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Weakly Interacting Massive Particle (WIMP)
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Weakly Interacting Massive Particle (WIMP)

* Color- and electrically neutral
* Thermal relic from freeze-out:
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Large Hadron Collider (LHC)

Proton-proton collisions
at 13.6 TeV CM energy




Large Hadron Collider (LHC)

Proton-proton collisions
at 13.6 TeV CM energy
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Large Hadron Collider (LHC)
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Key:

Proton-proton collisions
at 13.6 TeV CM energy

through CMS
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Overall length :28.7m Microstrips (80-180 ym) ~200 m? ~9.6M channels
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WIMPs at the LHC
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Proton collisions at the LHC
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Proton collisions at the LHC

~ 10*! protons . E=6.8TeV
per bunch bunch crossing per proton
every 25nS
LISl e e

Most of the time, nothing interesting happens
= trigger recording of events



Proton collisions at the LHC

colliding protons

l

Hard scattering (|q| ~ GeV-TeV) :
quarks in protons collide
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* Parton distributions

* Hard scattering

* |nitial state radiation

* Final state radiation

* Hadronization & decay

* Secondary interactions

* Detector simulation
* Jet clustering
* Apply search cuts

Signal over background?

MadAnalysis, CheckMate,
SModelS, ...
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WIMP dark matter production cross section
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WIMP dark matter production cross section
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WIMP dark matter production — background

Leading background for MET searches:

e /+jets, Z — vv

e Wjets, W — fv

e tt, t — bW — blv

* QCD mismeasured jets
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WIMP dark matter production — background

Leading background for MET searches:

* Z+jets, Z — vv irreducible
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WIMP dark matter production — background

Leading background for MET searches:

o Z+jets, £ — vv irreducible
e Wijets, W — fv

n d d
e 1T, t— bW — blw } epends on search

* QCD mismeasured jets instrumental
1000 Upp—)]/yg(pjTet > 250GeV) ~ few pb
100 = B ~ 100fb~! x 1000 fb ~ 10°
| | S
1 : :
systematics become dominant
0.1

20 50 100 200 500
PT,min(jet) [GeV]
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Freeze-out Production
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Effective field theory (EFT)
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Effective field theory (EFT)

1 1 i
p(qv“v5q)(xvuv5x),
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Problem at LHC: Typical limit on A around TeV ~ energies of collisions
= EFT not valid [Busoni et al 1307.2253, Buchmueller et al 1308.6799, ...]



Effective field theory (EFT)

1 1 i
p(qv“v5q)(x7uv5x),

47 — 5 ~ X

Problem at LHC: Typical limit on A around TeV ~ energies of collisions
= EFT not valid [Busoni et al 1307.2253, Buchmueller et al 1308.6799, ...]
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Beyond effective field theory — simplified models

X q— X

s-channel mediator t-channel mediator
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Simplified models: s-channel mediator

q

* Y could be scalar or vector
* Four free parameters (at least)
My, MY, Gq, Gy

* The LHC DM Working Group
compiled lists of simplified models

[Boveia et al 1603.04156]

Recommendations on presenting LHC
searches for missing transverse energy
signals using simplified s-channel models

of dark matter

Antonio Boveia,!* Oliver Buchmueller,>* Giorgio Busoni,?
Francesco D’Eramo,? Albert De Roeck,!® Andrea De Simone,’
Caterina Doglioni,”* Matthew J. Dolan,’> Marie-Helene Genest,®
Kristian Hahn,”* Ulrich Haisch,'*!** Philip C. Harris,'

Jan Heisig,!? Valerio Ippolito,'® Felix Kahlhoefer,'**

Valentin V. Khoze,' Suchita Kulkarni,'® Greg Landsberg,'"
Steven Lowette,!® Sarah Malik,”> Michelangelo Mangano,'!*
Christopher McCabe,'"* Stephen Mrenna,?’ Priscilla Pani,?!
Tristan du Pree,' Antonio Riotto,!! David Salek,':??

Kai Schmidt-Hoberg,!! William Shepherd,” Tim M.P. Tait,?!*
Lian-Tao Wang,? Steven Worm?® and Kathryn Zurek?’




Simplified models: s-channel mediator
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* Four free parameters (at least)
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Simplified models: s-channel mediator

qkq . g/XX
N\

* Y could be scalar or vector

* Four free parameters (at least)

My, MY, 4q,s 9y

LD gqaz yqq_75q + gxa>_w5>< pseudo-scalar
q

LD QquZ Yqqq + GxPXX scalar
q



Simplified models: s-channel mediator
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* Y could be scalar or vector — 600
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Simplified models: s-channel mediator
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Simplified models: s-channel mediator

q X

9q 9x
* Y could be scalar or vector — 600
> -
> - -
* Four free parameters (at least) & - ATLAS Preliminary
—. 500 \s=13TeV, 139 fb™, 95% CL
My, MY, 4q,s 9y - | Axial-vector mediator, Dirac DM

400: gq=0.25,gX=1,g/=O )

\

:_ = = = - Expected limit (£1 0,) e _:

" —— Observed limit ]

300_— - - - - Relic density 7 ]

. ATLAS 36.1 fb” .

Relic density 200 E

Mapping onto operators 100t E

for direct detection S | | o], -
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Consistency within s-channel mediator models

* Not all choices are theoretically consistent
* E.g. simplified models respecting the symmetries of the broken SU(3) x U(I)em,

but not SU(3) x SU(2) x U(l)y
[Bell et al 1512.00476]

Spin-1 mediators with different couplings to up- and down-quarks:

pp - jets + Z' (= xX)

= N
q 44 > S
X Q 107 | &
3 <
— o
2 4 o
= 1077} | 0
~ —
< _ S
77 5 107} e, | O
q X = d S
RZ
-6 | (4]
10 T
violation of perturbative unitarity 200 400 600 800

ET, miss [GGV]



Consistency within s-channel mediator models

* Not all choices are theoretically consistent

* Additional structure required, e.g. 2HDM+a [Abe et al 1810.09420]
= point to new sighatures

Contents lists available at ScienceDirect

Physics of the Dark Universe

journal homepage: www.elsevier.com/locate/dark

LHC Dark Matter Working Group: Next-generation spin-0 dark matter M
models ey

Tomohiro Abe %, Yoav Afik *, Andreas Albert *, Christopher R. Anelli®, Liron Barak®,
Martin Bauer’, ]. Katharina Behr, Nicole F. Bell ?, Antonio Boveia '°?, Oleg Brandt '',
Giorgio Busoni?, Linda M. Carpenter '°, Yu-Heng Chen &, Caterina Doglioni '**,

Alison Elliot '°, Motoko Fujiwara 4, Marie-Helene Genest °, Raffaele Gerosa '°,
Stefania Gori 7, Johanna Gramling '®, Alexander Grohsjean?, Giuliano Gustavino ',
Kristian Hahn *¢, Ulrich Haisch ?!*#%>* Lars Henkelmann ', Junji Hisano #'%?%,
Anders Huitfeldt #°, Valerio Ippolito *°, Felix Kahlhoefer ?”, Greg Landsberg *®,

Steven Lowette 2%, Benedikt Maier *°, Fabio Maltoni ', Margarete Muehlleitner *?,
Jose M. No ***4, Priscilla Pani ®*, Giacomo Polesello *°, Darren D. Price %/,

Tania Robens **°?, Giulia Rovelli *, Yoram Rozen *, Isaac W. Sanderson , Rui Santos *'*?,
Stanislava Sevova **, David Sperka 4, Kevin Sung?°, Tim M.P. Tait "%, Koji Terashi *°,
Francesca C. Ungaro ?, Eleni Vryonidou ?*, Shin-Shan Yu *®, Sau Lan Wu*’, Chen Zhou *’
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Signatures beyond MET
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Signatures
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JHEP 03 (2020) 145

Dijet TLA, 29.3 fb™
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PLB 795 (2019) 56

Boosted dijet+ISR, 36.1 fb™'
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Signatures beyond MET
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Simplified models: t-channel mediator

* Y could be scalar or fermion
* Three free parameters (at least): m,,my, A

* Dark matter gauge singlet = Y same quantum numbers as Y

* Dark matter stabilised by Z2 symmetry: both X and Y odd (SM particles are even)
* My > My

* Examples:

L O AY'YPrq + h.c. Scalar mediator
L DO MY PrqS + h.c. Fermion mediator



Simplified models: t-channel mediator
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Simplified models: t-channel mediator
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Simplified models: t-channel mediator

> MET




t-channel mediator models — signatures

q )\/ X A
Y , MET
— x X :
q \)\/ X Searches for supersymmetry (squark production)
Y




t-channel mediator models — signatures
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t-channel mediator models — signatures

q A — X

> MET
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Higgs portal dark matter
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Higgs portal dark matter
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Summary on WIMP dark matter searches at LHC

* WIMP invisible, detectable via missing energy
* Proton collisions: steeply falling parton luminosity
* Irreducible background from neutrinos

* EFT not suitable for LHC = simplified models (or
more complex models)

* Often mediator searches more promising

* MET signal still important for establishing dark matter



ll. Searches for Feebly Interacting Massive Particles
(FIMPS)



FIMP dark matter production!?

WMP freeze-out WIMP production
X SM SM X

SM SM7____ | Ny

(ov) ~ 107%%cm? /s o ~pb



FIMP dark matter production!?

Feeble couplings No signal at LHC
X SM SM X
=
X7 e, N SM SM7____ | Ny

I'< H ol <1

[Kahlhoefer 1801.07621]

However, if some part of new physics sector thermalises,
those particles may be produced

Feeble coupling to dark matter = long-lived particles



Simplified models: t-channel mediator

* Y could be scalar or fermion

* Three free parameters (at least): m,,my, A

* Dark matter gauge singlet = Y same quantum numbers as Y

* Dark matter stabilised by Z2 symmetry: both X and Y odd (SM particles are even)
° My > My

* Examples:

L O AY'YPrq + h.c. Scalar mediator



Simplified models: t-channel mediator

Assumption in WIMP regime: Y decays promptly, c7y < 1 mm

q

R <



t-channel mediator decay

Assumption in WIMP regime: Y decays promptly, c7y < 1 mm
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t-channel mediator decay

Assumption in WIMP regime: Y decays promptly, c7y < 1 mm

Freeze-out condition:
X SM 0.01

Fann ~ H

XS ff xx—ff x>
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t-channel mediator decay

Assumption in WIMP regime: Y decays promptly, c7y < 1 mm

Freeze-out condition:

X SM
Fann ~ H
X SM
Y X )
SM SM
’ I'eon > H
X
SM
J

XXS ff oxx—=ff  xx—- ...

LN T LA EELEE R |

Increasing <o,v>
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t-channel mediator decay

Assumption in WIMP regime: Y decays promptly, c7y < 1 mm

Freeze-out condition:

X SM
Fann ~ H
X SM
Y X )
SM SM
’ I'eon > H
X
SM

= << HY(Ty) ~ 10cm (

Tfo
30 GeV

.



t-channel mediator decay

Feeble couplings:

X SM
Lann << H
X SM
Y X )
[ Non-thermalised:
SM SM leon < H cT > H_l(T*) ~ 10 cm <
> two cases: ¢
X Just’ thermalised:
Y | Teom~H  er~H Y T,) ~ 1OCm(
SM
/




t-channel mediator decay

Feeble couplings:

X SM

Lann << H
X SM = Long-lived particles (LLPs) at colliders!
Y X )

)
Non-thermalised:

T. \°
SM SM Peon < H cr> H YT,) ~10cm < )

, two cases: ¢ 30 GeV
X Just’ thermalised:
T. \°
y  Teon~H  cr~H }T,) ~10cm (30 GeV)

SM




Long-lived particle signatures

Anomalous tracks

(Heavy stable charged
particle searches)
cty > 1lm




Long-lived particle signatures

~ Disappearing tracks
10cm S ety S 1m

Anomalous tracks

(Heavy stable charged
particle searches)
cty > 1lm




Long-lived particle signatures

 Displaced vertices (+MET)

" 4mm < cry < 30cm

~ Disappearing tracks
10cm S ety S 1m

Anomalous tracks
(Heavy stable charged
particle searches)
cty > 1m



Long-lived particle signatures
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\
\<’ .Just MET (recoiling against ISR)

" applicability depends on vetos/quality cuts

~

. Displaced vertices (+MET)

4mm < cry < 30cm

~ Disappearing tracks
10cm Scry S1m

Anomalous tracks
(Heavy stable charged
particle searches)
cty > 1m



Long-lived particle signatures

Delayed jets
cT ~ 1lm
. Just MET (recoiling against ISR)

" applicability depends on vetos/quality cuts

. Displaced vertices (+MET)

4mm < cry < 30cm

~ Disappearing tracks
10cm S ety S 1m

Anomalous tracks

(Heavy stable charged
particle searches)
cty > 1lm




Non-thermalized dark matter:
long-lived particle constraints

FIMP (Hadronic) FIMP (Leptophilic)

10% 5 103 3
1 —— ATLAS DV4+MET (13 TeV) 1 —— COMS Disp. [ (8 TeV, BR(e*) = 0.5)
[P 1 —— CMS HSCP (13 TeV) ] ---- COMS Disp. I (8 TeV, BR(e*) = 0.1)
0 El 1024 ---- CMS DT (8 TeV)

] —— CMS HSCP (13 TeV)

[8/+50°1 18] ‘I 19 423uejed]

500 750 1000 1250 1500 1750 2000 200 300 400 500 600 700
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Am [GeV]

Non-thermalized dark matter:
viable parameter space
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Just’ thermalised case

Conversion-driven freeze-out (CDFO):
[Garny et al 1705.09292; D’Agnolo et al 1705.08450]

Qparh? = 0.12

WIMP Region

CDFO Region

500 1000 1500 2000 2500
my (GeV)

[98091%0tT Ip 18 HI]



Am (GeV)

40

Current LHC constraints

[JH et al 2404.16086]
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HL-LHC projections

High Luminosity LHC (£ =3 ab™?)
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Summary on FIMP dark matter searches at LHC

* FIMPs not directly produced in collisions
* But from decay of other new physics states

* Feeble coupling = long-lived particle
* Prominent low-background searches, statistically limited

* Promising channels at HL-LHC



lll. Searches for light dark matter



Dark matter as a thermal relic
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Intensity frontier

* ‘Low’-energy e*e-colliders: ey
immoee SuperKEKB
BarBar, Belle-l| | i
* Fixed target experiments A
Electron beams: EI37, EI41(SLAC), € |
E774 (Fermilab), £ |
NA64e (CERN), HPS (JLab) b i

Proton beams: CHARM, NA62 (CERN),

......................
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Dark photon model

Massive dark photon A), coupling to hyper charge:

€ €
Lo — F' B Spl g
2cosby M 2 K

Induces interaction to matter current:;

= dark photon interacts with SM fermions just as a photon
but suppressed by ¢.



Dark photon model

Massive dark photon A), coupling to hyper charge:

€ €
Lo — F' B Spl g
2cosby M 2 K

Induces interaction to matter current:;

= dark photon interacts with SM fermions just as a photon
but suppressed by ¢.

Interaction to dark matter, e.g.:

L‘A’X = _QXA;J?Y'MX



Dark photon production channels

e A
Y - -
e Ty A’
bremsstrahlung in decays of

e*e—-collisions . . .
in material pions



Dark photon decay channels
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Dark photon decay channels

_I_ )
f mar — 10 MeV
Lysp— ~ €2amy x (phase-space)
B e=1077:
4 ct ~6x107%m
had > (prompt)
e=10"9:
Ihaa = Lyt - R(y/s=mu) ct ~ 6m

(metastable)

had J



Dark photon searches

Decay into leptons:

w 1072

=
I\l ﬁ‘-'ul Mwl M
1073 M i~ L 1 T MS

A48/2 BaBar

[Fabbrichesi et al 2005.01515]
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Prompt searches

A /t
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Irreducible background:

v o+

Limited by resolution of m+,-



Decay into leptons:

Dark photon searches

Long-lived searches

z

106 Coherent interaction with
nuclei of fixed target
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Dark photon searches

Decay into leptons: Long-lived searches
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Dark photon searches

Decay into leptons: Long-lived searches
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Decay into leptons:
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Dark photon searches
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[Fabbrichesi et al 2005.01515]
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Decay into leptons:

Dark photon searches

Long-lived searches
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Dark photon model

Massive dark photon A), coupling to hyper charge:

€ €
Lo — F' B Spl g
2cosby M 2 K

Induces interaction to matter current:;

= dark photon interacts with SM fermions just as a photon
but suppressed by ¢.

Interaction to dark matter, e.g.:

L‘A’X = _QXA;J?Y'MX



Dark matter searches

* Missing energy strategy:

X
 Dark matter detection:
e Al | =" X
- )IT )o——=:K
Electron = e

Beam Target Dirt Detector




Dark matter searches

Decay into dark matter:

i e i

'1906.00176]




Summary on light dark matter searches

* Common benchmark: dark photon, kinetic mixing

* Lifetime range from prompt to long-lived

* Intensity frontier: B-factories and fixed target experiments
* Prompt searches background-limited

* Long-lived searches luminosity- and baseline-limited

* Fixed target experiments: dark matter search beyond
missing energy



