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Is Dark Matter yet another particle?

P.S: Marks discussion points for today afternoon




... at the Large

Hadron Collider

k. 3 o

World’s largest and most powerful particle accelerator.

Circumference of 27 km, running underground across the borders of Switzerland
and France.
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Hidden Sectors

Connectors / Hidden
Portals Sectors

can be strongly
or weaktj coupl.ed

Z!, SUsY particles,

El?hrnEqu%gIEEvermlnnusaml pounds! ':Lszs; EXE:: . L‘e‘; dark HLSSS}
, ‘ ' cproquarks, dark photon,
T S dark SU(ND,
e Asym DM...
-
~.\ g We have not found any concrete sign of new physics ... yet!

Looking at unusual topologies and hidden corners of the phase space

— signature based searches, using benchmark models.

Note: Any hidden sector with more than one particle in it generically contains
unstable particles. These are often long-lived due to tiny SM portal couplings
being only decay (and collider production) channel [see backup]
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https://scipost.org/SciPostPhysLectNotes.71/pdf

WIMPs DIARY

| The miracle... WIMPs motivated by
|* cosmology (production mechanism of thermal freeze-out, expected to
| have right relic density)
« particle theory (i.e. present in many BSM models)
« particle experiment (accessible in current and near-future energy
scales)

in cartoons
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Efficient production now

(Particle colliders)

If SUSY: pair of squarks/gluinos — neutralino WIMP (i.e. MET)
(not discussed in detail)

MOU UoNE|IyluUe JusIolyg

Efficient scattering now Feng (2008)
(Direct detection)

Simplified models: DM + few other particles — few defining parameters
Complementarity of various WIMP dark
matter detection methods 10



WIMPs

Over the years, several search strategies have been proposed....

ATLAS Collaboration, G. Aad et al., Search for dark matter in events with a hadronically

decaying W or Z boson and missing transverse momentum in pp collisions at \/s = 8 TeV
with the ATLAS detector, Phys.Rev.Lett. 112 (2014), no. 4 041802, [arXiv:1309.4017].
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CMS Collaboration, V. Khachatryan et a

unparticles in monojet events in proton?pi . Lo ) . . .
C75 (2015), no. 5 235, [arXiv: 1408.3583 I€tS, and missing transverse momentum in pp collisions at 1/s= 13 TeV with the

A'T'LAS Collaboration, G. A ATLAS detector

Search for new phenomena with top quark pairs in final states with one lepton,

. o
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ATLAS uses the Higgs boson as a tool to search for Dark
Matter

29th October 2020 | By ATLAS Collaboration

| Dhore Ron VA0 (9014) 019004 [arY . HMAULIULLC L PIUS LUSSLUE LLALSYELSE LUULICLILULL LidL
ATLAS Collaboration, G. Aad et al., Search for state at \/S = 13 TeV with the ATLAS detector
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energetic '
the ATLA Search for direct pair production of supersymmetric partners to the T lepton in proton- nically

Bur. Phys proton collisions at /s = 13 TeV $ TeV

wuuwy viv

with th CMS Collaboration « Albert M Sirunyan (Yerevan Phys. Inst.) et al. (Jul 30, 2019) L7]
Published in: Eur.Phys.J.C 80 (2020) 3, 189 « e-Print: 1907.13179 [hep-ex]
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ATLAS Collaborat:

29th Octobgr 2020 | By AT]
missing 1transverse 7
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Analysis in a nutshell

TRIGGER

.

OBJECT & EVENT SELECTION Blinded!

.

SELECTION OPTIMISATION {4

:

DECIDE CONTROL / VALIDATION !/ SIGNAL REGIONS

.

INCLUDE SYSTEMATIC UNCERTAINTIES

.

CHECK WHAT THE DATA TELLS US!

16



ATLAS Expected limit= 2 o,

'fg =13 TeV, 139 ot - Expected limit= 1o,
Expected limit

Di f ion DM Observed limit (+ 10ye0ry
irac termion Relic density,Q.h’ >0.12

g,=025,g =1.0 Perturbativity limit |
95% CL limits ~———— ATLAS fs = 13 TeV, 36.1 16" |

Axial-vector mediator POFG acae | J

Mono-jet: WIMP pair production with ISR gluon

—_— In the region m,, > 2m.,, mediator masses up to about 2.1 TeV
Exclusive (EM) EMO EMI EM2 EM3 EM4 EMS5 EM6 A 4
EP'S [GeV] 200-250 250-300 300-350 350-400 400-500 500-600 600-700 are excluded for m,= 1 GeV
EM7 EM8 EM9 EMI10 EMI1 EMI12
= 700-800 800-900 900-1000 1000-1100 1100-1200 >1200 Masses correspov\divxg ko ralic dahsv'.hj dakarmihad
Inclusive (IM) IMO M1 M2 M3 M4 M5 b‘j the Planck and WMAP satellites

E.?‘i“ [GeV] >200 >250 >300 >350 >400 > 500 )
™7 M8 MO IMI0 IMI1 IMI2 — Line that crosses the excluded region at mz,~ 1500 GeV

>700 > 800 >900 > 1000 > 1100 >1200 and m, ~ £¥85 GeV

Phys. Rev. D 103, 112006 (2021) 17



https://doi.org/10.1103/PhysRevD.103.112006

- ATLAS
~ 800f- ys=13 TeV, 139/fb' ol

Axial-Vector mediator ~"Obeerved Umit (<10, ) J H EP O 2 (2 O 2 ]_) 2 2 6

7001 Dirac DM
- g.=19,=025g=0
- 95% CL limits

Relc donsity
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Expocted Limit (+1 0}
= Qbsarved Limit
Axial-Vector mediator ---- Observed Limit (310}
Dirac DM
g,=1g,=0.1g=0.1

95% CL limits

Felle densty

Mono-photon: WIMP pair production with ISR photon

SRI1 SRI2 SRI3 SRI4 SRE1 SRE2 SRE3

E,‘Eliss [GeV] >200 >250 >300 >375 200250 250-300 300-375 506406 606 800 ‘°°°‘2°°‘4°°[‘;°3]
Mediator p Mpeq [GeV]  my [GeV]
Masses correspouding to relic dehsikj TP I g /\xial-vector : %6 419

Axial-vector . ! 920 280

bj the Planck and WMAP satellites Vettoi : 1470 580

Vector ; 950 400


https://doi.org/10.1007/JHEP02(2021)226

WIMPs di-jet and dilepton final states
JHEP 03 (2020) 145

Phys. Lett. B 796 (2019) 68

]
ATLAS

/s =13 TeV, 139 "
X—=l

ATLAS
/s=13 TeV, 139 fb™
95% CL upper limits

= Expected + 1-20
—— Observed

JHEP 11 (2020) 05

ATLAS —e— Observed Limit
Vs=13TeV, 139 o™ -=== Expected Limit
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Vs=13TeV, 139" =

X—=l
ee m ee

Constructive Destructive

45 5

DM Mediator Z' [TeV]

g

2000 3000 4000 Non-resonant dilepton: Interference Resonant dijet search: The 95% CL upper limits
between the DY and ClI processes are set on the universal quark coupling gq as a
._ ol can be constructive or destructive function of the Z' mass
Observed limit on fiducial 6 X BR depending on the sign of ’7ij

ranges from 3.6 (13.1) fb at 250 GeV

to about 0.014 (0.018) fb at 6 TeV for

the zero (10%) relative width signal in

the combined dilepton channel. 19


https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1007/JHEP11(2020)005
https://doi.org/10.1007/JHEP03(2020)145

What are the ingredients for a simplified/collider-friendly DM model?

§Basic Ingredients: “
i+ Generic signatures
+ Evades constraints

£ Promising dark matter candidate
. ability to satisfy relic density

' Spices/garnishes:

» Wide range of possible signatures

I+ Interesting phenomenology

* Potential synergies
 decays: prompt vs LLP vs invisible
* resonant vs non-resonant production
» complementarity with direct/indirect detection

— — = ——— — — — ——

20



—E7"*+h(bb), 139 fb”'

ATLAS 2HDM+a, Dirac DM JHEP 11 (2021) 209
2 H D M . 15=13TeV, 361130107 10 Gev, g = 1 EMSS4h(yy), 139 fb"
+ LHC DMWG report: ArXiv 1810.09420 imeaasen, | o108V,
I N r g:;eeg:j Ma =My = My = 600 GeV _IELLBZ;ZZSJ!Z; 1133)25"5
GO e o \ —EP**+Z(qq), 36.1 fb”"
2HDM containing an additional Pseudoscatocr boson which \ e o e e
ET**+Wt, 139 fo!
mediates the inkeractions between the visible and the
—ET54, 139 b
" PRD 103 (2021) 112006
dark sector RN S = I
- gauge invariant & renormalisable extension of SO\ | Gombinaton

ET**+h(bB), ET"*+Z(ll), tbH*(tb)

simplified pseudoscalar model
- DM candidate: singlet under SM gauge group, usually a

Dirac fermr.cw\ 02 03 04 05 06 07 08 09

- CP-odd mediator [pseudo scalar to bjpass consbrainks sind

from DD] e S U

' EMe(rr), 139 5"

FREE PARAMETERS OF THE THEORY: LTI M — e se
*masses of the heavy Higgs (mA = mH = D ES) , E+(tW 139 10"
*mass of pseudo-scalar mediator, ma ; — P 130 b
xmass of DM particle, my ' R
* sine of mixing angle b/w CP-odd states a & A, sind = g : :::::::nmfb
«VEV rakio, tang £ D, £ 20,

ATLAS 2HDM+a summary paper
https://arxiv.org/abs/2306.0064 1



https://arxiv.org/pdf/1810.09420.pdf
https://arxiv.org/abs/2306.00641

Dark-photons

Vector Portal: Add a U(1)' whose massive “‘dark” gauge boson mixes kinetically with SM photon
Higgs Portal: Add dark scalar singlet that spontaneously brealks U(1) and mixes with SM Higgs
Hidden Valley: sector of dark particles, interacting amongst themselves

Lowest particle in Valley forced to decay to SM due to mass gap or symmetry
“Portal” coupling both to SM and HY operators, can be A

22




Benchmark models for limit setting

Dark SUSY

Dark SUSY:

Neutraline — dark photon and susy DM, and dark
photon decaying to pair of leptons

Neutraline — susy DM, and pair of dark photons
decaying to pair of leptons

\s=8-13 TeV, 20.3-139 fb”'
FRVZ Model
H—2y +X

m, =125 GeV
90% CL observed limits
Displaced (139 fb™)
NI
=
Prompt (20.3 fb”)
= JHEP 02 {2016) 062
— BR=10%

Fatkowsk'j—ﬁudermau—\’otav\sk~3—z.upav\ model:

Pair of dark fermions produced in the Higgs boson decay

w
()]
£
=3
§
©
T
o
a
o2
i<}
13}
@
>

dark fermion decays in turn to a dark photon + a Lighter dark
fermion assumed to be the Hidden Lightest Stable
Particle (HLSP).

dark photon (vector mediator) mixes kinetically with the SM photon

and decays to leptons or Light hadrons. 107 1 10
Dark Photon mass [Ge

ATL-PHYS-PUB-2022-007

Monojet (138 1b™)

ATL-PHYS-PUB-2021020
BR=50%

Non-ATLAS searches

JHEP 06 {2018) 004
Vector-Portal-only limits

Exclusions also available for lepton+jets in high mass regions from 53
ATLAS, CMS and LHCb dedicated searches.


https://inspirehep.net/files/01e2bb807c7d5e5d90d2f6fb1ed9a923

Figure: Tim Tait

Less Complete
Dipole

\ Interactions J

LHC DM WG
ecosystem

Effective Field Theories
Models

Simplified
Models

UV Complete
Models

Complete 24



Figure: Tim Tait Now Edited
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Dark QCD matters! R R

‘Hu:ide\r\ Vattej may Provnde cosmotog;caitj required DM. No attempt to cons&rwc& a speaf:.c mode_l. - se& up reasonably

| generic framework for simulating variety of experimental sighatures.
= ~ = ——

Different dark quark flavours combine to form mar, a, T4°, and
pa”, pa, Pa° (assumed to be produced thrice as much as pions)

*  Neutral dark mesons can be unstable and (prompﬁy) decays asymme‘,y

sharing

to Sm quarks: more Léke.i.j to de.caj to b pairs due to need

Pd; Nd, -
for a mass insertion, to make the angular momentum

annihilation |}
conservation work out __— Td, pdy-
/ decay

*  Other mesons can be (collider-)stable — invisible T, K.

arXiv:1306.4676

e - - ___
F;;rjov\ and DM asvmmabries shared via a wmediator

Gauge coupling runnings from a X4 - o\svmmekrj in stable dark bo\rjons.
UV scale to the confinement

scales.

The Sjmme&ric relic de.wsi,kv annihilated into darie
pions — decaj inko SM Far&iclzs.

Correct DM relic density obtained when dark baryon
imasses are in the 16 GeV range.

26

Different UV boundary gauge couplings can lead to the same perturbative IR fixed points.


https://arxiv.org/abs/1907.04346
https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/1306.4676

The final state signatures...

Dark hadrons decaying promptly in a QCD-Like fashion,

- , or

- Far&io\ttv back ko the visible sector

Dark hadrons undergoing d.ecoujs in a QCD-like
fashion

Each signature has a distinctive feature:
-> Dark jets: unique substructure

-» Emerging jets: displaced objects s
- ) INVISH

-» Semi-visible jets: substantial missing energy

Showering using Pythia hidden valley module: at best a guesstimate!

Rinv= #stable dark hadrons/#all dark hadrons



https://cds.cern.ch/record/2855831
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1707.05326
https://arxiv.org/abs/1502.05409

ATLAS semi-visible jet t-channel

Lagrangian containing the interaction and kinetic terms:

Ldark > _% tr Gd Gd,uu . XU (

v

ATLAS )
a=13TeV, 130 16

He = 600 GeV, ET™ x 600 GV

Dark sector — SU(2) gauge theory with coupling
2

0. i i | )
gd . . . L le Do<20 2027 >27 <20 20-27 >27 <20 2027 >27
a; = 4— containing two fermionic states. pe<06 06<p<08 0.9 <p
/4

Assuming minimal flavour-violation, light-flavour
production channels dominate.

e 'Assuming a coupling streﬁgth of unity between the mediator, a Standard
W Model quark and a dark quark, mediator masses up to 2.7 TeV can be
ﬂ excluded.

‘ e For mediator mass of 2.5 TeV or higher can also express the limits in terms of the
g-qa-¢ vertex coupling strength A, as XS ~ A

ATLAS ys=13TeV, 139 fb"

Cross-section for A=1 (fb):
1.7 7.08

ATLAS
\s=13TeV, 139 fb’'

Semi-visible jets t-channel
Limits at 95% CL (A=1)
—— Observed

Expected = 1o
[ 1 Expected = 20

) S Y Y S O S Y S

5
mg, [TeV]
Phys. Lett. B 848 (2024) 138324
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https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub

' Background
BumpHunter
Data

ATLAS dark jet resonances

Events / 100 GeV

4 different benchmark models (A, B, C, D)

(Cr}neq\,’) (ane"\d/) 4 decay mode
20 | 10 | S0 [mgmer

ng — ¥’y with
my = 4.0 GeV

mg — 'y with
my = 0.7 GeV

JHEP 02 (2024) 128

o
5]
c
]
K]
c
=
(2]

- Expected
I_gl Expected + 1o
[ ] Expected =20 7
gq=0,05 and gqv=0.2 2

! Echu3|on depends on the modeI can reach 3-3.5 TeV for WhIC usual Z’ => qq searches can t say much

— ——
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https://link.springer.com/article/10.1007/JHEP02(2024)128

Dark mesons search

’11ﬂa

Forn (=——) < 0.5, p, decay to 7, pairs, resulting in ttbb

m
Pd
and tttb signatures (in all hadronic decay mode)

ATLAS-CONF-2023-021

B wuiviet [evor Elothes MC

Uncert. § Data = =10.25, m_=500 GeV

Number of Events

' ' ' '
sL K N MsL K N MsL K N MiL K N W
Validation regions.

For 17 = 0.35, m,, < 434 GeV excluded,

|

L{For n =0.25, 280 GeV < m, < 522 GeV excluded.

Number of Events

ATLAS Preliminary

ottt [t
Vs = 13 TeV, J-L dt=1401b"

BotherMc  Uncert.

“+ee 112025, m_ =500 GeV

S S, S, S S S S S S
%900, 257300 31000 3,925 553925 3,725 3 M00 53400 50400 g

350

{5=13TeV, | Ldt=140f0
SU|:2)L gaugephabic

Limits at 95% CL:
Phys.Rev.D 105
(2022) 1 1
Excluded region j

= Expected *1o
— Observed

250 300 350 400 450 500 550 600 650 700 750
Mass of dark pions [GeV] 30


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

The land of strong dark sector... and LLPs

Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:
1. Assign a very long (but not infinite) lifetime to the original "missing" components.

2. Assign a very short but finite lifetime to the original "prompt"
components.

visible jet ¢

3. Add a third component (r,, ;) with an arbitrary lifetime

Higgs exotic decays + “prompt” components become LLPs

31


https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf

The land of strong dark sector... and LLPs SEEIETIEN CIOTSSOIEID Ve i
Detector Showers: CMS

Dark shower model

138 10 (13 TeV)

Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:
1. Assign a very long (but not infinite) lifetime to the original "missing" components.

E
1

T
]
c
&
=
E

| —.— mue=5GeV  Gluen portal
-8— my, = 106eV (& & ) =(2.51)
[ my=15GeV p
M. =20 GeV

95% CL upper

2. Assign a very short but finite lifetime to the original "prompt"

First LHC sensitivity to Higgs portal dark shower models at BR(H
components.

—ss) =103 level

Shower is semi-visible, scalar dark mesons couple to SM, vector
dark mesons create MET

INVISIBLE
Vector 0
Higgs 5 (10,1.0),
Dark photon , 5,10, 15, 20 5, (10,1

Dark sector glueballs
—in Nf > 0 limit, only possible

3. Add a third component (r,, ;) with an arbitrary lifetime

. \ « " hadronic states. New quantative study
Higgs exotic decays + “prompt” components become LLPs now available.
— can produce LLPs (larger lifetimes of

heavier glueball states)

— can produce SVJs and EJs



https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf
https://indico.cern.ch/event/1340162/contributions/5809466/attachments/2855059/4992859/Run3_DMworkshop_2024_CW.pdf
https://indico.cern.ch/event/1340162/contributions/5809466/attachments/2855059/4992859/Run3_DMworkshop_2024_CW.pdf
https://indico.cern.ch/event/1340162/contributions/5895834/attachments/2858844/5001218/gemmell_LHCDMWG.pdf

The land of strong dark sector...

Lifetime of dark particles in jet
AQ) Trackless/ displaced jets

@ Emerging jets

Displaced lepton-jets &

@ Prompt dark jets @) Semi-visible jets

. L Fraction of invisible
Composite jets particles in jet

Prompt lepton-jets

Leptonic content in jet

GROWING FIELD & UNCHARTED
TERRITORIES STILL TO BE
EXPLORED !

; Courtesy: C. Cazzaniga
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Advertisement break

MITP Youngst@rs dark showers workshop
(Oct 2023): Link

Scope of the workshop: Aim to build collaboration
and motivate cross-talk between the experimental
and theory community dedicated towards
developing and understanding the strongly
interacting dark sector.

- All discussions summarised in report,
now on arXiv [arXiv:2311.16330]
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MITP Colours in Darkness workshop summary report

Jon Butterworth®, Cesare Cazzaniga”, Aran Garcia-Bellido®, Deepak Kar?, Suchita
Kulkarni¢, Pedro Schwaller!, Sukanya Sinha®, Danie Nilson-Edwards® and Jose
Zurita®

*Department of Pysics & Astronomy, University College London, London, United
Kingdom
YETH Ziirich, Institute for Particle Physics and Astrophysics, 8093 Zurich,
Sw d
“Department of Physics and Astronomy, University of Rochester, Rochester NY,

4School of Physi i ity of Witws Johannesburg, South Africa
“Institute of Physics, NAWI Graz, University of Graz, Graz, Austria
PRISMA+ Cluster of hxcellence and Mainz Institute for Theoretical Physics,
Johannes Gutenberg-Universitat Mainz, Mainz, Germany
£School of Physics and Astronomy, University of \hnrhf-mr Manchester, United
Kingdom
hInstituto de Fisica Corpuscular, CSIC-Universitat de Valéncia, Paterna, Spain
* Corresponding author(s): Sukanya Sinha *

ABSTRACT

This report summarises the talks and discussions that took place over the
course of the MITP Youngst@rs Colours in Darkness workshop 2023. All talks
can be found at this URL: https://indico.mitp.uni-mainz.de/event/377/.

1 Introduction

In recent years, there has been an increase in the number of search programmes exploring
the possiblity of a “dark sector” beyond the Standard Model (BSM) using LHC data. To
date, dark matter (DM) ches at the Large Hadron Collide (LHC) he sually focused
on WIMPs (Weakly Int Particles), but since the standard signatures have
found no compelling evidence, several recent phenomenology papers have explored the pos-
sibility of accessing the dark sector with unique collider topologies. If dark mesons exist,
their evolution and hadronization procedure are currently little constrained. They could
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https://indico.mitp.uni-mainz.de/event/377/
https://arxiv.org/abs/2311.16330

Potential for reinterpretation e NegD REINTERPRETATION

ALl searches Listed above have fairtj inclusive selections
—>» ALLOWS T0 PROBE OTHER MODELS WITH SIMILAR FINAL STATES

Constraining the dark sector with the mono-jet signature

| éx?ecbed and observed exclusion conbours ok 95%
,‘}\ CL for semi-visible jets signal, using the mono-jet
m analysis selection.

| ATLAS ATL-PHYS-PUB-2021-020

(s=13TeV, 139 b

et is=13 TeV, 139 fo” , ATLAS Ppreliminary

~— SV jets t-channel
— PRD 103 (2021) 112006
—observed ---expected

70%
researchers tried and
failed to reproduce
others' results
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https://indico.jlab.org/event/459/contributions/11671/
https://cds.cern.ch/record/2772627/files/ATL-PHYS-PUB-2021-020.pdf
https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub

DM Complementarity going forward?

[Inspired by Snowmass Community slides link]

Mu,LELPLe. observatiomns, experémem&s and coherent theories are
needed for DM discovery

© Observations motivating DM arise from astrophysics & cosmic O R — .
probes B n

© Theoretical frameworks are crucial to put different observations \T\]A.‘.;--’-' N
into conkext \ EP o Pl

o Direct Detection — can discover DM with cosmological origin A = ‘?\

® — can erobe decays of cosmological DM into

SM par&éci.es
e Colliders / accelerators — can Produce DM and Probe ks dark
interactions
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https://scipost.org/SciPostPhysLectNotes.71/pdf

Dark matter mediated by BSM particles

At collider enerqy scales, we can access the BSM particles that
can mediate the SM-DM interactions
¢ Mediator can decay into DM — points to an excess in missing

EV\ET‘S'j

e Mediator can also decqv inko SM Par&ictes — accessible using

resonance searches

VéCtOf [ Dilepton
HELHG, 9/=1.0 ) piict
94=0.1:¢=0.1 Monojet

2000 4000 6000
Mmed [GeV]

[0 Dijet, FCC-hh
Monojet, FCC-hh

U Dijet, HL-LHC

7 Monojet, HL-LHC

5000 10000 15000
Mpeq [GeV]

Example scenarios for reach of future colliders for vector mediator resonances

Overlaying results from collider simplified models searches to DD
results in DM-nucleon plane:

Perfect region to discover DM would be where both colliders and
direct detection have coverage

— helps to determine both cosmological origin of discoveries as
well as nature of interaction

_,, Hlustrative example
Mediator Type, DM Type

107 b
§,=0Xg ,70Y)

5. £_Collider experiments
> 107 E observed exclusion 90% CL

1073 & Collider search

107% E
107 k-

1072 = Direct Detection experiments
v observed exclusion 90% CL

DD Experiment 1
DD Experiment 2

.. DD Experiment 3
(projection)

Poltential common skekch

(Lines should be made more realistic) 38



Extended dark sectors and dark showers

Thermal Dark Matter, Q, = Qpu

Dark QCD scenarios predidz dark matter as a bound
state originating due to confinement

eEarly collider resulks exist

oFirst steps towards consistent collider analysis taken
during Showmass ( )
eOverlap between colliders and direct detection needs
more studies

eExcellent opportunity to exploit synergy with
accelerator searches

eSome understanding via lattice QCD calculations for
properties of SU(N) theories exists

| HV éector m abundance in m-€ plane arXiv:1801.05805

|
Contours are regions where 7 abundance matches DM relic

density

Squeeze-out: 2103.09827
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https://indico.cern.ch/category/12893/
https://indico.cern.ch/event/1340162/contributions/5883726/attachments/2858728/5001029/SIMPs.pdf
https://arxiv.org/abs/1801.05805

Light-ish dark matter at colliders e————

—— LHC DM vector (CMS recast) === Belle-l (20/fb)

=== Relic Dark Photan —— FCC (approximate, LHC DM jet+X recast)
= Relic LHC DM vector HL-LHC (CMS recast, lumi scaling)
Some models of Light dark matter (dark i e / i
. . . =54 sM SM or DM
hoton/dark Higgs) require new high-mass P 5
/ Mediator

particles to be theoretically self-consistent

By using the same benchmarks between
colliders and accelerator experiments,
colliders can discover direcl‘:i.j the high-mass
particles, complementing Light DM discoveries
abt accelerator experimen&s

Eap(myima)*

High int by
igh intensity beam Portal particle

>
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I'VE NOT SEEN THE DARK ERiGETRISES

» s
£

Conclusions w4

BUT I HEAR IT'S TO DIE FOR!

o Several avenues of dark sector open for exploration Soo MG
g (P1E0D
e General idea evolving around the need of more signature based A sy

searches

o Confining dark sectors provide a very rich & interesting
phenomenoloqy, despite being based on models with only a few
ingredients and parameters (quoting: 1905,0%%10)

© Discussions ongoing between experimentalists and theorists in different
platforms (Snowmass Dark Showers working group, LHC DMWG)

Along with ‘Antimatter,’ and ‘Dark Mattey,
we've recently discovered the existence of
“Doesn’t Mattey, which appears to have no
° Skeps to enhance comptemeu&araﬁj effect on the universe whatsoever,”

° By devetopiy\g a search program spanining across enerqgy scales, as unbiased

2 e A LECTURE AT

© By extending searches for DM particles with the highest Possible Lab-

accessible masses WHATSA MATTER U

© By constraining properties of SM - DM mediators and/or portal interactions
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https://link.springer.com/article/10.1140/epjc/s10052-022-11048-8

General direction of DM collider searches in 20s and 30s

If we want to capture Dark sector in a simplified model approach, Why MSSM DM?

- We need to be careful not to destroy the beauty of the SM !

Hi el i tt i id int " LOOK FOR ANYTING Has been in limelight for a long time
iggs portal dark matter scenario provides very interesting THAT DOESNT LOOK i

interference effects on the LHC analysis and it will be more
interesting as LHC go to the HL region.

Has been under test at multiple experiments

/ Y

No hints yet A relatively smaller allowed

parameter space

Hints of yy at 95GeV, 152GeV, 680GeV

Yy at 95GeV supported by Tt and bb (LEP) ) Many papers!
YY,ZZ hints at 680GeV

bbyy hint at 680GeV, with yy compatible with 95GeV

How does this conventional dark matter candidate
stand against the recent experimental results?

Are there any gaps which can be focal points for Run-3

All pointing towards extended scalar sector! 2hdm+S/a of LHC?

The current experiments, especially the recent results from the electroweakino

searches at the LHC and the LZ dark matter DD experiment have squeezed
the allowed parameter space to regions which can either be

o regions of heavy higgsinos very close to being probed by few days of LZ data
O contain very low mass higgsinos which can be targeted at the Run-3 of LHC

Run-2 simplified models constrained — update
Improved tools for coupling variation aid presentation.

Light dark photons are theoretically well-
motivated particles, and they arise in many

BSM theories. Complementarity with detection exp., light DM. with dedicated analyses to be sensitive in this narrow gap.
Codify h — invisible completions.
They can be copiously produced at accelerator General interest in looking beyond the =

, g : S 5 = Promising concept to uncover the dark sector:
experiments. assumptions/simplifications of the Run-2 WP ! Uivinenvisecs oo iraking tesk: s

benchmarks .

Plethora of signatures can be searches for.

5 2 SER 2HDM+a of 1is hot yet explored - Leads 16 promising new signatures
Interesting complementarity between visible, Tye b Seh b : ®

. e . 1 - .
invisible, and semi-visible signatures. Goal: New benchmarks of uncovered final Statés= 1« snalyses with |
New decay channels: A — a H(bb), A - Z H(aZ) s N— . -
§ 4 \Rp- ovel collider signatures in the e 2 +a
Complementarity between LHC searches H = aAtt), H =+ H W addl ¢ B 42
(Higgs exotic decays!) and searches at high- bB+Ev=and bk expand excllision 10 Messee Tl arxiv.2404.05704
intensity experiments. below the SM Higgs mass

Sprese Asgyrapeustant Ukh Manch® weel fia Kabstsidoo

Snippets from different presentations throughout the Roadmap workshop :)


https://indico.cern.ch/event/1340162/contributions/5902170/attachments/2856365/4996224/PARK_CERN.pdf
https://indico.cern.ch/event/1340162/contributions/5902178/attachments/2856031/4995305/Roadmap_pMSSM.pdf
https://indico.cern.ch/event/1340162/contributions/5890515/attachments/2856779/4996841/LHCDM24_Busoni.pdf
https://indico.cern.ch/event/1340162/contributions/5885222/attachments/2856774/4996835/LHCDMWG24_IliaKalaitzidou.pdf
https://indico.cern.ch/event/1340162/contributions/5883487/attachments/2856921/4997201/TalkCERN.pdf
https://indico.cern.ch/event/1340162/contributions/5895835/attachments/2858999/5001711/2024_05_17_Foundation_Models_for_DM_Benato_Birk_Hallin_Kasieczka.pdf
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2HDM-+a: a thriving playground for LLPs? HurnatiP@Lhc

arxiv 2302.02735

LLP signatures are possible in 2HDM+a if:
- sl ~ 0O
- DM candidate is kinematically inaccessible or decoupted

“a” = LL? candidate:
* pair produced by SM/BSM CP-even Higgs, depending on it's mass

*if strong suppression of ga i sind — O Limik, only spin0 @ can decay to pair of “a”
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https://arxiv.org/abs/2302.02735
https://www.annualreviews.org/doi/full/10.1146/annurev-nucl-101920-013011

2HDM-+a: a thriving playground for LLPs? HurnatiP@Lhc

arxiv 2302.02735

LLP signatures are possible in 2HDM+a if:
- sl ~ 0O
- DM candidate is kinematically inaccessible or c\ecoupted

“a” = LLP candidate:
*pair produced by SM/BSM CP-even Higgs, depending on it's mass

*if strong suppression of ga i sind — O Limik, only spin0 @ can decay to pair of “a”

Benchmark 1

ATLAS ggF CM & MS, 36 fb~! - . .
ATLAS goF ID & MS, 33 b Example benchmarks [Ap1 and Ap: are quartic couplings for 2 [pseu.cio

oo —1
ATLAS ggF MS, 139 fb SCQL&TS]
ATLAS ggF CM, 139 fb!

CMS ggF MS, 137 fb-!

I: {Apidre, myl = {2%10-3, 2%10-3, 170 GeV}

sind and ma are free parameters:
ma < mh/2 = LLP can be pair produced in the decay of 125 GeV Higgs

Excluded proper decay length, c7 ranges from 008 - £9 m
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https://arxiv.org/abs/2302.02735
https://www.annualreviews.org/doi/full/10.1146/annurev-nucl-101920-013011

2HDM-+a: a thriving playground for LLPs? HurnatiP@Lhc

arxiv 2302.02735

LLP signatures are possible in 2HDM+a if:
- sl ~ 0O
- DM candidate is kinematically inaccessible or c\ecoupted

“a” = LLP candidate:
* pair produced by SM/BSM CP-even Higgs, depending on it's mass

*if strong suppression of ga i sind — O Limik, only spin0 @ can decay to pair of “a”

Benchmark II, my = 600 GeV

Example benchmarks [ler and I are quartic couplings for 2 pseudo

ATLAS ggF CM & MS, 36 fb~!

SCQLQT'S] ATLAS ggF ID & MS, 33 fb~!

ATLAS ggF MS, 139 fb~!
ATLAS ggF CM, 139 fb!

11: {Aeidee, myl = {3, o, 770 GeV}

sind, mH and ma are free parameters:

ma > mh/2 & ma < mH/2 — LLP can be pair produced in the decay of
heavy Higgs, followed by displaced decays of “a” to pair of SM
fermions or gluons

Excluded ¢7 ranges from 0,04 - 53 m
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LLP reinterpretation of existing ATLAS searches

HTop H->2a->4b 2015+2016 (HIGG-2017-05) has a long-lived particle reinterpretation!

ATL-COM-PHYS-2018-099

Search for H —> $5 —> 4b in VH topology associated Higgs boson production:
Signal model: Mgs SM + dark vector + dark Higgs, recommended by LHC HiggsXS W
* Samples produced with 0.1, 1 and 10mm mean Lifetimes
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https://cds.cern.ch/record/2304153/files/ATL-COM-PHYS-2018-099.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-05

Possible dark photon production and decay modes

Bremsstrahlung - incoming electron
scatters off a nuclei target (Z) and emits
dark photown, Le., e-Z — e-Zy,

Annihilaktion — etec&ron—[aosi.&rom lao(w
annihilates into a Pho&ov\ and a dark

Pho&a\z\, Le., e-e+ = yy,

Drell-Yan = ¢q pair annihilates into a dark

200 400 600 800 1000 1200 1400
Pho&omr\, which consequ,ehfztj decajs into a Dark Photon Mass (MeV)

lepton pair or hadrons, Le, 9q = 74 = 11~
or hth™

Dark photon decay branching fractions for the visible dark photon
scenario for m, < 2 GeV.
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Other signatures of dark QCD with potential LLP

b Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:

Z-enriched SV) £ 1. Assign a very long (but not infinite) lifetime to the original "missing" components.
event example 3

13

From C. ,
Cazzaniga’ |
s DMWG 3

Er ALIGNED TO JETS

+ PROMPT LEPTON PAIRS PRODUCED
INSIDE HADRONIC JETS

VEIBLE

visible jet


https://indico.cern.ch/event/1226224/contributions/5193401/attachments/2574967/4439938/presentation_DM_LHC_WG_short.pdf
https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf

