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Long Lived Particles and hidden sector

/,

Displaced
multitrack vertices

- LLPs - Beyond the Standard Model (BSM)
particles with long lifetime

- Decay products far away from collision
point

« Plenty of SM “LLPs” (kaons, b-hadrons,
muon, neutron, pions...) mechanisms
understood

Non pointing

Bl Disappearing or
kmked track \

________
T

« Suppressed decays via small coupling,
heavy virtual particles mediating the
decay or small phase space

Lepton pairs, lepton
jets or displaced
leptons

Trackless,

H‘ EMFjets

Multitrack vertices in the Quasi-stable

muon spectrometer vcharge particle
/ / \ \ i

« Should also occur in BSM extensions

* Non-conventional signatures



Long Lived Particles and hidden sector

- Dark Matter — part of larger hidden/dark sector

Dark

sector

Vector portal — Dark photon, dark Z*
Scalar portal — Dark Higgs, scalar ¢
Pseudo scalar portal — Axion-like particle
(ALP)

Neutrino portal — sterile neutrinos

« Mediators between SM-DM candidates or
candidates themselves

Disappearing or
. kinked track

Displaced

multitrack vertices . b\
Non-pointing
(converted) photons

a
Lepton pairs, lepton
jets or displaced
leptons

Emerging jets

Trackless; low-
\ ' EMFjets

Multitrack vertices in the
muon spectrometer

N\

Quasistable
charged particle

N3



Long Lived Particles and hidden sector

/,

Displaced
multitrack vertices

- Dark Matter — part of larger hidden/dark sector

Dark

sector

Bl Disappearing or
kmked trock \

Vector portal — Dark photon, dark Z’ ]

Non pointing
o (converted) photons
Scalay  Showing latest ATLAS and CMS interesting results in LLPs | I I
Pseud dark sector and sometimes both B
(ALP) Emerging jets

jets or displaced

Neutrino portal — sterile neutrinos leptons

Trackless; low
. EMF jetS )

v

« Mediators between SM-DM candidates or
candidates themselves

Multitrack vertices in the

muon spectrometer v charged portlcle

Quasistable



Long Lived Particles and hidden sector

/,

Displaced
multitrack vertices

- Dark Matter — part of larger hidden/dark sector

Dark

sector

Bl Disappearing or
kmked track \

» Vector portal —» Dark photon, dark Z’ 7~ ?:on':‘f:t.;:r),i hmns
~ Scalar portal — Dark Higgs, scalar gl')* _______________________
Pseudo scalar portal — Axion-like particle 7N I I
(ALP)

Lepton pairs -
. ) ) lepton jets o:*
Neutrino portal — sterile neutrinos displaced leptons

« Mediators between SM-DM candidates or
candidates themselves

Multitrack vertices in the Quas stqb|;*

muon spectrometer vchqrge particle
/ / \ \ ’



Inelastic Dark Matter with displaced muons / &)

e First search for inelastic DM at a hadron
collider!

- 22 DM states (y,, y,)+ dark photon A’
« A =m; —m, smadll = y, LLP

« 1displaced muon pair, large MET,

=3 | EX0-20-010 [I =138 fb-



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-010/index.html

Inelastic Dark Matter with displaced muons /¥

e First search for inelastic DM at a hadron
collider!

- 22 DM states (y,, y,)+ dark photon A’
« A =m; —m, smadll = y, LLP

« 1displaced muon pair, large MET,

« sum of all event momenta at initial
state in xy plane =0

 Detected as missing transverse
momentum (p2iss/ EMiss[MET)

C“% | EXO-20-010 [[ =138 fb"



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-010/index.html

o
Muon reconstruction
* F Dedicated displaced standalone muon reconstruction

(13 TeV)
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Inelastic Dark Matter with displaced muons /¥

« Upper limits set on o(pp = A’ = 1, x))B(x, = xiutu~) as function of m; and interaction strength
y = e2ap(m,/my)* @ 95% Confidence Level (CL)

- €2 - kinematic mixing SM/dark photons and ap — coupling strength to dark sector

CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 fb™ (13 TeV)
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Micro-displaced muons /¥

e
« Search for smuons g with “intermediate” Impact
lifetime O(1-10) ps in Gauge-mediated i L :""’meter
SUSY breaking model (GMSB) >} ~ ’ L
- Signature with / iﬁv X
— 0.6<|dp|<3 mm - Ca _ (o

« Main backgrounds — semileptonic B-
hadron decays bB—'lJ*}l‘ 110 < M- < 200 GeV Mysp- > 200 GeV
- ACBD method — (do*, do~, Mysp-)

|do #| mm

0.6

0.3
0.1

0.10.3 0.6 3 7 0.10.3 0.6 3
|do #+| mm |do #+| mm

@ ATLAS arxiv:2305.02005 [ =139 fb-' 7

EXPERIMENT



https://arxiv.org/abs/2305.02005

Micro-displaced muons /¥

« Search for smuons g with “intermediate”
lifetime O(1-10) ps in Gauge-mediated
SUSY breaking model (GMSB)

 Signhature with 2 non-prompt muons
— 0.6<|dp|<3 mm

« Main backgrounds — semileptonic B-

hadron decays bb— u*u-

- ACBD method — (do*, do-, My.y-)
AN
;;T A A signal region, B, C, D
control regions —
statistically
D B independent

N = NgxNe/Np
Var 1

B YEATLAS arXiv:2305.02005 [ =139 fb-

XPERIMENT

—

|do #| mm

0.6

0.3
0.1

Impact
parameter

110 < Mu+p- < 200 GeV

0.10.3 0.6

|do #+| mm

mp+p- > 200 GeV

0.6

0.3
0.1

0.10.3 0.6 3
|do ¥+| mm
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Micro-displaced muons

« No excess found — on I Mass up
to0 100(520)GeV for lifetimes down to
1(10)ps @ 95% CL

» Fills gap between displaced and
lepton searches
- First reinterpretation of prompt lepton
searches inlong-lived regime in ATLAS

@ ATLAS arxiv:2305.02005 [ =139 fb-'

EXPERIMENT
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LLPs to muon pairs

_H A
. 70 2 ,’/X 2
H----- _."_I—i___ d------ (
D _ N _
7p f \\X<f
f f
T T m— —

 Search for long-lived exotic particles decaying to
- Higgs to dark photons Z, (hidden Abelian Higgs Model)
« Scalar ¢ to LL exotic (simplified model)

=3 > arXiv:2205.08582 |1 = 97.6 fb"
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I-I-n- e e e e S

Muon reconstruction

(13 TeV)
R R I I IR IR IS IS R

L CMS simulation

« 3 categories of muon pair events —

One muon of each type
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N Lxy, doIG(do) and
AD(PrHH, Lyy) —
discriminating variables
against non-prompt/fake
displaced muons

(OIS

T arXiv:2205.08582 [L = 97.6 fb"!
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LLPs to muon pairs f

e l’l’ -
« Search in my, bins = no excess found ) o €
. . H----- RERETREE ®--ooo- 3
« Limits set on B(H— ZpZp) as function of mzp and ¢1zp Ho Yz
and as function of et
f
« Best limits to date for 20 GeV < mzp < 2my and Mgp>my W% = —
. 97.61b (13 TeV) ; 97.6 o' (13 TeV)
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Displaced diphoton/dielectron vertex

H/Z

» GMSB model: 77 = LLP 7 = H(yy) or Z(ee)
« Only calorimeter information
- Displaced and delayed diphoton vertex — use pointing for
reconstruction in (R-z) plane
« Main background — real photons misreconstructed as
displaced/fake photons
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Displaced diphoton/dielectron vertex
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ATLAS arxiv:2304.12885 [ =139 fb-'

EXPERIMENT

- Good agreement between background prediction and data
- Limits as function of m(7%) and z(#!) for various BR to H and Z
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Events / bin
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Events / bin

LLPs out of time trackless jets
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arXiv:2212.06695 [L =138 fb

// 5 ' 4 ﬂ\’

- {
P ‘fc‘f’« ...... P W X)L
p ()?1)] e VGl 2y

P X1
P X

GMSB model = neutralino to HZ, HH, ZZ and
large MET

Combine trackless and delayed (TD) jet
information into Deep Neural Network — TD-
tagged

3xbackground jet rejection while 80% signal
efficiency

Background estimation — extrapolate tagger’s
misidentification probability to signal regions

13
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LLPs out of time trackless jets

138 fb™! (13 TeV)
10°

138 fb™ (13 TeV) c N ' ' - T
@ 107E | ~ i CMS B(y — H G) = 50%; B(y — Z
s . CMS - Ep
o 10° = o
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o .5l —3%— Data obs. ] 10
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- § 107 &
101 | \ =
0 tagS 1 tag =2 tagS C 1 1 1 1 1 1 L 10—1
Number of TD-tagged jets 200 300 400 500 1000
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« No excess — limits in GMSB EWK model

- Best results to date in mass range constrained by my up to 1.8 TeV

=3 > arXiv:2212.06695 |1 =138 fb!

95% CL limits on o(y) (fb)
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Multi-charged particles

 Predicted in many theories

 Drell-Yan or

- Muon-like track going through whole detector
- dEfdx — MCP high ionization signature in sub-

detectors
< Vg7 5T L DL I B
3 H
I ATLAS
S 1
© Vs=13TeV, 139 fb"
X —1
= 10
% ,E 4 h i e e
> 10°
o
£ 10°
- [ Z — w*w simulation
107 ® Z— u'udata
Signal (m=500 GeV, z=2)
10—5 ----- Signal (m=2000 GeV, z=2)
10°°
107

Data/MC
N

ATLAS arxiv:2303.13613

30 40 50 60 70
S(pixel dE/dx)

[L =139 fb!

EXPERIMENT

AN

- LL highly ionizing heavy fermions with |gl=ze (2 <z < 7) : MicP : WP

Muon Drift
Chamber (MDT)
in muon
spectrometer

Hadronic Calorimeter (TileCal)

Electromagnetic Calorimeter (Liquid Argon)
Solenoid Magnet

Transition radiation tracker (TRT)
Pixel .

ATLAS

seampipe 1, EXPERIMENT

See also CMS on Fractionally charged particles EXO-19-006
and ATLAS previous dEfdx search arXiv:2205.06013
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AN

Multi-charged particles

- LL highly ionizing heavy fermions with |gl=ze (2 <z < 7) . N y -
 Predicted in many theories
 Drell-Yan or

- Muon-like track going through whole detector Muon Drift
- dEfdx = MCP high ionization signature in sub-detectors Chamber (MDT)
- Main backgrounds — detector occupancy effects, 5-rays In muon
- ABCD method in [S(MDT dE/dx), S(TRT dE/dx)] plane spectrometer
35 ATLA 's =13 TeV, 139 fb
< e B L L N R B AL LR fu
C ©
0 301 [IData 4005
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& 200 3
15F 250 S
- [}
10 ‘ 200 ¢
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5 — C D — 1 5 o Z Electromagnetic Calorimeter (Liquid Argon)
E A B E Solenoid Magnet
OF - - (100 Transition radiation tracker (TRT) AT LAS
5 = 150 Pixel — EXPERIMENT
_10: | P I P = O

L L v v b b by |
10 -5 0 5 10 15 20 25 30
S(TRT dE/dx)

AT LAS o See also CMS on Fractionally charged particles EXO-19-006
° = -1
g EXPERIMENT arXiv:2303.13613 I L=1391b and ATLAS previous dEfdx search arXiv:2205.06013
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Multi-charged particles

No excess — limits set on production cross section for MCP masses up to 500 GeV and

1060-1600 GeV
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ATL AS . See also CMS on Fractionally charged particles EXO-19-006
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@ EXPERIMENT arXiv:2303.15613 [L 159 b and ATLAS previous dE/dx search arXiv:2205.06013
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Sleptons to 17+ MET
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Sleptons to 17+ MET

CMS 138 b (13 TeV)
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« Good agreement with SM — strongest limits on LH and degenerate production scenarios so
far + limits on LLP 7 mass

CMS |
B = orxiv:2207.02254 |1 =138fb" 19



https://arxiv.org/abs/2207.02254
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Search for dark photonsin rare Zboson decays /Ny

P
« Dark Abelian Higgs model A
* My < ny < my
- 220n-shell A’ - ¢+¢- (e/u) .
« Main backgrounds qq— 4¢ and fakes — i
« Discriminant variable — m,, %’ 10|~ ATLAS Preliminary Backgrounds | §1OO_ATLASPreIiminaryCR E
- SR: veto Z boson, CR: select Z g [ femreTev ol = oners g p femreTev ot :
i 817 signats (my. ey 7o8yst g0 Backgrounds * N
boson candidates s :Eiséigv P 5 Eg’; * ]
- Additional contamination from L ] PF e E
quarkonia Y e B s .
— veto on dilepton mass 2| - 20l -
« Simultaneous fit on average invariant o, : e — ]
MAss riy, = (Mg o, + mf3f4)/ 2 % " : ;i " »gﬂ/i%ﬂ;ﬁ+++,+m,,‘,.w‘_,»,+,+¢+,ﬁ%-
a 0'50_ ' 4_15 A 0'50_ 5 10 15 20 25 30 35 40 45 ;0

m,, [GeV] ms. [GeV]

See adlso ATLAS search for Dark Photons

&I!Tnﬁé ATLAS-CONF-2023-016 [L =139 fb-! in ZH Decay HDBS-2019-13 20



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/
https://arxiv.org/abs/2212.09649

N2 2
Search for dark photons inrare Z boson decays

- Limits on o(pp = Z = A’hg = 4£ +X) for 20 < my, <70 GeV and ape? for 5 < my, < 40 GeV
and 20 <my, <70 GeV

a L No.) 10™ N R IIIIIIII\TL/-{SOII
= ok ATLAS Preliminary J 0 2 [ATLAS Preiminary; ~ BeleObs- o AUAS S
>< 1 E 5 : PRL 114(2015)211801 o hD :

_ - ] s=13TeV, 139 fbo" 1 m, =1GeV my, =30 GeV
& fs=13TeV, 139 fb : jo3E-"e=18Te | mr=3GeV  —m, =40 GeV
< 4 90% CL i e-eem, =5GeV ——m, =50 GeV
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< F 10 A \/ \/"
) 107k if ; |
N 108 || e’ :
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) m,. [GeV] m, [GeV]

Significantly wider ranges than previous experiments!

See adlso ATLAS search for Dark Photons

&I!Tnﬁé ATLAS-CONF-2023-016 [ =139 fb-! in ZH Decay HDBS-2019-13 o



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/
https://arxiv.org/abs/2212.09649

Stealth SUSY

Minimal SUSY model (MSSM) + light hidden/stealth sector — singlet boson §/singlino §

- gravitino G as:LSP —» DM candidate

Events with 2 photons, and low MET

Scan over the (neutralino, gluino/squark) mass 2D plane

Main backgrounds — multijets+diphotons events - 5, = ) |pi| (i=jets, photons, MET...), Njets

l

- > sus-19-001 [L =138 fb"



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-001/index.html

Steal Srinvariance shape

_ CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fo™! (13 TeV)
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« Scan ove - Distribution invariant for high Njets = normalisation factor from Sy
Main bac distribution @ low Njets + corrections via MC simulations

- > sus-19-001 [L =138 fb"



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-001/index.html

Stealth SUSY

Limits set on gluino(squark) mass at 95% CL - ~70% improvement in exclusion contour + most
stringent limits to date

CMS Preliminary 138 fb' (13 TeV), CMS Preliminary 138 b (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-001/index.html

Active Learning reinterpretation

« Mono-H(bb) reinterpretation — dark Higgs model s
+7'+ x

* 22 b-jets + MET

- Active Learning approach — Gaussian Process fits
the upper limit on the signal strength + uncertainty

« Iterative approach — RECAST protocol to
compute exclusion limits with full accuracy

- Computationally inexpensive
* Mg, Mz, My, gy free parameters

« Exclusion contour across whole new physics
parameter space under investigation

E] ATL-PHYS-PUB-2022-045 i =139 fb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-045/

| d | i \7d 7l g g

CMS Preliminary March 2022 .
< 1‘5‘" T T T T - Displaced leptons i
X = q  X—eelun, m =50 GeV i
H— LLPs T | oo
c _
E’ 10 ! = 5 —Dimuon scouting
- - B(X—uu)=0.13, mx=40 GeV
CC) - 1 2112.13769
'E 102 H — Displaced dimuon
= S q  B(X->wy=0.13, m =40 GeV
— - 1 EXO-21-006
[} u _
o 4 % 1073 Ly 3 —Z +displaced jets
—~ ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb Hidden Sector, m, =125 GeV = = q  X-—bb,m,=55GeV
m R B AL S e C 1 511043218
¢ E9: 3 Selected ATLAS results o - ]
C ER— ° imi -4 |- -| —Displaced jets
T [ = 95% CL observed limits &\C; 10 = E e g jots
m - I~ Contributing searches: o - 1 2012.01581
: : Muon System (2 Vix Only), 139 fb™ - -
107 =t N N 2ol arXiv:2203.00587 1075 - _| —Hadronic MS
= D3 Muon System (1 Vix + 2 Vtx), 36 fb™' il viinl vl el il vl el 4] X>TT, M =55 GeV
- R Phys. Rev. D 99 (2019) 052005
- - Calorimeter, 139 fb" 10" 1 10 10? 10° 10* 10° 10° 107 'O7%%%
= H | arXiv:2203.01009
: : Tracker+Muon System, 36 fb ™' CTy [mm]
1072 Bl N L CR— Phys. Rev. D 101 (2020) 052013
S I3 Tracker (LRT), 139 fb™' o
- o o] JHEP 11 (2021220 CMS Preliminary March 2022
— cE) _% ] ° Iggﬁlﬁ%r(gg;t;%gss fb ;<\ 1 T T Ty I eolaced leptons
o 2| Monojet, 139 fb™" x - 4 X—eelun, m =30 GeV
1078 e NN e ATL-PHYS-PUB-2021-020 i = -] 2110.04809
= : 3 m H-—inv, 7-8-13 TeV combination < 1 0—1 | _ . .
-o: : I ATLAS-CONF-2020-052 Q E 5 —Dimuon scouting
- o = q  B(X—>uw=0.24, m =2 GeV
B é é ] LLP masses: 8 - 7 2112.13769
: N = -2 . .
: : = == = —Displaced d
104 - Gl .......|4. v vl vl vl vl |3 .5-8 GeV . 15-20 GeV 2535 GeV g 10 = E B(I)S(iiu)e=0.1T,]i0220 Gev
10° 10* 10° 102 10" 1 10 10° 10 = - 31 exooroos "
oo ] | 40 GeV [ 4s-60Gev JJany o - N
[m] g 103k - —Z + displaced jets
=] - =  X—bb, m =15 GeV
— o 3 2110.18218
CMS (’3 1074 - - — Displaced jets
f(\) = J  X—dd, m=15GeV
o - 1 201201581
EXPERIMENT 10—5=__ -| =—Hadronic MS
Bl vvd vl vvvd vl il v vl el X2TE, M7 GeV

@ 107" 1 10 10% 10° 10* 10° 10° 107 2'97%%% 25
ct, [mm]




Dark photons, dark Higgs

ATLAS Preliminary {s=8-13 TeV, 20.3-139 fb™ July 2022
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Overview of CMS long-lived particle searches

Current status @ ATLAS and CMS

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

Status: March 2023 f.C dt = (32.8 - 139) fb! Vs=13TeV CMS Preliminary March 2023
Model Signature  [Ldt [fb” Lifetime limit Reference UDD, Gths, m g 2104.13474 (ets with displaced vertices) | NOI0006 =003 1o ft
T T T UDD, §+tbs, m; = 2500 GeV' § 2012.01581 (Displaced jets) [ OI005 =1 1327070
RPVE - uq displaced vix + muon 136 |  lfetime 0.003-6.0m m(E)=14TeV 2003.11956 UDD, £+, mi = 1600 GeV i 2104.13474 (Jets with displaced vertices) [ NOI00035 =008 140 b7
. £, mi i 201201581 (Displaced jets) [ OO T2 200
RPV i — eev/euv/uuv  displaced lepton pair  32.8 x‘l' lifetime 0.003-1.0m m(g)=1.6TeV, m(i})= 1.3 TeV 1907.10037 UDD’.' dd, mi = 1600 Gev r (Oisplaced fets) 32 -1
i
RPV i - qqq displaced vix + jets 139 )2‘,’ lifetime 0.00135-9.0 m m(i])=1.0TeV 2301.13866 t 118 b~
- -0 3 2012.01581 (Displaced jets) [N 0005=024 132"
GGM i — ZG displaced dimuon 329 |k, lifetime 0.029-18.0 m m(&)=1.1TeV, m(i})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 X"} lifetime 0.24-24m 73, G)= 60,20 GeV, By=2% 2209.01029 g 2012.01581 (Displaced jets) 0.006-0.55 m 1327
L displaced | N _ g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~?
| oMsBIo G isplaced lepton 138 | Ziifetime 6750 mm m(#)= 600 GeV 2011.07812 p 201201581 (Displaced jets) ™ 1321
g GMSB 7 - G displaced lepton 139 | #lifetime 9-270 mm m(7)=200 GeV. 2011.07812 Split SUSY, §=qdx?, mg g 1802.02110 (Jets + MET) <lm 367
@ o e Split SUSY (HSCP), f5 = 0.1, m; = 1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) SO0 {13 o
AMSB pp - 170, 7/ F;  disappearingtrack 136 | ¥ lfetime 0.06-3.06m m(7})= 650 GeV 2201.02472 MGMSB (HSCP) tan = 10, >0 , m; = 247 GeV. z CMS-PAS-EX0-16-036 (dE/dx + TOF) S75m {1307
AMSB pp — Pif). ¥ i7 large pixel dE/dx 139 )2: lifetime 0.3-30.0m m(i;)= 600 GeV 2205.06013 (s} Stopped £, £-tx{, m; =700 Gev t 1801.00359 (Delayed jet) B0=15e+13m {39 b
~ - ~ & Stopped g, g-qdxi, fig = 0.1, m; = 1300 Gev g 1801.00359 (Delayed jet) 50=3e+13m (39 ot
Stealth SUSY 2 MS vertices 361 | §iifetime 0.1-519m B(g - 58)=04, m(8)=500Gev|  1811.07370 % Stopped g, G-q@aliund). fy = 0.1, m; =040 Gev § 1801.00359 (Delayed ) e
Split SUSY large pixel dE/dx 139 | g lifetime >045m m(g)=1.8TeV, m(72)= 100 GeV. 2205.06013 g AMSB, x = xfn*, my GeV x* 2004.05153 (Disappearing track) 07-30m 140 fb~*
X ~ N -~ @ G-qqx) orq, 447X +xXIn*, m;=1600GeV,myg = 1575GeV 1909.03460 (Disappearing tracks + jets with Mr) 011-10m 137670
Split SUSY displaced vix + EJ' 328 | glifetime 0.03-13.2m m(g)=1.8TeV, m(i?)= 100 GeV. 1710.04901 Gmaxd or g'xit, Xi* XIn*, Mg =2000 GeV, myp=1000 GeV  y 1909.03460 (Disappearing tracks + jets with My,) 026-2m 137 fo?
Split SUSY 06,2-6jets +EP™ 361 | Elifetime 0.021m m(g)=1.8TeV, m(¥?)= 100 GeV | ATLAS-CONF-2018-003 Etx] or by, xif =X *, mi=1100 GeV, myy =1000 GeV  y* 1909.03460 (Disappearing tracks + jets with Mrz) 025-9m 137 fb!
GMSB, X§-HG(50%)/ZG(50%), mys = 600 GeV © 2212.06695 (Trackless jets + MET) 0.04-12m FECE
Hoss 2 MS vertices 139 | s lifetime 0.31-72.4m m(s)= 35 GeV 2203.00587 GMSB, X{-HG(50%)1Z6(50%) myg = 300 GeV © 221206695 (Trackless jets + MET) 0.05-24 m 138"
GMSB SPSB, x9-+YG, mys = 400 GeV X 1909.06166 (Delayed y(y) 02-6m 777t
o | Hoss 2low-EMF trackless jets 139 | s ifetime (iOECEm m(s)=35 GeV 2203.01009 GMSB, co-NLSP, I=IG, mj= 270 Gev i 211004809 (Displaced leptons) 56:05-2.65m 11807t
R VHwith H o> s bbb 20+ 2displ.vertices 139 | s lfetime 4-85mm m(s)=35Gev 2107.06092
I HAZ525(0.1%), Zopit, my = 125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e.05-5m 98fb°"
gc: FRVZH — 2yq + X 2 p—jets 139 | ya lifetime, 0.654-939 mm m(ya)= 400 MeV 2206.12181 o | HoZoZo(0.1%), Zo~up(15.7%), my =125 GeV, mc=5GeV  x [2112.13769 (Displaced dimuon using scouting) 0.0001-0.25 m 101 b~
& FRVZH- 4y +X 2 p-jets, 139 | yalifetime 2.7-534 mm miyq)= 400 MeV 2206.12181 2 HoXX(10%), Xoee, my =125 GeV, my =20 Gev X 14116977 (Displaced dielectron) 0.00012-25 m 20 fb* (8 TeV)
S s H-XX(0.03%), X~/l, my = 125 GeV, my = 30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118!
T | Ho 242y displaced dimuon 329 [ Zg lifetime 0.009-24.0m m(Zg)= 40 GeV. 1808.03057 F  HoXX(10%), X~bB, my =125 GeV, my = 40 GeV. x 2012.01581 (Displaced jets) 0.001-053m 1321
0 o ; i B .
Ho 22, 2 e, + low-EMF trackless jet36.1 | Zq lifetime 021-52m m(Zs)= 10 GeV 1811.02542 B HoXX(10%), X-bb, my =125 GeV, my = 40 GeV X 2110.13218 (Displaced jets +Z) 0.004-0248 m u7 ot
.%’ H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV' X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137 b
(200GeV) > ss  low-EMF tricless jets, MS vix36.1 | s lifetime 0.41515m % B=1pb, m(s)= 50 GeV 1902.03094 H-XX(10%), X7, my =125 GeV, my =7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23m 13707
5 dark QCD, my,, =5 GeV, my,, =1200 GeV Xo 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16!
W ©(600GeV) > ss  low-EMF trkcless jets, MS vix36.1 | s lifetime 0.04-21.5m & xB=1pb, m(s)= 50 GeV 1902.03094 L L L s s
% 107 1075 103 101 10! 10°
O(1TeV) 5 low-EMF tricless jets, MS vix36.1 | s lifetime 0.06-52.4m @ x B=1pb, m(s)= 150 GeV| 1902.03094 criml
W o NEN — 0y displaced vix Guupe, ee) + 1 139 | N ffotime 0742 mm (N) 6 Gov, Diras 220811988 Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
W — NE,N -ty displaced vix (uuue, ee) +u 139 | N lifetime 3.1-33mm m(N)= 6 GeV, Majorana 2204.11988
=
S | W NGNo ity displaced vix e, ce) + e 139 | N ifotinie 0.49-81 mm m(N)=6 GeV, Dirac 2204.11988
W N(,N = v displaced vix (uu e, ee) + e 139 | N lifeliime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988 u O3SSORTEN 191103761 (2 3) 180
1 1 1 1 1Tev “ 02192 TeV 2103.02708 (2e, 24} 140 b1
- 05=287eV!1911.03347 (2)) 137 fb~*
0.001 0.01 0.1 1 10 100 u <LISTeV2107.13021 (= 1)+ F) 101 ot
ct [m] (oialvecor mecito 1,9, 0.1, 00 19101 > a2 u 0245478V 210302708 (20,201 140702
‘scalar mediator (+4/tf), g = 1, gow = 1,m, =1 GeV/ » <0297TeV 190101553 (0, 11 + = 2§ +p§"™) 36fo
Vs=13TeV ) ) ) ) ) ) sclar medator €, 3, 1.5 2 " WOS=0ATeV 210710652 (0,10 + 221 +pF) 137701
full data u SLSTEN2107.13021 (2 1)+ B) 101 fb*
0.001 0.01 0.1 1 10 100 3 o <047TeV2107.13071 (= 1+ pF™) 101 o
*Only a selection of the available lifetime limits is shown. ¥+ . - H u <03TaV1901.01553 (0, 10+ 2 2] + pF) 360!
T [ns] H » O05=042 76V 2107.10892 (0, 1 + =2+ p) 137 fo!
a M <154 7TeV1810.10069 (4]) 16 b1
M “16TeV1908.01713 (h + pF™) 36fb
M LS=5ATEV2112.11125 (2] + p7=) 138 fb~!
M D5=3TEV|1908.01713 (h + p§) 367"
Axial-vector med. (Dirac DM) - 2j - 139 | iimed 3.8TeV 1, my ATL-PHYS-PUB-2022-036 W D3=06TEV/1811.10151 (1 + 1) + pi™) " 77t
= Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mined. 376 GeV 1, m(y)=1 GeV/ 2102.10874 " OS2 TEW|CMS-PAS-EX0-21-007 (pp + YY) 103 o~
9 Vector med. Z’-2HDM (Dirac DM) 0 e, 26 Yes 139 |ma 3.0TeV. 8, m(x)=100 GeV 210813391 u 03008 TeV] CHS PAS £X0.20010 (2 splaced -+ pf*) 1377671
Pseudo-scalar med. 2HDM+a__ multi-channel 139 |ma 800 GeV ~m(x)=10 GeV ATLAS-CONF-2021-036 u MR CHS P4 £X0-20.010 (2 dicplaced .+ 13767
etatev| [EEEEEE | i i dar Higgs modl 4, =025, gou =1.0=0.0L m, =200 GaV, me =T00GeY 1 060352 TeV CUS PAS EXO21-012 (14 21+ B, 2.+ ), 137f
sl';l I data - _1 1 1 0 .001 0.010 0.100 1.000 10.000
partial full data 10 Mass scale [TeV] Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). Mass Scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J)

ATLAS

EXPERIMENT

« Spanning over large energy scale/lifetime

e Let’'s see Run 3 = HL-LHC — FCC.

* Novel techniques exploited — pushed boundaries even further y

CMS

Compact Muon Solencid
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https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v12.svg
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v6.svg
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/fig_02.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/fig_01.pdf







ATLAS and CMS detectors
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Looking for DM in all directions

Production @ colliders

Direct detection

Indirect detection
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Scalar/pseudoscalar mediator

SM DM SM

Jl/™ ™S
Bsv ™ 37a \&x Bsm

SM DM SM

SM

Esm

SM
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Missing transverse momentum

- Events with only non-interactive particles in final state = cannot
e detected
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Missing transverse momentum

- Events with only non-interactive particles in final state = cannot
e detected

- Rely on visible objects from initial state radiation or associated
production to detect invisible particles

Vigible
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Missing transverse momentum

Events with only non-interactive particles in final state = cannot be

detected
Rely on visible objects from initial state radiation or associated production

to detect invisible particles
sum of all event momenta in transverse plane =0

Detected as missing VIQIb(Q
transverse momentum

(p%niss/E%niss/M ET)
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Theoretical framework

Simpler models More complex/complete models
e Generic searches e More sensitive to specific models
e Few model assumptions e More reliant on model assumptions

Effective field theories Simplified models Complete theories (e.g. SUSY)
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Heavy neutral leptons to jets and leptons

Event trigger
Stringent selection

Looser
requirements

Identified via NN with ~330k parameters
— jets features + constituent particles
— tagger score for resolved Pq(j*) or
boosted regime Pi(j*) (I=h=e, u)

Limits on Dirac(Majorana) HNL production xsec as
— best

limits for [VnI2>5(4)x10-7 for my=10 GeV @ 95% CL

function of my and |Vi|2 + limits on

CMS !

Close to I»

EX0-21-013 [L =138 fb-!

 Dirac or

HNL coupling to e/p/t for 2 <

my< 20 GeV

+ 1 displaced leptons (e/p) + 21

displaced jet j* t = e/p only

* SRs with opposite- or

-sign leptons

(0S,SS), Boosted or resolved j*, Prompt-like (1),
displaced (2), very displaced I, (3)

- Main background — Z[y*+jets = CR with m;>80

GeV

« ABCD method in (Pq,(j*),muj+) plane

IVonl?

1veN:qu:vTN=1:o:o 138fb1 (13 TeV)
T L B L L

T T T T
CMS Preliminary = = CMS, displaced, 3|
_4 [ Dirac HNL production JHEP 07 (2022) 081
10 95% CL upper limits
—— Observed
o - - - . Expected (median)
10 I Expected (68% quantile)
Expected (95% quantile) N
107
107
107°
107°
1077

CMS Preliminary 138 fb™! (13 TeV)

08 LI A L N N L N A N N B AN B B — |

—e— Data
Il Background
Unc.

boosted
my = 4.5 GeV, ct, = 100 mm

my =10 GeV, cty =1 mm

0os SS

di<3 3<d}’<10 d}>10

sig sig sig.
d,<3 3<d, /<10 d, >10
. i )

o 3F 3

B oF E

C\U 154~ —4 1 -L+| " g

T 3 e T R EE
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CMS Preliminary 138 fb' (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/

Normalized entries / 50 mm

Non-pointing and delayed photons

« SM Higgs production (ZH, WH, ttH) with exotic decay —

epton trigger from W, Z, t

- Higgs to Long-Lived Next to Lightest SUSY particle (NLSP) —

+ LSP as MET

« Main backgrounds — prompt photons (modelled with
Z — eey) and fake photons (modelled with MET<30GeV)

T HHHW T HHHW

TT TUUW

—e— Real-enhanced template
—+— Fake-enhanced template

ATLAS

TNLSP'LSP'T Vs=13 TeV, 139 b

mNLSP'mLSP'T

mNLSF"mLSP’T
NLSP’ LSP’

60,0.5.2)
60,30 2?

60,0.5,10) «®
60,50,2) " an

| |

10-5‘”\\\\”””\\\\ L
=2000 -1500 -1000 -500 0 500

PR IR R
1000 1500 2000
Photon pointing [mm]

Categorize events with
pointing — |AZ,|

ATLAS arxiv:2209.01029

8 F —e— Real-enhanced template
§ ] I —+— Fake-enhanced t%rgl%lagez ) ATLAS ,
a S m __.m 1) =(60,0. Vs=13 TeV, 139 fo
Y R mmtgg,mtgg,r = 60,3052?
o Feo-- M Sr M g™ = 60,0.5,10)
= mNLSP'mLSP’T = (60,50,2) -
5 1o sk
107 1
3 E *
N C nt
s = "
£ -
510°E .
z E a i
r .
10°
= e i -
= 1 "
10 L AL e
E 'f#* ; 4
= | * +i
107 }\Hi}i&”!u ! \ H\H‘+‘ |
-3 -2 -1 0 1 2 3

Fit background timing distribution in

Photon timing [ns]

each category to data

[L =139 fb-!

EXPERIMENT

<

2nd |ayer EM
Ist layer EM

. ' Beam
2o 1Az, >Zr
S
()
S
&
1S

Limits on BR(H—NLSP
NLSP) as function of

MNsLp, Msp, 7
— BRdown to 1%

o

0.3

10

T [ns]

10?

10
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https://arxiv.org/abs/2209.01029
https://arxiv.org/abs/2209.01029

Prompt low-mass dimuon resonances f\‘ "
Y

- Search for narrow resonance to dimuon in mass range my, €[1.1-2.6] P X’
GeV and [4.2-7.9] GeV (Veto Y and J/LIJ) i_(103 CMS Preliminary  61.3 " (13 TeV)

» divided in inclusive and boosted selection

Signal + Background Fit
Background Only Fit
Data (2018)

Events / 0.003 GeV

» Since 2015 CMS collects events with 22 muons via loose-selection,
high-rate trigger, = DiMuon Scouting stream

- Data driven BDT — trained on Y, J/w

- Background modelled on Bernstein polynomials + D—KK(Kr)

misreconstructed as dimuon — estimated by fit in control region g
* No excess except in hlgh_pT region CMS Preliminary 96.6 fb" (13 TeV)
with 3.20 (compatible with LHCb result £ | _ obsomved _—
@ 2.42 GeV with 310 JHEP10 (2020)156) 5 'F e . MR L L1
3 L []x20 % F
- Model independent limits on oxBxAcc for L1 ol
o F E
inclusive and high-pr dimuon selection P w ;
>T<10 2| 1072: Type IV 2HDM+St mo_c:)eé
- Exploited to constrain dark photon and g f e e
2HDM+S scenarios 109 ‘ L 2 = A 5 7
2 3 4 5 6m [7cae3] ma [GeV]
s, | -
= | EXO-21-005 L = 96.6 fb"' s



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html
https://link.springer.com/article/10.1007/JHEP10(2020)156

Displaced jets

« Search for LLPs in EWK and Strong R-parity
violating (RPV) models — lifetime up to
©(10) ns

 Events with massive multitrack displaced
vertex and

- Large-radius vs standard tracking

 Trackless jet SR and high-prjet SR

° ) o lv : N
« Backgrounds — hadronic interactions, I )
merged vertices, ‘ é i ] . (%/

- Inclusive data-driven technique + ¢ N e ) e
alternative DD estimation for each bkg
source

ATLAS arxiv:2301.13866 [! =139 fb-

EXPERIMENT



https://arxiv.org/abs/2301.13866

Displaced jets

Strong RPV: m(g) = 1.8 TeV, m(%) = 200 GeV, t = 0.1 ns EWK RPV: m() = 700 GeV, t= 0.1 ns

— 102 10 < 10° 10
= g = g
£ © £ S
o ° 1 @ 1 o
* No event in the trackless jet E £
z z
SR, 1event observed in the 10 10
° 7 10 ] 107
high-pr SR, 1 ATLAS : . ATLAS 1
9 2 Vs=13TeV, 139fb" | s Vs=13TeV,139f0" |
. . e , High-p_jet selection s , Trackless jet selection |
« Limits set on m(7!) up to 1.58 R o S5 _
1 2 3 456 10 20 30 2 3 456 10 20 30
— o ° DV DV
TeV for 1=0.1 ns and visible Mrcks Mrcks
xsec for Strong(EWK) mOdeI 006 Al imits at 65% CL Ewk APV 7 (LF),2° (= 500) 108 E‘Ie‘ctr‘ov‘velak‘F‘{P‘\/,‘p;I)T))‘??‘)ﬁ‘,)Ih‘—iq(‘;q‘ e
S‘ :‘\ T o T IR T “““‘\: é
Up tO 0.03(0.02)fb 8 1800 ATLAS - Obs. limit (1 0{?;5;)_— c ég}é?‘ev 139 fb! Solid: observed
- - Vs=13TeV,L=139fp" === Exp.limit (+106) ] 0 , Varied: expected + 10
£ 1600 3 ‘8 108 (1) = 10 ns
« Sensitivity to EWK RPV SUSY 1400 E 2 A
1200 = © 4ot g 1(q) = 0.01 ns
models demonstrated for o ] G —— Prediction + 10
10001 3
the first time aoof- - 1o
600 -
hre: pye 19900 1000 1100 1200 1300 1400 1500 1600 1700
t [ns] . m(x+) [GeV]

B % ATLAS arxiv:2301.13866 |1 =139 fb- §

EXPERIMENT


https://arxiv.org/abs/2301.13866

m,. [GeV]

2000 B T I‘I I T T I I T T T T I T T T T I T I_

B ' ATLAS ]
1800 N\ ... (=13 TeV, 139 fo!
1600 s . All limits at 95% CL =

E R N . - - - Expected E
1400 f\‘ - £ 104, —
1200 :_ — Observed _:

L — DMt+DMtt SR,
1000~ — DMt+DMtt SR, —]

u — DMt+DMit SR, ]

8001 DMt+DMtt SR,
- 2HDM+a, Dirac DM 3

600 m,=10GeV,g =1,tanp=1  —]
- sin9=1/@,m‘=mH=mA B

400_ ||||||||H|||||||_

100 400 500 600
m, [GeV]
ATLAS arXiv:2211.13138
@ EXPERIMENT qu|V:22l“.05426

Dark matter searches with top quarks

tW+MET in 2HDM+a model

- With 0/1/” leptons in the final state

« Combining searches and signals - 2HDM+a «

simplified model reinterpretation

« Main backgrounds — tt W/Z+jets, tiZ

« Discriminant variable depending on signature:

my, BDT,

« Limits on 6/0tmeory as function of free

para meters
Analysis Best fit Observed Expected
By inv upper limit  upper limit
0.27 0.23
ttOL 0.487 )% 0.95 0.5275 7%
0.35 0.40
tt1L —0.047555 0.74 0.80" )%
0.20 0.18
tt2L ~0.08%)7o 0.36 0.40%5 15
ttH comb. | 0.087012 0.38 0.30*0:053

H—inv. interpretation

[L =139 fb-

tt+MET in Simplified model

3x107!
2x107"

10—1 L

T
- Tt ATLAS ]
= L
ECEECNTTY Vs=13 TeV, 139 fo |
F  Z==== combination All limits at 95% CL E
[ mmmm- expected limits Scalar ¢, d—xx ]
- observed limits 9,=9.=1
© DM+t and DM+t Dirac DM, m, =1 GeV /. /7
‘ Il Il Il Il Il ‘
8 910 20 30 40 50 10? 10?
m(¢) [GeV]

See also ATLAS HIGG-2021-05 and CMS HIG-21-007
for latest H—inv combination results
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https://arxiv.org/abs/2211.13138
https://arxiv.org/abs/2211.05426
https://arxiv.org/abs/2301.10731
https://arxiv.org/abs/2301.10731
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html

Dark matter searches in W*W-+MET

« spin-1vector mediator Z’ to Dark Higgs s —
WW — ¢v(tv or qq)+ MET (ms, mz, my free
parameters)

« Discriminant variables

Z min , miss

« Di P Y
Dilepton: m> 1

. : BDT based on 13 variables
with best signal/background separation
power

* SR binning optimized for 2016 and
2017-2018 data-taking

« Dominating backgrounds — and Drell-
Yan for dilepton, W+jets for semilepton,
for both — dedicated CRs

CMS !

Compac

EX0-21-012 [L =137 fb-!

vlq

Preliminary

CMS Preliminary

101.2 0" (13 TeV)

£ WWELo T T —T—————— £ 10 —
e = [l Other background I Drell-Yan he] o I Higgs
; 10° I Higgs [ Non-prompt = 108 I Drell-Yan
T E ww tW and tt E £ 10 tW and tt
|_?>j 10° ;l:] m, = 160, m, = 100, m,, = 500 Total uncertainty f
E 1.0< AR <15 3 2
10°E E g
IS —— L

——————
VV + Vy + VWV
[ Non-prompt

See also ATLAS results in arXiv:2211.07175

e e B
e e 3
e S 1 i
E E 08 TJ_;\\?
© 3 E © O E E
o E E a E =
0 5 10 15 | 20 -1 05 0 05 1
: i P o
bin number (mII -mtT ) BDT discriminator
E—
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html
https://arxiv.org/abs/2211.07175

Dark matter searches in W*W-+MET

CMS Preliminary 137 b (13 TeV)
S 400 e Higgs, Z' — DM +s (WW)| - 2
) - Majorana DM, m_ =200 GeV N 2
) - 6=001,g =0.25,g =1 ) ~g
. . . Ew 350 __ — Expected 95% CL — 10
« Limits set on DM production cross - —— Observed s6% 0L =
section 300 o012 i
+ Wider DM mass range 100 — 300 osol 1
GeV + limits on mz +most - -
stringent limits @mpu=200 GeV 200 | |
- .
on ms and myz -

500 1000 1500 2000 2500
m,. [GeV]

@ CMS EX0-21-012 [L =137 fb- See also ATLAS results in arXiv:2211.07175



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html
https://arxiv.org/abs/2211.07175

ALPs in the ATLAS Forward Spectrometer

_Photon

ATLAS detector

Scattered
proton 4 — -

Scattered
- —» proton

S
Proton beam

A side

Photon

€ —

210 m

 Diphoton resonance search in light-by-
light scattering in pp collisions — 150 < my,
<1600 GeV

@ ATLAS arxiv:2304.10953 [ =14.6 fb-

EXPERIMENT

Prot 1b
roton beam CS|de

p p p pt P p*
Y ¥ Y
v g {:: aw {:: Y fl,gg;i
Y Y Y
Y Y Y
p P P p p p*

Single Double
Exclusive dissociative dissociative
(sb) (DD)

« Main discriminant — Fractional energy loss
§AFP - (1 _ Escattered/ Ebeam)calibrated of forward prOton
matching with ¢, inferred from photon pair +
in both A and C sides
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https://arxiv.org/abs/2304.10953

ALPs in the ATLAS Forward Spectrometer

I;0.2 ||’"'|\‘\I|||I|||I|||I|||||||I||l//|/«_
_Photon W L\ ATLAS ]
- s ' ] LA N (s=13TeV, 146 o ]
ATLAS detector O10°E ATLAf = 0.16 SN ) A-side'match
Scattered : Scattered & [ E=13T:|;/6;4_'61f?1 3 ‘ . C-side match 3
proton €— - r 4 - — P proton PR T 4 P 3
3 -G -* - s F 3 0.12f |
. Proton beam Proton beam . o .r 7 i
Aside — * Cside i3 E
E ¢ Data B
107" = —— Background-only fit E 0.08
Photon 3 5
F ? * E
« 210 m —» e % 4 + . E 0.04F
F egetetty 4Lt : -
SRR I E : .
o . ) 0200 400 600 800 1000 1200 7400 _ 1600 . L DL it
« Upper limits on ALP coupling constant in M (5eV] b o0t 008 0f2 0f6 02
Y
[0.04-0.09] TeV-' range @ 95% CL for

- ATLAS
[s=13TeV,14.6 " |
—— Observed CL; limit

HB(a — yy) =100 %

...... Expected CL; limit

[ Expected = 10
[ ] Expected=20

pling constant f' [TeV™|

Cou

107"k

I 1 1 1 I 1 1
200 400

1 1 1 I I I
600

1 1 1 1 1 1 1 1 1 1 I 1 1
800 1000 1200 1400
m, [GeV]

. . _ . Also performed by CMS Phys. Rev. Lett. 129 (2021) 011801
=] ATLAS arxiv:2304.10953 [ =146 fb- for 900<m; <1800 GeV @ 9.4 fb-" 46



https://arxiv.org/abs/2304.10953
https://doi.org/10.1103/PhysRevLett.129.011801

