13 TeV) € B, 7]om oF ’ ‘] E
2 10| : ) 22508 - lehm I H'H {l 1, ] ] ] ] _:
o et ) 2isolated At 1 L 4T (4T H .|T |H lﬁ l h h { { l ”I H l
L | g 1 5-1-1“1 P Hlll IH 1 “llUJ I l Tt ' LS Hl I I H
i g 1 RN 7 g
o I u | PO e
.J(. 11 NH I N : ;Egl{gﬂﬂﬂl 1t %H; }HH;H {hﬁlll lhﬁH fy ml }H I{p{lﬂﬂﬂﬂfﬁ
05 1 2 3 5 10 20 30 50 5 %79 1.95 21

Dimuon mass [GeV] Dimuon mass [GeV]
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= No significant excess

CMS [JHEP 04 (2022) 062]

Dark photon decay- limits

101 fb" (13 TeV)

. = CMS 099 » H—Z,Z, — 2u 2X —— Observed limit (95% CL)
IS Observed TD 107 Zo 4 o Median expected limit
N cTy°=1 mm
Q I 68% expected
NZ 107° 95% expected
m Bkg+signal fitsareused 7
. . . E 10_4
to set limits signal models = : #
10°°
m  The CMS most stringent constraints
o . . 1078
to date in a wide range of signal ) . e L
] ) 0.7 1 2 3 5 6 7 8 910 20 30 40 50
mass and lifetime hypotheses Mg, [GeV]
1011 (13 Tev) 1 1016 ' (13 TeV) 1
5 CcMS g9 > H — ZZ, — 2u2X 04 N 'g CMS 99 - H — ZpZy — 2u2X 04 ’N‘S
g B(Zp - up) from JHEP 02 (2015) 157 N ) B(Zp - up) from JHEP 02 (2015) 157 NS
o 1075" 107" T N"'O 10 107 T
g L ° T
2 = ) =
= 10
£ 10 7 10~ 10’2
T 10°
-1 - *
10 10 10°
10 7
107 F10™ =
10° 4 10
107 L - T - — — 107 10 b : S : R L1,y
0.7 1 2 3 4 5 6 7 8910 20 30 40 50 0.7 2 3 4 5 6 7 8910 20 30 40 50
my [GeV] mz, [GeV]
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LHCD [PRL 124 (2020) 041801]

Dark Matter at LHCb

m Single-arm spectrometer originally devoted to heavy flavour physics,
but can serve as a general purpose experiment covering (Qcp, sM, heavy ion and fixed-target)

. . . Nominal Interaction
m Complementary in pseudorapidity: 2<n <5 Point (IP, =0 mm)

m  Excellent momentum resolution (tracking detectors),

IP determination and particle identification
m Search for dark photons A’ decaying into a pair of muons
m Low mass sensitivity: (very low-pT trigger) 1] ==

prompt-like A’ search covers the mass
range from near the dimuon threshold up to 70 GeV

m Fully data-driven analysis
Event categorization as prompt p+u-, Uolg, and hh+hy, determined using the min[x2 IP(u*)] fits

>  Most stringent to date for the mass range: 214 < m,. = 740 MeV (long-lived selection) and 10.6 < m,. < 70 GeV

Y 507% CL eXclus

@)
A

LHCH
Vs=13TeV 7§
= 5.5/ fb

- + - 4 —{
prompt pp 1 10 6

Wl one

: f

| A MGG \H |

= isolation
applied

prompt-like A’ search LHCb (2016 data)
BaBar+KLOE+CMS

Candidates / o[m(utp™)]/ 2
2

- 1078
m(ut ) [Gev] 1 10 m(A) [GeV ]
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LHCD [LHCb-PAPER-2022-006 ]

LHCb detached anti-proton in pHe collisions at 110 GeV
LHCb linked to indirect detection of DM

m A first measurement of prompt anti-p production in pHe collisions Sy =110 GeV
at 110 GeV using LHCb fixed-target program SMOG (system for Measuring Overlap with Gas ) @ — @

L] A noble gas (He, Ne, Ar) at ~ 2x107 mbar pressure injected into the LHC vacuum around the LHCb interaction region P Gas
L] Originally used to determine luminosity, since 2015 started to collect fixed-target collision data (He Ne. Ar.. )
w R o It may help determine whether or not any antimatter seen by (indirect detection)

experiments in space (Pamela, AMS-02) originates from dark matter

DIRECT
DETECTION

Detached anti-p (from displaced decay of anti-hyperon) can be distinguished from prompt p
o i by the separation of their original vertex and the primary pHe collision vertex

o(pHe — AX — prtX) o(pHe - HX — pX)

R_ = R —_ =
A — H = —
a(pHe — ppromth) U(pHe — ppromth)
I< e .. 1 S 7 [ F T O el o T T 3 & L6 T ' ' —
0.6 LHCb preliminary —— Data 4 < o07F LHCb' preliminary - Eﬁ%‘swg = 5r< F LH Cb prellmmary —e— Data ]
- pHe {syy = 110 GeV —— EPOSI®9 | E pHe Ysyy =110 GeV - q < *F pHe =110 GeV E
051 P NN —— EPOS-LHC 06 = - EII)J?EI_(I}JS% E 12F P ——= EPOS-LHC
- : b 0.5+ . — E ]
04 Exclusive —=— HUINGI38 1 B Inclusive —_ EES?E/%HM E = =
g —— PYTHIA E S = o ]
03 1 1 ] 04 E —f— 1 = 0.8 § § = —
s ' T t ] == g - E E T E
02 —— = 03 o o E 06 -
“F ————— = 02 o 5 04F Exclusive/Inclusive =
o1 E 0.1F E 02f =
C_1 . . | . . . | . . 1 N T R B r ]
""0s 08 1 12 0 1 2 3 4 038 s T T T2
P transverse momentum [GeV/c]| P transverse momentum [GeV/c] P transverse momentum [GeV/c]

= All considered generators significantly (exclusive, inclusive searches) underestimate the anti-A contribution to the
production of anti-p:
> Indicate a sizable underestimation of detached anti-p contribution
in most hadronic production models used cosmic ray physics
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DM in CMS summary

m LHC experiment builds up a rich program of Dark Matter searches:

m Large variety of signatures:

m Generic analyses with mono-X and resonances

m Signals with heavy flavours

m Higgs giving light to a dark sector which may hide a dark matter
m Distinctive signatures of long-lived particles open window to DM

optimized for a wide range of model types

Precise predictions of the Standard Model background underlines the searches
Experimental techniques evolves to more sophisticated approaches
Use of machine learning brings substantial improvements

» Important to control of systematic uncertainties

More improvements and analyses with full Run 2 data expected
while new Run 3 data will be available soon

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/DM.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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Thank you!

Selection of limits for DM searches at ATLAS and CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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LHCD [PRL 124 (2020) 041801]

Dark Matter at LHCb

m Search for dark photons A’ decaying (promptly or long-lived) into a pair of muons
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