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Dark matter searches at the LHC

Long history of dark matter searches in the particle physics community

« Collider experiments at the energy frontier provide a complementary approach to
search for DM particles (WIMP)

« One of the flagship physics programs at the LHC
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Dark matter searches at the LHC

- Benchmark simplified DM models
— Assume WIMPs are Dirac fermions
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Two-Higgs-doublet Model extended with a vector
boson Z’ or a pseudoscalar a which mediates the
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Recent DM search results

« ATLAS
— Mono-jet and H->invisible: PRD 103 (2021) 112006
— Mono-Z(ll) and ZH(=>invisible): arXiv:2111.08372
— Mono-H(bb): arXiv:2108.13391
— Mono-H(yy): arXiv:2104.13240
— VBF Hy with H->invisible: arXiv:2109.00925
— tt+EMUSS - JHEP 04 (2021) 165
— bb+ EP¥ss - JHEP 05 (2021) 093
— 2HDM-+pseudoscalar combination: ATLAS-CONF-2021-036

- CMS

— Mono-jet: arXiv:2107.13021
— Mono-s(WW): CMS-PAS-EXO-20-013
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Mono-jet/V(had)

- Using events with energetic jets and large p?*sS > 250 GeV

CMS: also slit into mono-V and mono-jet categories
— Mono-V(had): one large-R jet with boson tagging requirement

Main backgrounds constrained using data control regions
— Z>w, W 2lv, y+jets 59717 (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
http://arxiv.org/abs/2107.13021

ATLAS: PRD 103 (2021) 112006
CMS: arXiv:2107.13021

Mono-jet/V(had)

- Results are interpreted for Vector, Axial mediator and Fermion portal models
— And also other BSM models: large extra dimensions, SUSY, leptoquarks, Axion-like particles etc

Axion-like particles (ALPs)

Axial-vector mediator DM :
— Also popular candidates of DM
- _1 = TTTT LI T TT T TT TT
S 1500 T T T T T T T T T T T T ; —_——— 13|7‘f‘b 2 2|016| 2‘018|(13T6Y) —1.000 — (.1)(5 007: I [
& - ATLAS  Epecedimiti 2o, 1 @ 1400 Axial mediator ] = - ATLAS
= - (s=13TeV, 139 fb" Expected limit 10, 4 2 [ 0q=0.25,9,=1.0 | > 0.06 5 P
= |- Axial-vector mediator e e it (2 e, | B | —— Median expected o.667 2 - 1s=13TeV, 13910
Dirac fermion DM s Observed limit (+ 10y, ™" ) £ 1200[ . | p T Axion-Like Particles, m_ =1 MeV
| Dirac S Rl density, o » 0,12 - 68% expected ° - 95% CL limits
gq =025, gx =1.0 Perturbativity limit | - 95% expected | | E 005__ -
1 000—95% CL limits ——— ATLAS s =13TeV,36.1 f5' ] 1000F — ST ] 10.333 = C Expected limit + 2 Oexp
. : - '8 - B Expectedlimit+ioc,,
i c 0.04 --- Expected limt 7
800 - ) 3 [z Observed limit [+ 1670 0%}
: 0.000 8 - R
600 . § 003~
500 i 0.333 3 E ““““““ .
400 - o 0.02- . —
! N e 7
e | Woes78 - ]
Y ] 0.0 7
o: I:I Il‘llllll_ -1'000 IIIIIIIII|IlII|IIIIIIIII|IIII|IIII|III|:
- 500 1500 2000 2500 3000
00 Mimed (GeV) 1000 1500 2000 2500 3000 3500 4000 4500 5000
f, [GeV]
11/28/21 Lailin Xu 7


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
http://arxiv.org/abs/2107.13021

MOI’]O-H, bb and 144 ATLAS: arXiv:2108.13391

JHEP 10 (2021) 13

- Using the SM Higgs boson to probe DM

/h o
. . 4 h
 Benchmark signal model: extended Higgs sectors | a a
— 2HDM+Z’ vector AR <X <
— 2HDM+a pseudoscalar X b g

* Reconstructed Higgs mass (my,, m,,) in different signal regions to probe the DM signal

— H->bb: different EF¥SS bins, boosted and resolved, 2-b-tagged and 3-b-tagged
— H->yy: different BDT bins
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https://arxiv.org/abs/2108.13391
https://link.springer.com/article/10.1007/JHEP10(2021)013

MOI"\O-H, bb and 144 ATLAS: arXiv:2108.13391

JHEP 10 (2021) 13

* Interpretations
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Combined/summary results: 2HDM+a

ATLAS-CONF-2021-036

(m,,m,) scan, sin@ = 0.35

I Z/h

%l 2000 ‘ I T i —E?iSS+Z(q§),36.1 fo! t A/H//

2 1 JHEP 10 (2018) 180
— - _1 - e
O 1800[fs =13 TeV, 3?_-1_t 15:*2;'0/ oL 2HOMsa DiaoDMY o oy o oo ! Py X
imits at 95% 1 =ET*+ ) t a s
< Bee.. = =14 1 :

C 1600, —oObserved M =10GeV,g =171 1 1 cONF-2021-006 t

g X

>
.h.
@]
0 ;
3
3:
5
)
=
<
ol
ER
>
v
H5 1
o |
R
1

S - - Expected sind = 0.35, tanf =1 7
1400 .|| s Mp = My = My,

-
-"‘

3

—EM=+Z(Il), 139 fb!
ATLAS-CONF-2021-029

Htb, 139 fb™’
JHEP 06 (2021) 145

—h(inv), 139 fb"

Lo b v ey v bvr g bova by

et T ATLAS-CONF-2020-052
AT L
ET™*+h(yy), 139 fb!
B arXiv: 2104.13240
Ze Combination
ET™®+h(bB), ET***+Z(Il)
B T TR Mono-H(bb) and mono-Z(ll) are statistically combined
m, [GeV] Excellent complementarity of different final states

11/28/21 Lailin Xu 10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/

— Best sensitivity is from VBF

Higgs portal

- The SM Higgs as a portal to connect the SM and the Hidden Sector
- Invisible decays of the SM Higgs boson

ATLAS-CONF-2020-052

) VS Int. lumiposity Best fit Observed Expected
Analysis [TeV] [ftb™7] B iy upper limit upper limit | Reference
Run 2 VBF 13 139 0.0015:07 0.13 0.137097 | [42]
Run 2 ttH 13 139 0.0470 30 0.40 0.3670:15 | This document
Run 2 Comb. 13 139 0.0070:08 0.13 0.12+9:9% | This document
Run 1 Comb. 7,8 4.7,20.3 —0.0279-11 0.25 0.277008 | [36]
Run 142 Comb. | 7,8,13  4.7,20.3,139 0.0070 58 0.11 0.1179:03 | This document

Br(Hinv):
obs/exp

CMS: arXiv:2107.13021

ATLAS: arXiv:2111.08372
CMS: ERPJC 81 (2021) 13

ATLAS: arXiv:2109.00925

mono-jet 34% (39%)
mono-Z(ll) 19% (19%)

27 .8% (25.3%)
29% (25%)

VBF H(inv)y 37% (34%)

P

Ordinary a ——— Dark

Matter Matter

Best constraint from VBF Hinv
ATLAS: 13% @ 95% CL

(CMS: 17%)

ATLAS 2020 Combination: 11%

mono-jet: ggF H->inv, V(=>qq)H(inv)
mono-Z(ll): ZH(inv)

For VBF Hinv, see Vukasin’s talk
For mono-Z(ll), see Chuanshun’s talk
For VBF H(inv)y, see Han Cui’s talk

11/28/21 Lailin Xu
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http://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2111.08372
http://dx.doi.org/10.1140/epjc/s10052-020-08739-5
https://arxiv.org/abs/2109.00925
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://indico.ihep.ac.cn/event/14560/session/25/contribution/136
https://indico.ihep.ac.cn/event/14560/session/25/contribution/137
https://indico.ihep.ac.cn/event/14560/session/6/contribution/114

Mono-s(WW)

ATLAS: PRL126 (2021) 121802
cMSs: CMS-PAS-EX0-20-013

- Dark Higgs model: Dark Matter particle acquire mass through their interaction with a
dark Higgs boson

— Model parameters: mediator Z' mass, mg, couplings g,, gy, mixing sin6

ATLAS: s>VV fully hadronic
CMS: s>WW fully leptonic

ATLAS
Vs=13TeV, 139 fo!

Dark Higgs model JHEP 04 (2017) 143
9q=0.25,9,=1,6=0.01, my =200 GeV
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CMS Preliminary 137 b (13 TeV)
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Majorana DM, m = 200 GeV
gq =0.25, gx =1, sin® =0.01
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m— Expected 95% CL
—— +1 std. dev.
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https://cds.cern.ch/record/2776774

Search for Unconventional Signatures
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Unconventional signatures: why?

« No evidence of BSM particles yet from experimental searches, which are mostly based

on “conventional” scenarios

- BSM could still be hiding

— Unexplored phase space
— Unconventional signatures

- Unconventional signatures come from %
— Small couplings = long lifetime g
— Limited phase space <
— Decays via heavy particles :
- Long-lived particles (LLP) exist in many theories

— SUSY: R-parity violating, Compressed, Folded

— Heavy Neutrinos

— Dark Sectors i.e. via Higgs portals, Quirky Little Higgs
— Nature (SM) displays a wide spectrum of lifetimes
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2" £ o
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Long-lived particles

- Experimentally give rise to a diverse set of unusual signatures and unusual
backgrounds

« Typically require
— Customized triggers

— Non-conventional, tailored reconstruction / tagging tools

. stopped
- Many complementary signatures particles

— Direct detection:

Muon
spectrometer

. displaced
- Anomalous energy loss and/or low velocity leptons metajstablo
. : : charged
A disappearing track | certicles
— Indirect detection of displaced decays @i o
- Non-prompt final-state jets, photons, leptons displaced vertex
in association with
MET, jets, ... : :
disappearing
tracks
11/28/21 Lailin Xu 15



Recent LLP search results

« ATLAS
— Disappearing tracks: ATLAS-CONF-2021-015
— Displaced jets: ATLAS-CONF-2021-032

— Associated Z(Il)H(->displaced jets): arXiv:2107.06092
— Stopped LLPs: JHEP 07 (2021) 173

« CMS
— Displaced leptons: arXiv:2110.04809
— Displaced jets: arXiv:2107.04838
— Displaced vertices: arXiv:2104.13474
— Associated Z(Il)H(—>displaced jets): arXiv:2110.13218

11/28/21 Lailin Xu
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-032/
https://arxiv.org/abs/2107.06092
https://link.springer.com/article/10.1007/JHEP07(2021)173
http://arxiv.org/abs/2110.04809
http://arxiv.org/abs/2107.04838
http://arxiv.org/abs/2104.13474
http://arxiv.org/abs/2110.13218

Disappeari ng trackS  amas: atLas-cone-2021-015

- Search for long-lived charginos: small mass splitting Am(7; ;X1)
- ¥ - ¥} + n* from EWK and QCD production

x )(1— is long-lived and leaves hits (tracklets) in the Inner Track
- 7V escapes the detector
- nt is too soft to be reconstructed
- Event selections
ETSS triggers
— Specialized pixel tracklet reconstruction

Signal region Electroweak production  Strong production

Number of electrons and muons 0

Number of pixel tracklets > 1 « Two signal regions to target the EWK and
ERS [GeV] > 200 > 250 QCD production modes

E;;jfg ﬁeftjlif [(Gpg\i] S >21(1)0 5130 » Discriminant: the pixel tracklet p spectrum
Second and third jet pr [GeV] - > 20

AGI— BT > 1.0 > 0.4
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/

Disappearing tracks

ATLAS: ATLAS-CONF-2021-015

- Data-driven background estimates:

— Templates from dedicated control regions

— Normalization using fit to tracklet p; spectrum
« Most stringent limits on pure winos or higgsinos so far
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/

Displaced leptons eMS: arXiv:2110,04809

* Inclusive search for LLPs that decay to e,j in pixel tracker

— =2 isolated leptons, 0.01 <Id; | <10 cm B / /\

. . . . p = - G p S - -

— No constraints on missing energy, jets, etc RS

- Sensitive to several models with non-prompt leptons * G \ G A
— SUSYRPVi-bl,t—>dl,GMSBI - IG ¢

— Exotic Higgs decay: H>SS with S|
- Backgrounds estimated from data in prompt lepton

113-118 fb™' (13 TeV
| | | |

I I I
Data

Background
Background uncertainty

Events

. ; i 13 TeV i— b/, mi= 1500 GeV, cto=1 cm
regions (ABCD) = 10° CMS Simulation U e 107 o
ERN £
T_o i 3\
=10t ssul  SRIV @
- B 10 §
10°F =T
saif  Sspn |10
10? 1
{1 410°
17 %
10 C 4107 flf
1 - s ;
0 i 407 ° T
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http://arxiv.org/abs/2110.04809

Displaced leptons eMS: arXiv:2110,04809

* Interpretations
113-118 fb' (13 TeV)

E‘ 105 B 1 I T T T1T I T TTT T TTT T TTT | T TTT I T TTT I TTTT | T T |: 3 la'
S ., CMS - - Median expected § 10 %
So 10 ? - G (co-NLSP) - Observed ] J0? e
103 95% CL upper limits co-NLSP 510
0 == 1 NLSP - 10
102 — & NLSP 3
— T NLSP _;I ’
10 ]
% E 10_1
1 : :
1 / E 107
10™ -
2 E 10_3
10~ E
4
10_3 11 I L1 11 I L 111 I 1111 | L1 11 | | | I L 111 I | | | 1111 10
100 200 300 400 500 600 700 800 900

m [GeV]

Most sensitive results for s-leptons with ¢ty <0.8 cm

113-118 b (13 TeV)

cms =
H-SS,S— ¢, ¢=e,u

95% CL upper limits

= == Median expected
- Observed

— m,, = 125 GeV, m_= 30 GeV
= my, =125 GeV, m_= 50 GeV

I IIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T T

10 1 10 102 10°
cT, [cm]

Most sensitive results for 0.1 < ¢ty < 1000 cm
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Associated production of LLPs with a Z boson

- Prompt leptons from Z=>1l provide an effective trigger

— Sensitive to events with low-p+ jet

— SM ZH production with H decaying into long-lived scalar particles
e ATLAS: arXiv:2107.06092

— Use “large-radius tracking” to reconstruct displaced vertices (DV)
— Look for 2 DVs in the inner tracker CMS 117 b (13 TeV)

. . L . 2 IEZHHDSS o Z20mM § b
— The DVs are required to be associated with different jets S 1028 B, SS) - 20% :
i 1118(1121 --------------- S—>da,_MS=°55GeV E/Yd .
- gE =mime S — bb, M = 55 GeV and single top
: CMS arXiv:2110.13218 }8(73 — — S — bb, MS=15G:V Other

OOQOOO
N w A O

1
— Use dedicated tagging variables to select displaced jets (N/**) |
1

. . 10 w_pmuul_a;- Py . ° o
- Control samples with <2 DVs are used to estimate the Ty ' if '
1072

background [ UTOIOIUOITY ==

g ) 175 | ' —Backglround prei. -ol—Data | ]

NS =t T

Bl VS, VS, VS, VS, VS, V5, VS, SigS

Ndis>2
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http://arxiv.org/abs/2110.13218

Associated production of LLPs with a Z boson

« Interpretations: limits on Br(H>SS)

arxiv:2110.13218 arXiv:2107.06092

117 fo" (13 TeV) ATLAS assumes Br(S—=>bb) = 100%

EI T T T T TTTT TT IE IE 1 L \ T T m1rrrri I T I l_I
- CMS : 2 E\\\ ™S 1 ]
i o . oy ° ] o) \S s=13TeV, 139 fb ]
- pp — ZH — Z(I'T) H(SS)|S — bb (100%) - 7 i \ ZH H - aa ’
1 © 5 ' .
C ©
Ok 0 n i
9p) B I
@ 107 = E -1
T - - (- 10 - -
T - eSS —_"_ == _ _ _ ; o - \ _ observed ]
5 L 98°% CL - t [ \‘// =il = S5Gel - 2
2| —— Observed limit _ = u \’ —— My = e -
10 E — — Median expected limit E g,_ P mm—----- —_— m: =35 GeV i
[ —— mg=15GeV ] £1 s.d. expected ] o i T ma - ?g gg¥ i
- —— mg =40 GeV [ ] +1s.d. expected . ] A
10°% —— mg = 55 GeV [ ] +1s.d. expected N ©)
:I 1 | I I | | 1 1 | | | | I | F o\o 1 0_2 — I L1 I
1 10 10° 10° s 10° 102 0 1
S proper decay length [mm] Mean proper lifetime ct, [m]
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Stopped LLPs

ATLAS: JHEP 07 (2021) 173

- Search for LLPs which have come to rest within the ATLAS calorimeters and decay at
a later time when no pp collisions occur

- Search strategy: trigger on jets produced in empty bunch crossings(BX)

— A clean environment to identify delayed decays

— 298 hours in 2017, 281 hours in 2018 - 111 fb~! data

Benchmark signal:
SUSY gluino R-hadrons

A\ \ J
A yr
D R Nk
o S8 = M‘S
& A e N

/

palred fllled b c

T

empty bunch crossings

gluinos “
produced
here

paired filled b. c.

‘\ gluino decays

proper decay time

W. Fawcett
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https://link.springer.com/article/10.1007/JHEP07(2021)173
https://indico.fnal.gov/event/44492/contributions/215887/attachments/144011/182929/searchingForSUSY.pdf

Stopped LLPs ATLAS: JHEP 07 (2021) 173

« Non-collision backgrounds: cosmics, beam -+ Interpretations
induced background (BIB)

— Jet pr templates extracted from data control

Exclude gluinos m; < 1.4 TeV, 10 ys < c145 <1 day

regions
g §—>qﬁx~?, Gluino R-Hadron

> 2 I T T T l T T T I T T T I T T T 1 B 1 | 1 § 1 | T 1 1 I 1 1 1 | 1 1 I I 1 I 1 I 1 1 1 I 1 1 1 |

o 10° = ATLAS SRC, Data 2018 (281 hours) ~ —= %, 2400 — —

S Vs=13 TeV, 62.1 fb'* 3 o] - ATLAS N

g Z ¢ Daa . 1o 2200 Vs=13 TeV, 579 hours, All limits at 95% CL —

= %4454 Total Background = - 0 .

2 10 3 Cosmics E E 2000 m(X,) = 100 GeV = Observed Limit =

o - [Jes : C —— Am = 500 GeV o .

- —— m(GE)=(1400, 100) GeV 1800 — e Am = 100 GeV === Exp.limit (£ 1 04) —

------ m(g,)=(1400, 900) GeV - os: £ T -

1 Ereeraeaes = 1600—= 33 S 35

- T | g —— -

107 1200— E

- 1000 =

I 1 || — —

P ; :

_!@ 1 % % % 600 — i _

g 0.5r Zz “ il | | | 0 oedi o | | .
2 o ' : : 2 4 6 8 10 12 14 16 18

g 200 400 600 800 1000 log. (t/[ns])

a) Leading jet P, [GeV] 10
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https://link.springer.com/article/10.1007/JHEP07(2021)173

Summary of LLP searches

ATL-PHYS-PUB-2021-033

New particle lifetimes

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2021 f.ﬁ dt = (18.4—139) fb? Vs=8,13TeV
Model Signature  [£dt[b™] Lifetime limit Reference
R L | | T T T TTTTTTT LA | LA | Trororr
RPVE - puq displaced vtx + muon 136 i lifetime 0.003-6.0 m m(f)=1.4TeV 2003.11956
RPVX? — eev/euv/uuv  displaced lepton pair 32.8 )(2 lifetime 0.003-1.0 m m(g)= 1.6 TeV, m(x})= 1.3 TeV 1907.10037
GGM)(? - 276G displaced dimuon 32.9 )(? lifetime 0.029-18.0 m m(g)=1.1TeV, m(x3)=1.0TeV 1808.03057
GMSB non-pointing or delayedy 20.3 [ x} lifetime . o0s5am SPS8 with A= 200 TeV 1409.5542
GMSB7 - (G displaced lepton 139 | Zlifetime 6-750 mm m(f)= 600 GeV 2011.07812
S GMSB% -G displaced lepton 139 | 7 lifetime 9-270 mm m(?)= 200 GeV 2011.07812
% AMSB pp — xix3.xT X7 disappearing track 136 Xf lifetime 0.06-3.06 m m(x)= 650 GeV ATLAS-CONF-2021-015
AMSB pp — x5x0. ¥ x;  large pivel dE/ox 184 | x¥ lfetime | 13190m m(x;)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 | Siifetime 0.1-519m B(g — 5g)= 0.1, m()= 500 Ge 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)=1.8TeV, m(x})= 100 GeV 1808.04095
Split SUSY displaced vtx + EF"* 32.8 g lifetime 0.03-13.2m m(g)=1.8TeV, m(y{)= 100 GeV 1710.04901
Split SUSY 0(,2-6jets +E¥"‘” 36.1 g lifetime 0.0-2.1m m(g)=1.8TeV, m(x3)=100 GeV | ATLAS-CONF-2018-003
H-ss ID/MS vix, low EMF/trkjets 36.1 | s lifetime 0.12-116m  m(s)=25GeV 1911.12575
VH with H — ss — bbbb 2¢ + 2 displaced vertices 139 | s lifetime 3.6-62mm m(s)=25 GeV 2107.06092
°
:’S_ FRVZ H = 2y4 + X 2 e-, p-jets 203  |[FAiEHE 0-3 mm m(ya)= 400 MeV 1511.05542
al:; FRVZ H — 2y4 + X 2 u-jets 36.1 | ya lifetime 1.5-307 mm m(ya)= 400 MeV 1909.01246
é FRVZ H — 4yq + X 2 p—jets 36.1 | va lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
E H— Z4Z4 displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H- ZZ, 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2m m(Z4)=10 GeV 1811.02542
(200 GeV) > ss low-EMF trk-less jets, MS vix 36.1 | s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
g (600 GeV) - ss low-EMF trk-less jets, MS vtx 36.1 | s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
2 d(1TeV) > ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV| 1902.03094
N— we displaced vix (uu or pe) +u 36.1 | N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
% N— Wt displaced vix (uu or pe) + u 36.1 N Ii{etimeI : 0.64-22 mmI o o o oo I:Hsltiev, LN\/I L 1905.09787
0.1 1 10 100 cT [m]
- Vs=13TeV | 5=13TeV
partial data | full data il L R e
*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100
7 [ns]

Exotic Higgs decay to LLPs with displaced jets

107"

1072

1073

CMS Preliminary

August 2021

Hl T T TTTTIT,

T TTTTIT

11 IIlIII|

T lIIIIII|

T IIIIII':

[N

{ 3 IIIIII':

107" 1

CMS

10 102 10° 10* 10° 10° 10’

CTy [mm]

— Dimuon scouting
B(X—pup)=0.13, mX=40 GeV
EXO-20-014

Displaced leptons
X—ee/up, mx=50 GeV
EXO-18-003

—Z + displaced jets
X—bb, mx=55 GeV
EX0-20-003

— Displaced jets
X—dd, mX=55 GeV
2012.01581

—Hadronic MS
X—>11, mx=55 GeV

2107.04838
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-033/

Summary

- LHC experiments are harvesting exciting new results on searches for Dark
Matter and Unconventional Signatures

- DM
— Conventional signatures exploited:
* mono-X, resonances, H = invisible
— Complementary to non-collider/direct searches
- Unconventional Signatures
— Novel experimental techniques to search for long-lived particles
- Disappearing tracks, displaced jets/leptons/vertices, stopped particles, etc

 No significant excess found and stringent constraints on various BSM
models

* More searches are in progress with full Run 2 data (stay tuned!)
— Looking forward for Run-3 and beyond
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s-channel mediator models

« Model overview i /V/g

q X
— Free parameters:
- The DM mass mpy,
+ The mediator mass M, Ly
- The coupling gpy of a mediator-DM-DM vertex . y

- The coupling g, universal to all mediator-quark-quark vertices
- The coupling g, universal to all mediator-lepton-lepton vertices
— Mediator types:
- Spin-0: scalar, pseudo-scalar
- Spin-1: vector, axial-vector
Rich phenomenology and complementary experimental signatures

— Invisible searches: X+MET final states (mono-X) LHC DM Working Group recommendations:
Phys. Dark Univ. 26 (2020) 100371
Phys. Dark Univ. 27 (2020) 100365
Phys. Dark Univ. 26 (2019) 100377

— Visible searches: resonance
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https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1703.05703

2HDM-+pseudo-scalar

- 2HDM-+pseudo-scalar Dark Matter model (U. Haisch et al JHEP05(2017)138)
— New class of simplified models in a UV-complete, renormalizable and gauge invariant framework

— Pseudo-scalar mediators(a — yy): advantage of avoiding constraints from Direct Detection
experiments

_ , LHC Dark Matter Working Group:
Recommended by the LHC DM Working Group Next-generation spin-0 dark matter models

Phys.Dark Univ. 27 (2020) 100351

* Phenomenology
— Type-ll 2HDM coupling structure

— 14 in total, reduced to 5 with some assumptions: m,, m,4, m,, tanp, sin@
e m, : mass of the pseudoscalar

2HDM
8: mixing between aand A CP-even: h(SM), H
. ’ pseudo-scalar
e m,: mass of the DM particle CP-odd: A = mediator- a

Charged bosons: H*
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https://arxiv.org/abs/1701.07427
https://arxiv.org/abs/1810.09420

Mono-Z(ll)

ATLAS: arXiv:2111.08372

cMs: EPJC 81 (2021) 13

miss ' '
* Moderate E;*> cut with lepton triggers q z x
- Sensitive to various DM models and invisible Higgs
med
q X
S S LA LS AL LA AR AEES RS Axial-vector mediator
O] = ATLAS e Data zz 3
B o'l Vs=13Tev, 1397 WWZ Zujots |
g 10§ SR 72:;':‘;' Other = 0 S — _spo€MS__ 137 fb~ (13 TeV) 10!
g C 1 * Uncertainty _ E - ATLAS . E === Expected 95% CL *Geperment
Lﬁ 103 mx=150 GeV, mmed=900 GeV _E |_;< 500__ E= 13 TeV, 139 fb-1, 95% CL T ._>.< e gb:ZGTZZd125% CL <
E g ”  Axial-vector mediator, Dirac DM A ] € s00} o c
1025— _E 4003_ gq=0.25, g9, =1,Q,=0 /j‘)&c,/ //_f :Q:ijllrjq;:ijg?gsmrac DM g
C ] - === Expected limit (+1 o) R 7 4 I =
- . ~ —— Observed limit o Rl 7] 300_" °©
10 = 300 - - - - Relic density I F ] 1100 S
3 [ - ATLAS36.110" -~ e . [ 17 o
1k _ 2001 8 4 2 §
E , i 3 C i ] O
5 150 T 100f- = Ny 4 100} &
a c ® . ochoo oo = g \ ' ] i o
g 1#«"@0"4‘*‘*‘* 300 st SEEEE O_ A .‘I\I .- :l‘ L
A 05F | | - 0 200 400 600 800 1000 1200 T s 1071
200400 600 800 1000 1200 1400 16001800 200 GeV 600 800 rr1,°°° : Glj\‘l)]o
mT [GeV] mmed [ e ] med
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https://arxiv.org/abs/2111.08372
http://dx.doi.org/10.1140/epjc/s10052-020-08739-5

Z(%”) H(InV) arXiv:2111.08372

-  With full Run-2 data
Br(H = inv) < 19% @ 95% CL for both observed and expected

—_—— CMS Z(Il)Hinv: EPJC 81 (2021) 13

[¥)] T T
2 1000 -
C
o - ATLAS o Data [z . 29% (25% expected) @ 95% CL
L [ Vs=13TeV, 139" MWz Z+jets
800— SR Non-res. — B(H—inv) = 1—]
B ~ Uncertainty i
- — -1
600 - - 0 TP B CMS 137 fb (13 TeV)
| | 3 CcMS —2Z(hh_(inv.) ¢ Data . koo S o . R
| ] = 103 — ADD n=4M =2TeV 1\ Bkg. unc. - | __Expected
2 i I Drell-Yan —_ bkg. only stat
L - o 0-jet category mwz <1 6 __Expected .
400 | @ 102 2z ol | ~  bkg. only stat+syst
- - . vw ! | — Observed
- B 10 [ Nonresonant
200 L | 1 4p95%CL e 7
I 10 :
1072 I
o \ 2 -
. T | T T T I T T T I T T T | T T T I T T T I T T T I T T ] 10_
8 12F - _ N e e/ S ]
s 1 2 |
8 08 | | o | N 8 % 01 02 IO'SIBI(hl '0..4')
— — . — — nv
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 50 750 500 . 800
BDT P [GeV]
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https://arxiv.org/abs/2111.08372
http://dx.doi.org/10.1140/epjc/s10052-020-08739-5

VBF Hy with H=>invisible

- Experimental signatures: two forward jets + y + large EJ"SS
- First search of H=>inv in this final state

- Dominant background: Vy +2j (QCD and EW)
— Various control regions (Wy, Zy, Fake) used in the simultaneous fit

ATLAS: arXiv:2109.00925

« DNN discriminant used to extract the H->inv signal

e o e L e oo T o > R L P L B R A N LR R LA P 3
& 5 ] o - ATLAS Post-fit -@- Data N\ Uncertainty B
> f?zl?é%v,wg fo' Postfit { - Data o 100r 5_13 TeV, 139 fb’! EWZ+y  EStongZ+y
2 | VBF+y B_ search 2\ Uncertainty o SRinB,, EW Wsy [l Strong W+y ]
§ 10 inv = E EW Z+y —  80F \&\ | Ni4%%% 0 y+jet — Observed(ex ect
~ 1 W Strong Z+y ™~ N e jet—y ]
L 1 o Ew Wy % 60 \\\\ ==+ H(B,, =0.37) N d | p
4 I Strong W+y (O] .
10 | vy B \ 1 ed) upper limits:
e 1 Br(H—=>inv) <
. t -1
—poad 37% (34%)
: -=-H(B,, = 0.37) @ 95% CL
...... 0
& 15 ' g ..............
= i NS N © 1 .|
@ 051 : \ ‘ Y : 3 o E
+- -@- Data/Post-fit \\\u certain ty — Pre-/Post-fit 0.5— “®- Data/Bkg \\ Uncertainty — Pre-/Post-fit == 1+Signal/Bkg 3
0 025 06 038 1/0 0.25 06 0.8 1/0 025 06 08 1/0 0.25 0.6 1/0 025 0.6 0.8 DNN Score
Fake-e CR Wev CR W , CR dev cen. CR SR 10 20 30 40 50 60 70 80 90 100 1 10
o , Photon E; [GeV]
See more details in Han Cui’s talk
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https://arxiv.org/abs/2109.00925
https://indico.ihep.ac.cn/event/14560/session/6/contribution/114

Direct detection limits

¢ TranSIation Of the (mDM’ Mmed) I|m|tS tO (mDM’ OS|/SD) I|m|tS
— A vector and scalar mediator lead to a Sl interaction

— A axial-vector and pseudo-scalar mediator induce SD interactions
- Pseudo-scalar interaction has additional velocity-suppression in the non-relativistic limit

Vector Axial-vector
4
= 9qe9pMm\2 (1 TeV Hny \2 2 (1TeV b 2
os1 ~ 6.9 x 1074 cm? . ( F== ( il I SD —42 2 (9¢9DM Pnx
( 0.25 ) Meq (lGeV) 077 =24 %107 cm ( 0.25 ) Mooq (1GeV)
Scalar
2 /19 4 o 2
osr ~ 6.9 x 10~%3 cm? - (gqg%) ( A‘ZGGV) (l’é—exv)
med
Phys. Dark Univ. 27 (2020) 100365
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https://arxiv.org/abs/1603.04156

Direct detection limits: s-channel mediators

Axial-vector mediator

Axial-vector mediator, leptophobic
Spin- dependent

0—37

ik N ' R —Dljet
g ATLAS Preliminary Dijet; JHEP 03 (2020) 145
] o, _38 Dijet TLA; PRL 121 (2018) 081801
CMS Pre||m|nary Moriond 2021 — 10 , March 2021 Dijet+ISR; PLB 795 (2019) 56
;! 2500 | U] U U U [ U (U PR [l U U UL U U i U Ui U -l:/uv 8 Boosted dijet+ISR; PLB 788 (2019) 316
(o) I & ; n b 1 0_39 Boosted di-b+ISR; ATLAS-CONF-2018-052
l' 3
O ; ‘ D = tf resonance
s Exclusion at 95% CL
2 2000 i $ 40 EPJC 78 (2018) 565
%, T Ol =10 — bb resonance
@ 1500 1 - - Expected o JHEP 03 (2020) 145
L —41 1\1 miss
E I ____ Dilepton (137 fb) © 10 NON = ET +X
Q [EX0-19-019] ‘ ET'°+jet; arXiv:2102.10874
T 4o00lLL Dl 6167 0 1042 Er+X ONANCE | ey a0t oszso
e I [arXiv:1911.03947] ET**+V(had); JHEP 10 (2018) 180
{ i ____ Boosted dijet (77 fo) E’T“i“+2(ll); PLB 776 (2017) 318
< = [arXiv:1909.04114] onanc
O -7 Mygg=2xmy, 1073 — XENON1T
I é —Q,h>0.12 - PRL 122 (2019) 141301
] : : - 1044 £l — LUX
05 ~~560"~7000" 150020002500 3000~ 3500 4000 4500 2000 ki e
Mediator mass M, [GeV] 1 0_45 Axial-vector mediator, Dirac DM
gq =0.25, g= 0, gx =1
46 ATLAS limits at 95% CL, direct detection limits at 90% CL
: : 10 1 10 102 10°
Interpretations for other models can be found at:
m, [GeV]
ATL-PHYS-PUB-2021-006 X
CMS link Dominant sensitivities from the LHC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Summary of s-channel results

— Dijet _ . ]

139 fo™; JHEP 03 (2020) 145 Leptophoblc axial-vector mediator
— Dijet TLA 01=0, g4=0.25

29.3 fb™; PRL 121 (2018) 081801

Dijet + ISR

79.8 fb™"; PLB 795 (2019) 56 q q

= Boosted dijet + ISR

36.1fb™"; PLB 788 (2019) 316

— Boosted di-b + ISR

!/
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Summary of s-channel results

0.2

gq =05l g = 0.1, g = 1
All limits at 95% CL
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Direct detection limits

|

eV, March 2021

et

XENON1T MIGD

1

ATL-PHYS-PUB-2021-006

E
E =
E =
- Vector mediator, Dirac DM ]
qu=0.25,gl=0,gx=1 3
- ATLAS limits at 95% CL, direct detection limits at 90% CL ]
N 1 S S A | N " MR A ar | M N PR S B A |
2 3
10 10 10
m, [GeV]

— Dijet : .
Di,-etj; JHEP 03 (2020) 145 Vector mediator, leptophobic

Dijet TLA; PRL 121 (2018) 081801 Spin_independent

Dijet+ISR; PLB 795 (2019) 56
Boosted dijet+ISR; PLB 788 (2019) 316
Boosted di-b+ISR; ATLAS-CONF-2018-052

) Good complementarity:
— tt resonance .
EPJC 78 (2018) 565 LHC low mX

— bb resonance DD: highm,
JHEP 03 (2020) 145
— Emiss b NG
T
ET'*°+jet; arXiv:2102.10874
ET"%+y; arXiv:2011.05259

E1r7_1iss+v(had); JHEP 10 (2018) 180
ET"+Z(ll); PLB 776 (2017) 318

— XENON1T

PRL 121 (2018) 111302

— PandaX

PRL 117 (2016) 121303

— DarkSide-50

PRL 121 (2018) 081307

— XENON1T MIGD

PRL 123 (2019) 241803

Latest PandaX(arXiv:2107.13438) results
not included yet
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https://arxiv.org/abs/2107.13438

H+tb JHEP 06 (2021) 145

- The original analysis was targeted for 2HDM (hMSSM and M%)

* Reinterpreted to 2HDM+a
— Similar event kinematics between 2HDM-Il and 2HDM+a

Additional decay H*—=2>aW* in

— Simple cross-section X branching ratio rescaling IYHDM+a
9900009, - t gm"""""""'"""""""""'5 sinf = 1/v2, M4 = 500 GeV
Y = ATLAS —e— 95% observed CL, N L
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Invisible Higgs

« Contributions to h = invisible in 2HDM+a: For small m,,, Br(a = xx) = 100%
a X
— Form, <2 on-shell: h> aa, a Dyy
2 h=====( h .
— For % < m, < my, 3-body decay: h-> ayy and h> aff . -
[2HDM+a Exclusion contour by imposing
Br(h — invisible) = ToHDMsa 3 M in 2HDM+a Br(H > inv) < 11% @ 95% CL
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Combined/summary results: 2HDM+a
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tan

(m,, tanB) scan, sin@ = 0.35

2HDM4+a, Dirac DM
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Combined/summary results
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Relic density in 2HDM+a

Phys.Dark Univ. 27 (2020) 100351
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Figure 25: Tree-level annihilation diagrams of DM in the 2HDM+a model. Annihilation
into pairs of SM fermions (f), spin-0 states (h, H, A,a) and a spin-0 particle and a EW
gauge boson (HZ and HX*W¥) are possible in the alignment limit.

11/28/21 Lailin Xu


https://arxiv.org/abs/1810.09420

Mono-jet H(invisible) arXiv:2107.13021
- Sensitive to ggF H(—=>inv) and V(qg)H(=2>inv) X
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Direct detection limits: invisible Higgs

- Translate the limit on Br(H—>inv) to oyup.y IN the Effective Field Theory approach
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Unconventional signatures: what?

- Experimental definition: a customized reconstruction is heeded
— Long-lived particles (LLP): proper lifetime range that detectors not designed for
— g=#e: highly ionizing particles

* Disappearing tracks

stopped

particles Muon

spectrometer

displaced

leptons
P (meta-)stable

S
e
~

. . . charged
 Displaced leptons/jets/vertices . particles
* Stopped particles BRSSO BT
displaced vertex
in association with
MET, jets, ... : .
disappearing
tracks
K. Pachal 20
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DiSpIaCed vertices CMS: arXiv:2104.13474

- Targets pairs of LLPs with 0.1 <ct <100 mm, decays into at least two jets, resulting in
a final state with two displaced vertices ; . ;
— Multijet signal model: SUSY RPV long-lived neutralino/gluino
— Dijet signal model: s-top quarks
- Search strategy:

— Select events that contain at least two vertices each with > 5 tracks
— Background template obtained from one-vertex events and validated in two-vertex control regions

— Discriminant: distance between two vertices in the x-y plane (dyy)
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Displaced vertices

CMS: arXiv:2104.13474

* Interpretations

Long-lived neutralino/gluino

Long-lived s-top

_ CMS 140 fb™' (13 TeV)
CMS 140 fb 1 (1 3 TeV) —1 02 — t — dd —— Observed £ 10, _§ 02 :_c:f
7'/ G- tos —— Observed* 10, - L CMS disp. jets ---: Expected + 10, ] ~—
SIRTER CMS disp. jets () ===: Expected*1c ] ~ < 3000 - - %
— 3000 T T ] A = i )
> Q o
o | o ) =10 &
S 10 § & 2500 - o
> 2500 1 2 1 E
T g 1 f
- - 2000 8_
2000 1 8_ 1 %
o
-]
7 1500 o
1500 O o
2 i
4D 1000 107
1000 1075
500
500 2
= 10°2 0.1 1 10 100 10
0.1 1 10 100 CT (mm)
ct (mm)
11/28/21 Lailin Xu 48


http://arxiv.org/abs/2104.13474

- " : ATLAS-CONF-2021-032
DISpIaced JetS g&?zsarXiv:21O7.O4836230

- Search for neutral LLPs decay into SM particles in the muon spectrometer
- ATLAS: look for pairs of displaced multi-trk vertices (DVs) in MS (barrel and endcap)
— Hidden Abelian Higgs Model

- CMS: endcap p detector used as a sampling calorimeter to identify showers produced
by decays of LLPs

— 2HDM with mg=125 GeV

CMS Simulation Supplementary

p /

=°<f
= J
°<_

f

ggF production of a

SM-like Higgs scalar ATLAS: a dedicated algorithm is CMS endcap muon detectors:
used to reconstruct DVs in the MS Interleaved detector planes + yoke steel layers

b
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* Interpretations
— ATLAS: 2D (mg, mg)
— CMS: 1D scan of mg with mg=125 GeV
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Displaced jets

ATLAS: ATLAS-CONF-2021-032
CMS: arXiv:2107.04838

- Main background:

— ATLAS: punch-through jets, non-collision backgrounds
— CMS: SM LLPs through pileup interactions (K})

— Data-driven estimate

Results

— ATLAS: No events observed, expected bkg: 0.35 +0.05
— CMS: 3 events observed, expected bkg: 2.0 + 1.0
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LLPs

« Split-SUSY gluino
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* LHCb is capable to study LLPs down to relatively low ma

Recent LLP searches at LHCb
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