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The Dark/Hidden Sector

« What if new physics, such as Dark Matter (DM), exists in a hidden sector, composed of particles
which don’t undergo SM gauge interactions?
w Coupling to SM encoded in a mixing term in the Lagrangian
w May communicate with the SM via mediators, which could be DM candidates OR provide ‘portals’ to them

1608.08632

‘ €
Standard [ CTTTTTTTTCC Hidden sector - 7 o050 B, F'™™  vector portal - vectorA'->darkZ,darky
08 Uy
uma £ oy ¢ A = . . :
SU(3) XSU2) X U(T) QCD-like SU(3)a? yoLHN , neutrino portal> fermion, N > sterile neutrino
o %F""‘"F,Z,, L P F axion portal. - pseudo-scalar, a-> axion

== Limited ways in which the hidden sector and SM can communicate, many leading to
unconventional signatures at the LHC
w Focus on such signatures in this talk, though many other DM searches out there (e.g. MET+X, SUSY...)
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The ATLAS Detector

=+ General purpose, hermetic
detector

= |nner detector (ID),
electromagnetic & hadronic
calorimeters (ECAL & HCAL),
muon spectrometers (MS)  2m

- Two-level trigger system {0 \‘ : ) Tile calorimeters
(hardware & software) to record " | O\ forword calormators
data at 1 kHz (from 40 MHz
bunch crossing rate) Muon chambers  Solenoid magnet

Semiconductor fracker

LAr electromagnetic calorimeters

Transition radiation tracker
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Unconventional Signatures

i diséppearing of
. isplace kinked track

= Weak coupling to the SM leads to multitrack vertices i ey _
. . 3 non-pointing
long-lived-particles (LLPs) \ | .. (converted) photons

=+ Many possible unconventional signatures displaced leptons,
\ lepton-jets, or
lepton pairs
= Detecting these can come with

experimental challenges ' { trackless,
: i low-EMF jets

emerging jets

w Non-standard trigger requirements
w Decays far from the primary vertex (PV),
. . . multitrack vertices in the
requiring special tracking muon spectrometer
w Unusual shower shapes in calorimeters,
unique fractions of ECal/HCal energy

quasi-stable
charged particles
\

w Need for timing information, which is not

available in all subdetectors...
J. Phys. G: Nucl. Part. Phys. 47 090501 (2020)
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Eur. Phys. J. C 80 (2020) 450

Dark Photons, A’

= U(1) extension of the SM, introducing a hidden gauge boson Y , kinetic mixing with SM
w Benchmark FRVZ model, with Higgs boson decaying to dark fermion pair v

= Low mass A’ could be produced via cascade decays of heavier states y .

w |eptonic decays of A" are prominent in the low-mass range c ¢
w Decay to highly collimated groups of leptons, or ‘lepton-jets’ (LJ)
w A distinct LHC signature!

J. High Energ. Phys. (2018) 2018: 94

f+ 1 r
f’f+ o
f- ~
3 >
Vd
T
HLSP = Hidden Lightest Stable Particle if,
f,=dark fermion m 1
¥4 = dark photon 10 F
s, = dark scalar
w  Small mixing - long lifetime 107!

w Prompt or displaced LJ signatures
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Eur. Phys. J. C 80 (2020) 450 www

Prompt & Displaced Lepton Jets

"= Produce limits on the kinetic mixing parameter and m,
= Limits shown for 10% < B(H»>2Y ,+X) <20%
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Complementary to fixed target/beam-dump experiments
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Exotic Higgs Decays

Higgs decays to 4 leptons via PROMPTLY decaying bosons

High mass: H > XX > 4e/4p/2e2u

¢ < <
Hypercharge portal - H> ZX > 4e/4pn/2e2pn Higgs portal 15<m, <62.5 GeV
z - SR:m,, € [115, 130] GeV (S=darkH) & - Lowmass: H »>4p
H——————— 2 - Constraints on kinetic mixing ey 1<m, <15GeV
E . (€) and mass-mixing (3) - Veto at quarkonia mass resonances
Z;%< parameter - Constraints on Higgs mixing
‘ parameter (k)
3 caAmas T an | e ] T
o 20 s 22, M-z 4l E S £ CRecudblebky  mRZ(EIEIY) (3 Tev. SE 1
— 18 13 TeV, 36.1 b [Jieev, vwv  [[JReducblebkg ~ —]| @ F C3JVVVABS ERH-ZZ 4l b X a1
2 E B m, =15 Gev [H m, =35 Gev J S 10= EmZZ -4 £23m,=15 GeV
5 16 B, 55 Gev E 5 E m,35GeV  2Eimy,=55GeV
@O 14F A = E i
12;_ —; 1§— ==
105 = c
; _; 107" E
E 10’2%
15 20 25 30 35 40 45 50 55 el n A Ll L .
m,, -[GeV] (m) [GeV]

(my)="(m_+m

"

14)» Wherem =invariant masses of dileptons in a quadruplet and Im_-m,|<|m_-m

ellis.kay@cern.ch 7


mailto:ellis.kay@cern.ch
https://arxiv.org/abs/1802.03388

JHEP 06 (2018) 166 Tl

Exotic Higgs Decays

Higgs decays to 4 leptons via PROMPTLY decaying bosons

Hypercharge portal ‘- H->ZX > 4e/4p/2e2p Higgs portal ,
z ‘- SR:m,, € [115,130] GeV (S=darkH) §
e 5 - Constraints on kinetic mixing H= @~

¢ . (€) and mass-mixing (3)
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Phys. Rev. D 99, 052005 (2019
%%

Eur. Phys. J. C 79 (2019) 481
LLJ

Displaced Vertices | Hadronic Jets ittt oo tn. @M

w Long-lived particles (LLP) may decay to jets far from the interaction point (IP)

w Standard jet reconstruction assumes ID tracks, common primary vertex...
f JPPNP 3695 (2019)

iz ,if==°<f ho o ;
_—ﬁ;\ —————
;:=°<f X ff

F p Higgs portal
Scalar portal model baryogenesis model

Displaced
Jet

LowEM-
Fraction Je

— Z

Prompt
Jet

Many possible scenarios:
w Particle decays in the ID, but far from the IP / decays in the MS
w MS-ID: > 2 jets in the ID and/or MS
w Dedicated tracking algorithms for MS-only vertexing available (JINST 9 (2014) P02001)
= Particle decays in the middle of the calorimeters
w CalRatio (CR): jet pair decaying in the HCal with no associated ID tracks
w Large energy deposit in the HCal, small deposit in the ECal
w Dedicated CalRatio triggers available (JINST 8 (2013) P07015)

ellis.kay@cern.ch



mailto:ellis.kay@cern.ch
https://arxiv.org/abs/1311.7070
https://arxiv.org/abs/1305.2284
https://arxiv.org/abs/1810.12602
https://arxiv.org/abs/1811.07370
https://arxiv.org/abs/1902.03094
https://arxiv.org/abs/1911.12575

Phys. Rev. D 99, 052005 (2019

Displaced Vertices/Hadronic Jets  fufusicommm o

w Search for pair-produced long-lived particles (LLP) produced by a Higgs boson / heavy scalar
w  Set limits on o x B vs lifetime (cT)

T

= 10°g— T L LR A | T T T T T :é. - IH”HIE"’-( o E 210° AL | T T T
S F amas §=13TeV  __ Ops. = 10°F 3 ? ATLAS Vs =13 TeV
2 10*E m, =200 GeV, m_ = 25 GeV m=Exp.tic T el Gy X (B, =100%) & S 10" my=125GeV, m =25 GeV =
7 E . E = 10°g how E c .oa CRIimit[10.8 o] — Obs. E
N D [S8.0 5] ! 3 - F 3 S 10°F — MS1+MS2 limit [36.1 fo"] === Exp. % 1o 3
L 10°F CR[10.8 fb" ]+MS2[36.1 fb™] I X0 N\ 20T T T T AT S 3 £ e CRe+(MS1+MS2] limit 3
s F — ID+(CR+MS2) 3 ° E 3 S0F oo, . 3
et 1025_ = o 1 E 3 10 10% B, -
s E I OE . ] &
E 10k - 5 107¢ E > N —
8 4 3 g 10° - 0 G070 INI00N E - O 1o ]
Q E 3 =) E % - vbb, m =10GeV (comb) 3 S N 3
£ 2 E > oo ATLAS F -0 Cev (o) P < &
3 107 E 3 &} E Vs=13TeV, 36.1 fb” % Vbb, m. =50 GeV (comb) 7 3 . 3
o F 7 X 10 ~ vbb, m = 100 GeV (2MSVx) = 107 — H
o 102 - 0 F I I ! L ’ L i A il I 1 1 h
E il L " T A | L " PR e e L1 L il — A R R IR R L1
* 10 1 10 107 107 1 10 10? 10° TS 1 10 102
s proper lifetime (ct) [m] X proper lifetime (ct) [m] s proper decay length [m]
Phys. Rev. D 101, 052013 (2020) Phys. Rev. D 99, 052005 (2019) Eur. Phys. J. C79(2019) 481
w One LLP decays in ID, the other in MS w Two displaced vertices in the MS / one w |LPsdecaying mainly in the HCal or at
w Green = this search (ID) displaced vertex in the MS & some the outer edge of the ECal
w MS = Phys. Rev. D 99, 052005 (2019) additional detector activity w Use CalRatio
w CR=Eur. Phys.J.C79(2019)481
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ATLAS-CONF-2021-005 Tl

Displaced Vertices/Hadronic Jets

= Many BSM models predict exotic Higgs decays

= Can be difficult to trigger on decay products .". helps to look at associated
production e.g. ZH mode

= Benchmark model: pseudoscalar with 15<m_<55GeV&10mm<ct,<1m

« Signature: 2 leptons & 2 displaced vertices (DV) in the ID

= Dedicated Large Radius Tracking (LRT) ATL-PHYS-PUB-2017-014 & secondary vertex reconstruction

optlmlsed for LLPs ATL-PHYS-PUB-2019-013 T i
% 10" ATLAS Prellmlnary T E. %
& 108 Vs =13 TeV, 139 fb” ’\Data - T F
10 ZH, H - aa S Bkg. prediction E 10—1? +
10° |~ B(H — aa — bbbb) = 10% - 5 E © ATLAS Preliminary -\ 1
o . . E 102k | G-13Tev SRS o ;
o = Zero events observed insignal £ 07 U WA e -
104 . Q _3: m, = 15 GeV %
- region S 107 | m -35Gev E
- . . 3 F i m-ssGev CRuMSTaMS2) E
o s N == Limits set on BR(H>aa->bbbb) < ,,«[E o e ]
B ke . L. . o FO! ..e-m,=20GeV m, = 15 GeV 3
L w Most stringent limits in this D eme-seey m, =25 Gov ]
o 14F 107 L - m, = - my = _
% 1.2;— M M M < E T BT ETT RS RTIT BRI RN AT R ETTT SRR BN AT BRIt
: w lifetime regime for m_<40 GeV P P

0 1 >2 Mean proper lifetime ct, [m]
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JHEP 10 (2019) 265

Heavy Neutral Leptons

= Postulate new right-handed neutrinos with Majorana masses below the EW scale
w Explain neutrino masses, matter-antimatter asymmetry, DM... . "
w Decays may be lepton number violating (LNV) or conserving “LN‘(/ “*”’W‘(/
LNV K

(LNC), depending on nature of neutrinos LNC \§.<
= Both prompt & displaced leptonic decay signatures studied ] |

w Displaced vertex reconstruction algorithm (Phys. Rev. D 97 (2018) 052012)

"

> 0-06_"“[ LB N R R )| T """”\ ““""' LENLELELILLLLY I
$ g + ATLAS Simulation 1 = Set limits on mass and coupling
L 0.05- {s=13TeV,W - uN - puev, .
i3 : v my=10GeV, prompt ] strength for prompt & displaced sl ‘ - ]
o - o my=5GeV, displaced B - E % CL exc 3
= 0.04— + my, = 7.5 GeV, displaced - F .
@ B my, = 10 GeV, displaced B L i
$ F +  my =125 GeV, displaced ] . .. . 104 -
Y f - w» Displaced limit contour oblique z E
i Y v ] . . B ]
0.02- " b - ellipse approximately corresponds 1os. -
oot toa i 3 to HNL proper decay lengthsinthe - i
T 1 Ll ] 1078 — R —
T L AR LY TS AT, range 1-30 mm ™y [GeV]
107" 1 10 102 10°
ct [mm]
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Axion-Like-Particles

e o 4o . . Pb Pb(* Pb Pb(*
= Relativistic Pb nuclei can be treated as a beam of quasi-real o Y
hotons
P . ] . 2 Y Y Y ﬁ
= Photon flux associated with each nucleus scales with Z A
w Light-by-light scattering cross-section strongly enhanced w.r.t pp ' Y Y %%J
collisions
w This scattering may arise from SM QED box diagram ORan ALP  Pb Pb(’) Pb Pb(’)
w | ook for narrow diphoton resonances in EM calo, little ID activity _ Existing constraints from JHEP 12 (2017) 044
%30,'|""|""w""|' T ] F'|>
9 : Signal region el é 101k 4
5 25; Pb+Pb |[sy, = 5.02 TeV ] \ S LHG
o : . - Y-y +inv. LEP (pPP)
20 - Data, 2.2 nb” 4 Measured mass spectrum used to g
F []signal (vy - vv) ] . .
o @ceree-w | setlimits on ALP mass - |
; ég;.ez}ncenainty ; e e PrimEx | LEP
1or 7 Exclusion limits in ALP-photon [ o
o 1 coupling vs ALP mass comparedto CMS vy~ Y *') 13402
e { other experiments 107 Beamaump  ATLAS  amuad sy s papen
T R R 530 T~ 10° 102 107 100 10" 102 10°
m,, [GeV] ma [GeV]
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Conclusion & Outlook

=+ The Dark Sector search programme at ATLAS covers a diverse range of unconventional signatures

= These analyses hone our experimental techniques in the face of complicated final states
w Using our detector in ways that were not considered in its design
w Requiring non-standard triggers and reconstruction
w |nvolving complex backgrounds, often requiring data-driven methods
-

Often left with small statistics to work with e H

« Still lots of potential to improve and cover more

phase-space and models

= Analyse existing data or re-interpret other studies
(e.g. ATL-PHYS-PUB-2020-007)

w Run-3 data taking starting next year,
with an upgraded detector

https://www.symmetrymagazine.org/article/voyage-into-the-dark-sector
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Hints at Dark Matter oy

Observations

= A range of astrophysical measurements point to the existence of a
non-baryonic form of matter (Phys.Rept.405:279-390,2005)

w Galaxy rotation curves, gravitational lensing, colliding galaxy clusters... Dark Matter
« \Weakly Interacting Massive Particles (WIMPs) are an attractive Dark

Matter (DM) candidate, especially for the LHC 68.3%

w | ead to the correct relic density of non-relativistic matter ‘

= Non-gravitational interactions with the SM .". could be seen at colliders!!

26.8%

Dark Energy
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The Large Hadron Collider

AT A

EXPERIMENT

SPS (

6.9 km)

Detector
signature
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Methods for Detecting Dark Matter

Various methods exist for detecting DM, covering different ranges of DM mass, m,

Direct Detection (DD):
Collider

- w= Nuclear recoil from elastic scatterin .

DM & Universe 05 00073

c i LZIscnsili\'ity(lﬂ()O live days) I — LUX [20]7)I E

g "Z 10,43& ii;(g(::;(:(l:([:n (90% CL one-sided) —XliNOT?IlT(ZOlj)é

Q ; E 136 packal PandaX-1I (2017)

Q . . . s —44 ‘: ;

o = DM annihilation g10vE
o Py
4 210"
o : :
= Collider Searches: RUN-S
==+ DM production in high energy S 10-”_E
2 o particle interactions 7 10k

—49 R N ) 1 1 R 1 1 i |
1 10 100 1000
WIMP mass [GeV/c?]

All three complementary methods continue to put mounting pressure on the WIMP hypothesis...

ellis.kay@cern.ch 18



mailto:ellis.kay@cern.ch
https://www.researchgate.net/publication/331620158_Recent_Results_from_LUX_and_Prospects_for_Dark_Matter_Searches_with_LZ

Dark Sector Searches

e.g. ATLAS: CERN-EP-2019-140 (dark y) ASSS

= What if DM exists in a hidden sector, composed of particles which don’t undergo SM gauge

interactions?

= Dark mediators could couple to SM via portal interactions
= Coupling to SM encoded in a mixing term in the Lagrangian

Look for SM particles from DM decays via these portals

Set limits on coupling strength to SM... €2 (dark ), f (ALPs)...

Small mixing > long lifetime

F 59

== LHC detectors can extend to high
masses and low couplings

_____ H...../ HLSP=Hidden Lightest Stable Particle ™ Complementary to fixed
f =dark fermion .
W ydd=dark ohoton target/beam-dump experiments
(JHEP02(2016)062)
HLSP
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LHC Coordinate System
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7 —
P
) =28 S _ 0. . --q=25 @
= —=.pes = > 2 - X
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(@) xz-plane
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Recorded Integrated Luminosity
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- ATLAS
— Preliminary
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R-parity NMSSM
MSSM violatin

Phys. Dark Univ. 9-10 (2015) 8-23

Little Higgs

QCD Axions

T. Ta It Axion-like Particles st i
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Prompt & Displaced Lepton Jets

L) TYPFO L) TYPE1 JHEP11(2014)088 L) TYPE2

1 HCAL
B MS
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Phys. Rev. D 99,,012001 (2019 Tl

Displaced Muons

= Long-lived dark bosons produced from Higgs decay
w Low mass search for OS di-muon not originating from IP
w Exclude € <1078 for 20 GeV < m*® <60 GeV

w 10—4§...|....| """"""""""""" 3

- ATLAS 3

p p 107 E
10—6%_ :\g; :;TGV - Excluded at 95% CL, B(H— Z,Z;) = 10% —é

W € p 10*7; D Excluded at 95% CL, B(H— Z,Z;) = 1% _;

TTe- Zp g E

‘ 10_8%_ \ _é

P Zp 10°F e -
10‘1°;— —;
10711:|:|||||||||||||||||||||||||||||||||||||||||||||:

20 25 30 35 40 45 50 55 60
m,_[GeV]
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Re-Interpretations

w Re-interpretation of full run-2 mono-jet search (Phys. Rev. D 103 (2021) 112006) using RECAST
(JHEP04(2011)038)

Vs=13TeV, 139 fb™! ATLAS Preliminary
- 'r.;—lauu T |..m|\| T TR T T T T || T r|1|-|| TTTIN
W 10_5 = — g 1 E @ i Yot n \ ‘\ ;’S\ 2 =
g E 7 = S, o, & L A Y
C . T = : ‘.:“ \ R I/ ,/ m 7
- - - H \is \ . H 1
L ‘ / ] E 1 0_1 L H—ss {2 \‘ v R fo
I A D A0TE e i N 0 0 10T
@ ~ = \ - H -
1076 [ A — _8 - i Monojet \ Y 7 Pt : b
E E I= 102 | —m=5GeV Y 1.7 , I
F B = E : —m=35GeV ST S : 3
i _ ] = E i m=55GeV IR -
I~ Monojet T (0] -3 E i :
10-7l. —— Observed for BR(H~2va) = 50% 2 1075 { ATLAS-CONF-2021-005 EPJC 79 (2019) 481 i 5
E - E 5 S m, = 16 GeV - - - mg=5GeV -
E EpC Bs:( &232203 4;52 o ATLAS Preliminary 7 o A m, = 35 GeV m, = 15 GeV i3
- = ‘0 - H B
- BR(H 2y = 10% ggovzc'\lf"l’.d‘?' ] o 10* ol m, = 55 GeV - - m, = 40 GeV .
i BR(Ho 3] = 5% mH/i125 '(r;nét\f . $° E £ JHEP 10 (2018) 031 arXiv:2102.10874 i 2 7
10-8 | mEE BR(H-2yq) = 1% Ho2yq+X - o> 10,5 __Q i --@- mg=20GeV m  H-inv (Monojet) .,‘E__
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ATL-PHYS-PUB-2021-008

Exotic Higgs Decays to Pseudoscalars

= H > aa-> XXYY could be a promising window to the dark sector

Type |
10°F : T D M 1 March 2021 _ | | | |
- 5 ATLAS Preliminary —8— Observed
my;=20GeV, ctT, <1 mm e Expected
P ] lo
10_1 5‘/" \‘ = — bb MU, 1 + 20
= 3 cc bb, pur +
% [ 1 ; ] T .
T % : YV YY1 +
 107%F | = I pp _ - *
@ ! g : 5 99 YY. 99
[a0] L ! ] " %
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0 S { - uu+dd+ss Uy, TTt +
- : bb, bb} +
- N 1075 10> 10% 103 102 10! 10°
10 1 2 4 6 810 20 40 60 95% CL Limit on BR(H - aa - XXYY)
m, [GeV]

Phys. Rev. D 90, 075004 (2014)
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Multi-Charged Particles
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Multi-Photon Signatures
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ATLAS Long-

ived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

JLdt = (18.4-136) b Vs =8,13TeV
Model Signature  [Ldt[b~'] Lifetime limit Reference
RPVE - uq displaced vtx + muon 136 | f lfetime s R R o’.oo:;&.;)r;ul i T 'm(’l)‘ '1'4'7&\/ T 2003.11956
RPV x) — eev/euv/upy  displaced lepton pair  32.8 1‘: lifetime 0.003-1.0 m m(g)=1.6TeV, m(x})= 1.3 TeV 1907.10037
GGM ) — zG displaced dimuon 329 .‘: lifetime 0.029-18.0 m m(g)=1.1TeV, m(x})=1.0 TeV 1808.03057
GMSB non-pointing or delayed y  20.3 \‘,’ lifetime 0.08-5.4 m SPS8 with A= 200 TeV 1409.5542
AMSB pp — xix7.xi X7 disappearing track 203 X f lifetime 0.22-3.0m m(x;)= 450 GeV 1310.3675
§ AMSB pp — xix].x{x7 disappearing track 36.1 x} lifetime 0.057-153 m m(x; )= 450 GeV 1712.02118
2 avss pp - XXX large pixel dE/dx 184 | xj lifetime 13190m m(x;)=450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 | Siifetime 0.1-519m B(g — 5g)= 0.1, m(g)= 500 Ge’ 1811.07370
Split SUSY large pixel dE/dx 36.1 | glifetime >09m m(g)=1.8TeV, m{x2)= 100 GeV 1808.04095
Split SUSY displaced vix + Ef'* 328 | g lifetime 0.03-132m m(g)= 1.8TeV, m(x3)= 100 GeV 1710.04901
Split SUSY 06,2-6jets +EP= 361 | glifetime 0.021m m(g)= 1.8 TeV, m(x})= 100 GeV | ATLAS-CONF-2018-003
Hoss ID/MS vix, low EMF/trkjets 36.1 | s lifetime 0.12-116m  m(s)=25GeV 1911.12575
® FRVZH = 2y4 + X 2e- pu-jets 203 Ya liletime 0-3 mm m(yq)= 400 MeV 1511.05542
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Dark Energy

> Horndeski modelin EFT
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Dark Energy

= New mono-jet results with full run-2 data
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