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Dark Matter at Colliders - Lecture 1
(including complementarity considerations)
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Outline

Quick recap on dark matter

Collider searches for invisible & visible particles

* Interlude: the importance of data selection for DM @ colliders

Complementarity in the global DM context
Community activities

Conclusions

Disclaimer: This is not an exhaustive talk on all DM at colliders ever discussed
Inclusions (and omissions) are a matter of personal taste and expertise
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Empiri

problems of the SM

® Dark matter (DM)

® Dark energy
® Matter vs antimatter
® \Weakness of gravity

® Neutrino masses

Dark Matter, what do we know about it?
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it 1s dark

1t constitutes
most of the
@ Dark Matter in the universe

Dark Energy

Ordinary Matter




You may all have already heard of the WIMP miracle (in Monica D’Onofrio’s lectures yesterday)...

Dark Matter constitutes
most of the
in the universe

¥

relic density

Ordinary Matter
@ Dark Matter

Dark Energy many caveats and options on how to get it...

This relic density can be explained with

- that interacts only weakly with known matter

- with mass in the range of current experiments
(a possible candidate: WIMP)
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Under these
assumptions...

http://abstrusegoose.com/406

Assume a spherical cow of uniform density.

...in a vacuum.

CAN'T,

bastard theoretical physicists
How do you sleep at night?

BREATHE .

i
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...we could discover Dark Matter
in the next decade!

EEEEEEEEEE



Unless... b4

UNIVERSITET

(this is here just to avoid singling out theorists in jokes)
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DM iS a muCh-SOught particle

Number of papers for topic vs. time

— Dark Matter
Higgs

1995 1999 2003 2007 2011 2015 2019
Date [in steps of 365 days]

https://benty-fields.com/trending
Papers on the arXiv with the words in the title or abstract
Credits for finding it: Xenon1T, Twitter
Disclaimer: website to be used as input by funding agencies
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Why should dark matter be a particle?

15



Why not?

us & our experiments, made of particles

In this talk | will assume Einstein’s gravity does not need modifications...

16



Introduction LHC Searches Global DM complementarity Communities

More seriously: the relic density

The Nobel Prize in Physics 2019 Ml e

2 10 50 500 1000 1500 2000 2500

6000

5000 ﬂ ACDM = A Cold Dark Matter model

4000 i

3000 t
108 ;
| ‘kf o

= 0 S W

%0 18 1 02 or 0.07°
Angular scale

Temperature fluctuations [ f K2]

IIl. Niklas EImehed. © Nobel
Media.

James Peebles
Prize share: 1/2

agc. ridliC/ INADSA/ LOA

nttps://sci.esa.int/s/Wngg4bw

“for theoretical discoveries
Iin physical cosmology”

Dark matter constitutes most of the matter in the universe

The DM we measure today [relic DM density]
already points at some properties of DM candidates
(e.g. dark, stable)

can it guide us further? @ Ordinary Matter
@ Dark Matter

@ Dark Energy

MANCHFESTER [l
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Introduction LHC Searches Global DM complementarity Communities
How did the relic density come to be?
q 8 x(my)
DM density
A
SM «— DM SM — DM creation processes decrease y V, A(Med) .-
thermal Freeze-out until a new SM «— DM equilibrium is reached
equilibrium
q X(my)

Couplings too small
for SM «— DM

equilibrium

Relic density
Qh* =0.12

SM — DM creation processes increase
until equilibrium is reached

> M

20 T

Freeze-in

Universe expands and cools down

Isabelle John's thesis

Note: simplified picture, for a more complete one see https://arxiv.org/abs/1706.07442

Examples of DM «— SM processes

Commonality of many of these models: they require some form of interaction
(it can be more or less significant) between ordinary matter and dark matter

[ J [ J

QCt1Q

MANCHESTER
1824

The University of Manchester LUNDS
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< particles & forces

Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

Motivation for DM @colliders

How do we search for DM at colliders, depending on its properties?

» Generally assume some properties for the DM particle, our assumptions:
* interacts with SM particles = we can produce it at colliders

SM DM

known particle collision H B production of DM particles

SM DM

Caveat: very simplified diagram

 [a matter of preference] is a thermal relic = WIMP 3 SUSY LSP is

a good candidate!

MANCHESTER

1824 —
frermery et fncheste “LNHE[:IS'[T)E!? Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors

21



Introduction LHC Searches Global DM complementarity Communities

Weakly Interacting Massive Particles

A minimal option to make up 100% of the relic density:
« only add one partlcle to the Standard Model

PR L EE T

] g pM = stable TeV-scale particle with weak-force-sized interactions
5 ’ » Weakly Interacting Massive Particle (WIMP)...
Srancard h‘;’;rtl; - ...conveniently appearing in models that also solve other
‘ problems in particle physics (e.g. supersymmetry)
a Higgs Ny  Beautiful and simple, almost miraculous!
MANCHESTER

1824 g
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Introduction LHC Searches Global DM complementarity Communities

Weakly Interacting Massive Particles

A minimal option to make up 100% of the relic density:
« only add one partlcle to the Standard Model

PR L EE T

] g pM = stable TeV-scale particle with weak-force-sized interactions
5 ’ » Weakly Interacting Massive Particle (WIMP)...
Srancard 1\]4);?; - ...conveniently appearing in models that also solve other
: : problems in particle physics (e.g. supersymmetry)
a Higgs Ny  Beautiful and simple, almost miraculous!

............................................................

Experimental advantage: many experiments can detect it in different ways
complementa ry discoveries (main topic of the second part of this talk)

Dark Standard
Matter Matter

DM SM SM SM SM BL
SM
DM

DM SM DM DM SM SM

Indirect Detection Direct Detection Colliders/ Astrophysics Theory input

m DO e Accelerators always necessary
mecemeome  The University of Manchester ULN%E[EIS.LT’E? Caterina Doglioni - 2021/10/19 - COST School on Dar  to contextualize %%



Introduction LHC Searches Global DM complementarity Communities

Dark matter needs to be a global scientitic problem...

Not just a WIMP! (even though I’ll mostly talk about WIMP-like particles)

Wide range of mass scales / interaction strenghts for DM candidates
— wide range of theories and experiments to discover DM

Looking up: stronger interactions

- 1024 -

0 | https://arxiv.org/abs/1705.11165

:: 107
= 10'® 4 & references within

10" 4

10" 4
O 107 Q-ball

10° 1 o
S 10°
’E 10° 1 Neutrinos € . .

- S . 107 ) WiMPs: Looking right.
LOOkIHg Ieft: = ’.é 1076 Neutralino =2 E D b
R H_; N -9 | KK photon 5 - : :
(ultra)light dark matter s & 7, branon i more massive DM objects

— 1077 1 LTp —> = .-
2 107" E:
V) -18 | @
> 1072
Q 10724 T Axino

1077 Super WIMPs:

30 |

b 2 Fuzzy COM l Gravitino

107°° 1 188 KK graviton

10736 :I: ———————n

[0 e I

» » A > @ ¢ P R ..
L L L LLL L LL® POV LLL L
Mass (GeV) r

e Rene B/ 1 AT
\/ 'A‘ \| - ) IR )
R, = NI/

‘e %0000, s \:\
Trrvesesst 9575110
European Research Council L u N D S

The University of Manchester  UNIVERSITET Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

Some of the benchmarks for collider WIMP searches

Simple models  More complex/complete models

Simple DM mediation Supersymmetry
oM SM M DM Z
:> Med.
DM D % . ~0
\A/I SM SM gl\l\:ll T XY
SM mediator Beyond-SM mediator el .
L P Sgit R Xl
Z/Higgs portals - Vector-like mediator \“\
q DM SM SM DM SM SM
\< +
9, 9, : : .
- / % g\ /q_-\ (Simplified model diagram)
W SM DM SM SM
\ JHEP 03 (2018) 160
q . .
’ oY Scalar-like mediator

and Two Higgs Doublet Models

Also: DM models with long-lived particles
(see Katharine Leney’s lecture)

MANCHESTER [l
1824 oS
AR Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 25

The University of Manchester — uNiversiTeT



https://arxiv.org/abs/1801.03957
https://arxiv.org/abs/1801.03957

Introduction LHC Searches Global DM complementarity Communities

Broad categories of searches for DM@colliders

Generic searches More specific searches
e Good for simple models with sizable cross-sections e More sensitive to specific models
e Fewer assumptions on specific model characteristics e More reliant on model assumptions
8 D, 1T, ... = jets

M _ ¥ DM -

SM DM

— the way we think of benchmark
models influences searches

W, Z = leptons, jets...

MANCHESTER (5
1824
The University of Manchester ULNE%IS§SQE§ Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

Dark Matter mediators at the LHC

If there's a force other than gravity, there's a mediator,
and colliders could detect it via its visible decays:
(WIMP) simplified models have been popular Run-2 LHC search benchmarks

c Physics of the Dark

SM SM it
SM Dark Matter benchmark models for
Med. HC Run-2 Searches: Report of the
‘::> ATLAS/CMS Dark Matter Forum
DM DM
SM SM SM SM Most Downloaded Physics of the Dark

Universe Articles

The most downloaded articles from Physics of the Dark Universe in the
last go days.

Spontaneous creation of the Universe Ex Nihilo - op

Dark Matter Forum & Working Group

Maya Lincoln | Avi Wasser

¥ f ina
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc Direct dark matter detection: The next decade o
Phys. Dark Univ. 26 (2019) 100371 & references within e
Ann Rev Nucl Part Sci Vol. 68:429-459, 2018 for a LHC review vimm
, Dark Matter benchmark models for early LHC Run-2
Searches: Report of the ATLAS/CMS Dark Matter Forum
MANCHFSSZEER
January 2020

The University of Manchester ULNHE[:ISI[T)E Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction

LHC Searches Global DM complementarity Communities

Beware of simple models...

e

ssssssssssssssssssssssssssssssssss

MANCHESTER
1824

The University of Manchester

https://abstrusegoose.com/406

Assume a spherical cow of uniform density.

...in a vacuum.

CAN'T,
BREATHE .

bastard theoretical physicists
How do you sleep at night?

ULNH,EI;]SI[T)E Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

...but not all hope is lost!

. . DM
”"Why should we choose/believe the simplest models?” SM SM
”Do we think DM is all made of a single (WIMP) model?” e
(not really...see dark sectors later!)
— DM
TLAS SM SM
e Key particle discoveries
1900 1910 1920 1930 1940 1950
1895 1905 1915 1925 1935 1945 1955
clectron proton photon neutron  muon ticboron
* Lesson from SM: most common particles discovered first
muenresirine 1976 WazZ bosons from DM ATLAS feature
1960 1970 1980 1990 2000
1956 1965 1975 1985 1995 2005
-=?
, Qua:sss?uds) char1rr917q4uark g“lz.clagn top quark o rertring 2012
il Higgs boson

bottom quark

» Even simple models can encapsulate relevant experimental characteristics
representing wider classes of theories

as long as we are aware tha

MANCHESTER "

1824 g
LUNDS Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors

The University of Manchester — uNiversiTeT
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Finding new particles takes time

The Standard Model of particle physics Leptons | Theorised/explained
Bosons

Years from concept to discovery Quarks |Diu<n%¥ed

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron | |
Photon
Muon
Electron neutrino

Muon neutrino

Reminder: particle
physics discoveries
require large
instruments and
time

Gluon

W boson

Z boson

Tau neutrino

HIGGS BOSON

Source: The Economist




Finding new particles takes time

The Standard Model of particle physics Leptons | Theorised/explained
Bosons

Years from concept to discovery Quarks | Discovered

1880 90 1900 10 20 ¢ b 80 90 2000 12
Electron | |
Photon
Muon
Electron neutrino

Muon neutnir-

It looks like
you're
searching for
dark matter.
Have you tried

rting with
Gluon start g wit

the ones you

W boson

7 boson know about

Tor already?
Tau neutrino

HIGGS BOSON

Source: The Economist




Introduction DM@LHC DM in context More (elusive) BSM  Neutrinos

Generic production of invisible particles

Production of invisible particles is common in the Standard Model...

q 9 g

K

Eur. Phys. J. C 77 (2017) 765

Caterina Doglioni - 2021/03/30 - NEXT Workshop 2021

34
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Introduction LHC Searches Global DM complementarity Communities

Generic production of dark matter?

What other invisible particles (that are suitable thermal relics) could we produce?

q g DM
N
Q\ \
N
N
\
L
DM
Eur. Phys. ]. C 77 (2017) 765
MANCHESTER
1824

The University of Manchester ULNH,E[:]SI[T)E Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors %g
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But how can we see these particles, given that ?

Detector catches ~all visible particles
produced by the collision

visible

roton :
P particle

l proton

visible

proton .
particle

MANCHESTER Ry
1824
LUNDS

The University of Manchester — uNiversiTeT

visible particle

1
. -

visible particle

Caterina Doglioni - 2021/10/28 - STFC Dark Matter Day
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But how can we see these particles, given that ?

...but since Neutrinos (and dark matter particles) d0 NOt interact much,
they are effectively invisible to the detector!

??7?
277? 77?
. dark matter
roton .
P particle
oroton dark matter
particle o 277 -

MANCHESTER

1824 N
The University of Manchester ULNH,EIEIS,[T)S Caterina Doglioni - 2021/10/28 - STFC Dark Matter Day 37




But how can we see these particles, given that ?

Solution: use another visible particle from the collision,
and look for what is missing (conservation of energy)

More correctly: conservation of transverse momentum

extra visible particle(s)

visible particles

proton dark matter
particle

-

dark matter
particle

proton

invisible particles

MANCHESTER
1824

The University of Manchester — universiTeT Caterina Doglioni - 2021/10/28 - STFC Dark Matter Day 38




?

But how can we see these particles, given that

what we observe

Missing transverse momentum,
inferred from momentum
conservation

...rotating the detector to look into it
Invisible

(as if we were a proton): Dark Matter particle
»

\

Invisible
Dark Matter particle

v

LHC collision
interaction

point ©

LHC detector
transverse
cross-section

Visible particles:
photons, jets

SATLAS

MANCHESTER S
1824 %

The University of Manchester ULNL,\J,E[;IS,[T)S Caterina Doglioni - 2021/10/28 - STFC Dark Matter Day 39




But how can we see dark matter, given that ?

How dark matter could look like in the ATLAS detector:

IATLAS - -

Event: 2546139368 -

EXPERIMENT  2017-10-05 10:36:30 cEsT et p,

visible particles
interacting in the detector

transverse view L lateral view

UNI.“VIE[;IS,[T)Eé Caterina Doglioni - 2021/10/28 - STFC Dark Matter Day







Introduction LHC Searches Global DM complementarity Communities

LHC production of new invisible particles

Production of invisible particles can be common in the SM
use standard candles (Z boson) to search for non-SM production

O fid (p?iss + jets)

. p ” . p DM Rmiss —
ofid (€€~ + jets)
+ 9] —— 1T r r 1 7 1 T T
7 7Z g 12 :_ ATLAS : : _:
o F Vs=13TeV 32f0" I LI ~
g ) g 10— >1 jet I ]
1% DM : ___________ i ................... :
8_ Y N s et 1 ]
s ' 1 N
6:_+ Data = 000 1T \\\\\\\\\\»\\\\\\\\‘1‘5
— =% SM ¢ -
q 9 e, U A sms simp. DM (M, =10 GeV, M,=1 TeV) g
[ — SM+H-inv (M =125 GeV, B=50%) 7
27— - - SM+EFT DM (xx V"' Vi, M,=100 GeV, Ager=0.8 TeV) —
[~ ---- SM + EFT DM (% €% Vi, Vi, M, =100 GeV, Aggr=0.8 TeV) 7
O 1 1 1 | 1 1 1 | 1 1 1 1 1 1 N 1 1 1 1 |
S 1.4 = : : .
Z D q12F l =
=~ :. + ‘ \\\\\\\\\\\\\\\\\\\\ NSNS ANNSNNNSN \\\\\\\\\-
E 1_ “““ + ““““““ ‘I ““““ NNNNNNNNNNNYNNNNNNNNNNYY
4] C .
7l A 08 =
q e’ u : " " 1 " " " 1 " " " 1 M M N 1 " " " : N " :
200 400 600 800 1000 1200 1400
sts [GeV]
Eur. Phys. J. C 77 (2017) 765
MANCHESTER
1824 s
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Introduction LHC Searches Global DM complementarity Communities

A generic search for WIMP DM: “X+MET”

Signal (rare)

Background (frequent)
g DM

q g v

Z)
New mediator
(e.g. a more
massive Z DM

boson)

X

4 Number of events

X = (jet, photon, W/Z boson...) + MET search

Background

- Look for an excess of events
with high MET over the SM background

- Background shapes need precise Epic 2017 77:829
theory predictions (precision search)

MANCHESTER M/sngg} ansverse momentum See Monica D’Onofrio’s lecture
1824 =
LUNDS "

UNIVERSITET Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

A DM interpretation of LHC jet+MET search

arXiv:2102.10874 Model assumptions - more models can be/are tested

Strengths of the interaction

Region excluded

; |||||||||||/||||||||||||||| \
8 1 400 B ATLAS Expected limitt 2o, ] SM SM DM
_— | E -13 TeV, 139 fb-1 Expected limit+ 10exp ]
> — . - = = = Expected limit —
& 1 2 OO _V_eCtor mefjlator L Observed limit (+ 10p00y ) ] Med.
n Dirac fermion DM === Relic density,Q.h* > 0.12 |
- 9,=025.6 =10 ATLAS /s =13 TeV,36.1f5" 9g 9X
1000—95% CL limits — J j
- SM DM

o Supersymmetric models
* Extra dimensions
* Axion-like particles

<3
"
<
"

- . - (=coupling) mediator-quarks
i by this search P ‘:.‘.‘"*..,, ..... ~ and mediator-DM
i S | Model produces
600+ 2V 5 too much DM
— N7 2]
H
- v i3 /
| E ) —
4001 / | — . -
i A5 - Other interpretations:
n H B — . . .
i i3 _ » Different kinds of mediators
200 i ]
:1? 7
K i —

0 500 1000 1500 2000 2500
m, [GeV]

:
D LUNDS Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Introduction LHC Searches Global DM complementarity Communities

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent)
q g v

|

MANCHESTER

Signal (rare)
g DM ATLAS .. 1.energetic jet

EXPERIMENT 20

Z)

New mediator
(e.g. amore
massive Z boson)

DM

ULNH,SIS,[T)Eé Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors ﬁg



Introduction LHC Searches Global DM complementarity Communities

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent) Signal (rare)
g DM ATLAS - 1.energetic jet

EXPERIMENT 2o

Z’

New mediator
(e.g. amore
massive Z boson)

DM

Detection of the DM mediator, via its visible (hadronic) decays:

Background (very frequent) Signal (rare)

q q 9 1 \

Z)

Any strong
force process

New mediator
(e.g. a more q
massive Z boson)

|

q

EXPERIMENT

MANCHESTER
1824

ULN%,SIS,[T)E Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors ﬁg



Introduction

L.HC Searches

Global DM complementarity

Communities

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent)

Signal (rare)
g DM

Z’

New mediator
(e.g. amore
massive Z boson)

DM

Number of events
A

Background

Signal

Missing transverse momentum

Detection of the DM mediator, via its visible (hadronic) decays:

Background (very frequent)

q

Any strong
force process

q

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Signal (rare)
1% q q

Z)

New mediator
. (e.g. amore q
massive Z boson)

|

Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors i?

Number of events

Background

>
Dijet invariant mass



Introduction

LHC Searches

Global DM complementarity Communities

Complementarity of visible/invisible searches

Dark matter particle mass [TeV]

- B | | Axliall Vlecltml‘ n&ecliialtof, ]II)i1iacl DIMI N
’ - (gq =025g_ =1 :
1 -
:
:
_f
_f
I ~ | L ]

0 0.5 1 1.5 2 2.5

LHC Dark Matter Working Group
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Complementarity of visible/invisible searches

) LHC Dark Matter Working Group
IlluStTatlve examp le Phys. Dark. Univ. 26 100377 (2019)

For mediator
decays into quarks,
the DM mass isn’t
too relevant
(especially when
they dominate)

A albvector medlator Dlrac DM
g,=025¢, =1 .

—
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SM SM

T T T 17
) ]

Med.

0.8 Possible to constrain

the parameter space
even if DM is too
heavy to be
produced at the LHC

v

However, we need a

connection between

a dijet discovery and
a DM discovery...

! | ! ! \ . \ | \ | | | | \ | ! !
0.5 1 1.5 2 2.5 more later!
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Recreating dark matter/dark sectors in the lab: challenges

Known Darlk mztter y Trying to stay
particle (-related) particle(s) as model-agnostic as possible,
while exploiting what the LHC is good at:
focus on the presence of a resonance
(alongside EFTs/more complete theories)
Known Dark matter
particle (-related) particle(s) added bonus: resonance searches are bread&butter

at colliders — robust analysis toolkit available

Challenges:
1. This kinds of processes are very rare

2. Many other processes may look the same (—large backgrounds) et

, . e WS
3. Often we don’t know how the resonance decays look like nge® gaﬂ\gwm\d\o
ese & 1072
Xi\\owsia“da
MANCHESTER o
1824 W
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A “Big Science” problem to solve: too much data

The dark matter signals we are looking for are rare

— need enormous amount of collisions to produce them
Their backgrounds look the same and are much larger
Problem: recording all LHC data takes 400000 PB/year [Ref]

« up to 30 million proton-proton collisions/second (MHz)

B -
« ~1-1.5 MB/data per collision event, including raw data ’C\ ; N‘
¥->x “
S

FCC-hh plans to collide beams up to every 5 ns (now: 25 ns)
« and Moore’s law / storage costs don't scale as fast as that yet

after selection of "interesting” data

MANCHESTER
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A “Big Science” problem to solve: too much data

The dark matter signals we are looking for are rare

— need enormous amount of collisions to produce them
Their backgrounds look the same and are much larger
Problem: recording all LHC data takes 400000 PB/year [Ref]

« up to 30 million proton-proton collisions/second (MHz)
« ~1-1.5 MB/data per collision event, including raw data

FCC-hh plans to collide beams up to every 5 ns (now: 25 ns)
« and Moore’s law / storage costs don't scale as fast as that yet

LHC & future hadron collider experiments need to select
”interesting” events (=trigger) in real-time (milli/microseconds)

Collisions at ~30 MHz Hardware trigger Software trigger
(~1 MB of info each) outputs ~100 kHz outputs ~1 kHz

Online 4 } Offline

" - Object
, > vent selection > reconstruction
(trigger) and calibration

MANCHESTER gt
1824
LUNDS

' C::*‘

after selection of "interesting” data

>
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produced
by the
LHC

(multiplied by large
number)

Online 4 } Offline

Object

> reconstruction > Data analysis

(trigger) and calibration

Event selection

Masn chavben S TCgret  Veraa: rabetor Douier
Bernen b Souber

X 4

Data
I like

..maybe discoveries?

RN,
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& y g 1\\\\
,“ | . \
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This works for a number of
LHC measurements (& searches...)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-010/

Standard Model Total Production Cross Section Measurements status: May 2020

| | V -1
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What is interesting at the LHC/at hadron colliders?

J. Stirling / C. Fitzpatrick

o LHC  \s=14TeV L=10"cm s rate
barn
o inelastic GHz
Interesting to LHCb ollision rate
cC
"
Y E— !
MHz
Readout rate
(- " jets
8 ’ Storage
O kHz
Q
v
¥p) nb
n
@) Hz
Nl
@)
pb
mHz
fb
uHz

Particle energy or mass

IR
SE <7
S
o4 RV.’A,Q" <, )
R \2
BINR SRR
S B\ % 5
I AVl S,

1824 R
LUNDS

The University of Manchester — uNiversiTeT

Cross-section * Luminosity
= nhumber of events produced

Challenges:

The definition of
”interesting” changes
experiment by experiment

Rare signal processes that
are buried in high-rate
backgrounds have to be

discarded
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Are we missing rare hadronic processes?

Events selected by the trigger

New particles: resonant excess (bump) over Standard Model background

Number of events

antiquark

Background
mass of two-object system

Main challenge for resonance searches: large backgrounds
and signal that looks very much like background

Number of events
produced by the LHC

Impossible to record

all events in full
—statistical error
harms sensitivity!

Actual
recorded
events
Background Mass of two-object system
(~new particle mass)
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Example: dijet decays of DM mediators, ca 2013

Selecting interesting events works for most of the LHC physics program...
...but it is not optimal for rare processes with high-rate backgrounds:
we cannot record and store all data, and trigger discards both background and signal

This prevented us from being sensitive to low-mass DM mediators decaying into jets

SM

Med.
9q 9q

SM

Visible mediator decays

SM

Med.

99 Jdom

SM

Invisible mediator decays

The University of Manchester

LUNDS

UNIVERSITET

SM Adapted from JHEP 1507 (2015) 089
104 ——— ——————rrry
[ model produces
0o 60 much DM /
';‘ - /7
SM 8 gom=1
. - 9q=0.1
<
DM § 10°F . .
%é §’ model can
§ ,§® produce the
N right amount of |
: relic DM
DM
10‘701 I”1I(I)2 T III1I(I)3 I”1IO4
MANCH1E8§£ER i/: gM mass [GeV]

0.4 .
03 I O "..' " ]
0.2r .
0.1 ]
0.04f T
o3 L pre-LHC constraints
0.02f | | _
Axial vector DM mediator decaying to quarks
Dirac DM
0.01 m,,= 10 TeIV, Jou= I1 .0 ]
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Mediator mass [GeV]
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A paradigm change for collider experiments

Asynchronous data analysis
First record and store data, then reconstruct/analyze it

Real-time data analysis
Reconstruct/analyse data as soon as it is read out
so that only (smaller) final-state information
needs to be stored

ATLAS: Trigger Level Analysis CMS: Data Scouting, LHCb: Turbo stream

MANCHESTER
1824
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(Near-)real-time analysis of LHC data

Can either store large
amount of data for a
small number of

> events
Enormous >
amount of >
data read in >
at L1 trigger >
level >
>
Graphics by K. Pachal . ... or small amount of
Fixed amount of data for many, man
bandwidth ek
events
v
Perform as much “analysis” as possible in real time Reduced data formats:
- Reconstruction & calibration - Only keep final trigger objects (drop raw data)
- First preselection to skim "backgrounds” - Save only "interesting” parts of the detector

- Run-3/LHCb: A combination of the two

(ot

MANCHESTER 50 % 56
1824 c cors? T 20
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F illing the uncovered parameter space of low-mass

Interaction coupling to quarks

© oo
N W pH

o
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------ pre-LHC constraints

_ Axial vector DM mediator decaying to quarks
Dirac DM
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F illing the uncovered parameter space of low-mass

Communities

Phys. Rev. Lett. 121, 081801 (2018)
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Interaction coupling between mediator and quarks

collider constraints
from direct searches —= Recent ATLAS results

_ Axial vector DM mediator decaying to quarks

Dirac DM
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Filling the uncovered parameter space of low-mass

Communities

.

Interaction coupling between mediator and quarks

Phys. Rev. Lett. 121, 081801 (2018)
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- Run-3/HL-LHC/future
collider trigger
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Searching for even rarer dijet resonances: EW-scale

couplings still unexplored and probably not something
we want to give up at any future colliders (to discuss!)
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Complementarity of visible/invisible searches, 2021

1.6

Dijet

Dijet, 139 fb

JHEP 03 (2020) 145

Dijet TLA, 29.3 fb™’

PRL 121 (2018) 081801
Dijet+ISR, 79.8 fb™'

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 b
PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fo
ATLAS-CONF-2018-052

:ATLAS Prelimimpary
1 42Vs = 13 TeV, Mdrch 2021
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Complementarity of visible/invisible searches, 2021

1.6
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DM in SUSY: Pure Wino and Higgsino DM

European Strategy Update Briefing Book

arXiv:1802.04097, arXiv:0706.4071, arXiv:1705.04843

* R-parity conservation — Lightest SUSY particle is
stable - DM candidate with WIMP characteristics

« Viable thermal relic WIMP candidate in SUSY terms:
lightest neutralino = pure Wino/Higgsino
* Also standalone model of "minimal DM”

Go gle disappearing track A Q

» A possible signature: disappearing track

Q Al [ Videos Q Shopping [JImages @& News : More Tools

. cms ﬁ railway tracks Wé;ﬁ fog m disappearing train tracks - -

-

Train tracks disappearing into the ...
pixels.com - In stock alamy.com
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Wino and Higgsino DM: prospects

Communities

 Electroweakinos that can make up the relic density are

heavy & rare: need future colliders

« 2019: Update of the European Strategy of Particle
Physics, inputs from different future colliders

European Strategy Update Briefing Book

arXiv:1802.04097, arXiv:0706.4071, arXiv:1705.04843

indirect Detection Pure Higgsino |
Fcoom 1
LE-FCC
FCC-eh
HE -LHC
Hotie ] | 20, Disappearing Tracks |
CLIC3000 Kinematic Limit: Vs /2 -
CLIC1500 | 20, Indirect Reach |
ILC
CLIC3g0
FCC-ee .

CEPC | Thermal —-

0.1 0.2 0.5 1 2 5
M, [TeV]
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90% CL Direct Detection Projection ]
Indirect Detection ) |
£CC-hh | Pure Wino |
LE_FCC | '
FCC-eh |
HE-LHC |
HL-LHC | 20, Disappearing Tracks |
CLIC3000 ] Kinematic Limit: Vs /2 |
CLIC1500 || 20, Indirect Reach 1{
ILC | |

] CLIGs0

|[FCC-ge .
Thermal BuroPoe Sl"‘““g» '

0.1 0.5 1 5 10 50
M, [TeV]
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https://arxiv.org/pdf/1802.04097.pdf
https://arxiv.org/abs/0706.4071
https://arxiv.org/abs/1705.04843
https://arxiv.org/pdf/1802.04097.pdf
https://arxiv.org/abs/0706.4071
https://arxiv.org/abs/1705.04843
http://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf
http://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf
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Recent (future?) news on Wino and Higgsino SnowMarn2927

EF10 Focus Topic #1:

Wlno & nggSan at muon COlllderS hitps.//arxiv.org/abs/2107.09688 { WIMPs

peakers at EF10 Parallel Session H: Marco Costa, Jose Francisco Zurita talk link Vs =14TeV, £L=20ab’, Majorana 3-plet
Considering pure WIMP scenarios where the EW interaction sets the relic (massasa __ = 2
free parameter) and DM is the neutral component of a multiplet — : V50
mono-ZL h E
Many different signatures for WIMPs @ muon colliders in new literature / recent “ E

di-W(sS -
workShops: MIM (comb
- Recoil against visible objects 107

- Resonances from the DM particle bound states, which can be excited as a S S— | |
resonance and decay into visible particles 1 2 3 4 5 6 7
- Disappearing tracks (DT) M, reach[TeV]
https://arxiv.org/abs/2102.11292
Results can be put into context of direct and indirect detection (esp. CTA projections) — e
o .
ocm e
“Lessons learned” from studies that can be brought back to AF:
- Beam background is significant at muon colliders CI
5 i e
bl 4 - R
BIB off BIB on

eésage for EF10 whitepaper: a muon collider is competitive with FCC-hh for thermal WIMP scenarios
-Complementarlty message: muon collider results can Iead to jomt WIMP dlscovenes wnth DD and ID 1
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SUSY examples in DM context: scans & fits

Parameter scan of a SUSY model (point = set of Global fits including a variety of
SUSY parameters) plotted as a function of relic constraints (e.g. GAMBIT)
density and neutralino mass

JHEP09 (2016) 175 L = LconiderLOML favor LEWPO - - -

https://gambit.hepforge.org + Eur. Phys. J. C (2019) 79:395

€ 10"
T -
e - . . .
- Example: combined collider constraints
- on neutralinos and charginos
102 = 0
- r . 1.0
10° LT - = ;
- . I W-like LSP - — e
 ATLAS . - HBlikeLSP | . '
| After ATLAS Run 1 W Rlike LSP | R £
10 T TS = e
m(x,) [GeV] 3 o

!
\\rlll‘7

Many other SUSY DM

() ‘) i) HL) ol i 1(0)
mgo (GeV)

searches @ LHC!

ATLAS SUSY results CMS SUSY results DOZHOMNT = ZUZ 1/ 1U/ 1Y = LUD I‘D(_IIUUI Ol DdI K & Flduern >eclors /5



https://gambit.hepforge.org
https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6837-x
https://gambit.hepforge.org
https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6837-x
https://arxiv.org/pdf/1608.00872.pdf
https://arxiv.org/pdf/1608.00872.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Back to basics: Higgs portal models

arXiv:1903.03616

1 1A ~ :
ALy = =5 MXx — ixx@TCI)XX - + Only add the DM particle to SM
1 oo 1., 1 - « One can test different kinds of dark
AlLs = =5 Ms5" = 1As5" = JAuss 057, matter (vector, scalar, fermion)

Lambda for fermion EFT: assumed 1 TeV

* How to detect invisibly decaying Higgs:
 directly (Higgs decays to invisible particles, we see an excess)

f

* indirectly (deviation of SM coupling through fits, using k-framework)
* including only o x Branching Ratio (BR) measurements/ratios, no high-pT Higgs
keeping SM BR fixed, only allow invisible BR to float in the fit (subtracting SM)
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https://arxiv.org/pdf/1903.03616.pdf
https://arxiv.org/pdf/1903.03616.pdf
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Higgs portal DM results with LHC data

EPJC 81 (2021) 13

137 o' (13 TeV
—————r

> 10* —— ATLAS-CONF-2020-052
§ 10° s —:::;a::.:.)-z Tev \ :::-unc. g I I . | | -
£ 0-jet category S 1 0.9F "?—TL'AS Preliminary  __ observed =
g 0 v 0 = s=7TeV,4.7fb = tod =
o _ 08F (s=8Tev,203fb" e =
10 I Norvesonare S 47E 's=13TeV, 139 fb 1+ 20 E
1 £ - -
— 0.6 —
1 () = -
10 S 0.5k =
102 7 E
10°° < -
3" i : S 02F £
5 E.....+¢..¢..+...} ........................................ - 0.12_ -_ -
! ] - | 1 1 | =
200 400 600 |Ge3?° 0 ttH VBF Combined Combined Combined

Py Run 2 Run2 Run2 Run 1 Run 1+2

LHC sensitive to a Higgs to invisible BR of ~0.1
(SM value: invisible BR ~ 10-3, reachable by future colliders)

Ahittps://atlas.cern/updates/briefing/higgs-boson-search-dark-matter
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https://atlas.cern/updates/briefing/higgs-boson-search-dark-matter
https://atlas.cern/updates/briefing/higgs-boson-search-dark-matter
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html
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Higgs portal: future constraints

Higgs to invisible constraints

interpreted as Higgs Portal models arXiv:1903.03616
Brip (< %, 95% C.L.) Bry, (< %, 95% C.L.)

q q DM SM DM
< o.02
W H DM o
W \ [
. =
q DM |«
arXiv:1905.03764 [ fvi< !
T
Collider 95% CL upper bound on BR;,, [%]
Direct searches | kappa-3 fit | Fit to BR;,y only
HL-LHC 26 1.9 1.9 00 04 08 1.2 1.6 2.0 0 ] 2 3 4
HL-LHC & HE-LHC 1.5 1.5
FCC-hh 0.025 0.024 0.024
HL-LHC & LHeC | 23 I WS 1.1 H 1ggs @FC WG Kappa-3, May 2019
CEPC 0.3 0.27 0.26
FCC-C€240 0.3 022 0.22 - FCC-ee+FCC-eh+FCC-hh CLIC380
FCC-eesq5 0.19 0.19 B FCC-eezqs+FCC-eerq ILCs00+ILC350+ILC359
ILC»s0 0.3 0.26 0.25 FCC-eera ILC»s
ILCs09 0.22 0.22 - -
CLIC3s0 0.69 0.63 0.60 W CEPC B LHeC (|kv|[ < 1)
giiglﬂm 82? 8§é B  CLIC;3000+CLIC500+CLIC3gg HE-LHC (|Kv| < 1)
= : ' i CLIC500+CLIC3g0 HL-LHC (|xy| < 1)
' All future colliders combined with HL-LHC
LHeC 5.5 (2-sigma, no syst.)
HE-LHeC 3.4 (2-sigma, no syst.)

1.7 (2-sigma, no syst.)

& Xz
< w\%
=
z
%
© )
NNITIZS
m et
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https://arxiv.org/pdf/1903.03616.pdf
https://arxiv.org/pdf/1903.03616.pdf
https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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Higgs portal in DM context: relic density

 Very simple model, so careful with taking relic density at face value
* If Higgs portal is to make up 100% of DM, can exclude using colliders + other
experiments (see tomorrow'’s lecture on complementarity)

Scalar Higgs Portal

\
0.100}-+esseressnsansarans Sormroeooe Mo N e e e e e e e e R
\
-------------------------- t----------------------
\

XENON1T/DarkSide Excluded _

0.010f===sesencsssscss B D AT e &
' : L o
@ PLANCK
0.001

Approximate

X LZIXENONNT ...
Future colliders reach‘~';.s -

-
-
--------

e
" -

-

.

.
-t
..........

1 - ,
Br(h-inv)
P
N

2 5 10
mg[GeV]
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50

Brinv

0.100

0.010f--

0.001}

10—4 i

Fermion Higgs Portal — HL-LHC: BR<1.9%

—

Higgs PPG, arXiv:1905.03764

— HL-LHC+HE-LHC: BR<1.5%

Higgs PPG, arXiv:1905.03764

= FCC-ee/eh/hh: BR<0.024%

Higgs PPG, arXiv:1905.03764
— CLIC,,,: BR<0.60%
Higgs PPG, arXiv:1905.03764

= CLIC._ : BR<0.41%

1500°
Higgs PPG, arXiv:1905.03764

—CLIC,,,,: BR<0.3%

3000°

\\ Br(h—inv)

Caveat: EFT validity
in Higgs-DM ""'*, ---------------------
interaction not B
guaranteed beyond
HL-LHC

Higgs PPG, arXiv:1905.03764

—— CEPC: BR<0.26%

Higgs PPG, arXiv:1905.03764

ILC,. : BR<0.25%

250°

% LZ/XENONnT

Approximate
Future colliders reach

Higgs PPG, arXiv:1905.03764
—ILC,,,: BR<0.22%

Higgs PPG, arXiv:1905.03764

DARWIN ™. . FCC,, ,4: BR<0.22%
Higgs PPG, arXiv:1905.03764
| , ) . ! . °
2 5 10 20 50 FCCee. BR<0.19%
m X [GeV] Higgs PPG, arXiv:1905.03764
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Communities

More complex models: pseudo/scalars in 2HDM

Compelling searches with increase of LHC dataset involve
new particles interacting with DM, alongside Higgs boson

Example: pseudoscalar interacting with DM
in a Two (2)-Higgs Doublet Model (1 & A bosons)

N O,
H <
S
¢ DM
g
DM
LHC Dark Matter Working Group
https://arxiv.org/abs/1810.09420

E.g. above search for MET + two b-quarks
ATLAS / CMS
No excess observed yet

LHC dataset sufficient to start
being sensitive to this kind of processes,
Run-3 dataset needed for more

ATL-PHYS-PUB-2021-045/

000F——7—"—"—"""—T——""T———"———T1——
£ ATLAS Preliminary T/m>20% ]
T _ p ]
1800 /s = 13 TeV, 36.1 - 139 fb 2HDM.-+a, Dirac DM ]
- Limits at 95% CL -
1600 7y TP —Observed m, =10 GeV, gx =11
., - Expected sind = 0.35, tanB =1 ]
1400 e, My =My =My, _
1200F .
1000 :
15 S _\_\'(\‘.“__ ]
800k mp= D2
600 .
:/;4 . T ]
400 E
200FF 3

Caterina Doglioni - 2021/10/19 -

100 200 300 400

500 600 700 800

m, [GeV]

—E™*+7(09), 36.1 fb!
JHEP 10 (2018) 180

= E"*+h(bb), 139 fb™
JHEP 11 (2021) 209

—EMs=4Z(1l), 139 fo'!
arXiv: 2111.08372

ET°+Wt, 139 o
EPJC 81 (2021) 860

Htb, 139 fb™
JHEP 06 (2021) 145

h(inv), 139 fb"
ATLAS-CONF-2020-052

ET+h(yy), 139 fb'
JHEP 10 (2021) 13

— Combination

ET"*+h(bb), ET**+Z(1l)

COST School on Dark & Hidden Sectors


https://arxiv.org/abs/1810.09420
https://arxiv.org/abs/1810.09420
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-045/
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Introduction LHC Searches Global DM complementarity Communities

Controversial: why colliders can’t discover every/any kind of DM alone

« Reason #1: there are DM models that are not accessible at accelerator
energies / intensities
» Reason #2: DM discoveries need complementary experiments that involve
DM with cosmological origin
 Direct detection can discover DM that interacts inside the detector
* Indirect detection can see annihilating/decaying DM through its decays

Dan Hooper - Fermilab/University of Chicago
University of Chicago, Physics Colloquium

We need complementary experiments!
DARK MATTER
DM ANNIHILATION IN THE
2l M M oM =i SM GAMMA-RAY SKY
The Trinity of Dark Matter Searches
DM
DM SM DM DM SM SM
Indirect Detection Direct Detection Colliders
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Controversial: why colliders can’t discover every/ny kind of DM alone

« Reason #1: there are DM models that are not accessible at accelerator
energies / intensities
» Reason #2: DM discoveries need complementary experiments that involve
DM with cosmological origin / can produce DM
 Direct detection can discover DM that interacts inside the detector
* Indirect detection can see annihilating/decaying DM through its decays
 Accelerators/colliders can produce DM and probe the dark interaction

SM DM gMm DM
DM SM SM SM SM SM
Med.
DM DM
DM SM DM DM SM SM  SM SM
Indirect Detection Direct Detection Particle Accelerators (colliders & extracted beam lines)
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Direct detection experiments: examples pes

XENON/LZ CDMS

Large volumes (order: meters) Smaller volumes, lower threshold
(order: centimeter-meter)

Anode ;i Dark Matter
‘ E,. (mass ~ GeV - TeV)

Germanium

Sensitive ot / :
| recoil energy
volume E~3V ~~ (tens of keV)
R
phonons
Y
Cathode
WIMP
v
http://www.xenonit.org https://www.slac.stanford.edu/exp/cdms/

https://Iz.Ibl.gov

Many more experiments operational/planned for this decade:

om Generation-2 to Generation-3
MANCHESTER. [ E=isy

1824
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https://lz.lbl.gov
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Direct detection experiments: examples X

SM SM

DM DM

Sensitive
volume

WIMP

——— -y —ye r YT

b
cI
N
h |

P
o

10 3

1
~I

S
I

Cross-section [pb| (normalised to nucleon)
o

" Thupu/dmiols brown.edus
Guaitskell Mandic Filipping

Exclusion Plot — Comparison of Results

il theoretica
10 prediction
]0 9 llll.’tl Uosul 2
10 107
WIMP Mass [GeV/c™]
Raimund Strauss, MPI Munich
YN\ MAF FrMTrren
MANCHESTER jiteie)
1824 :

LUNDS

Signal claim

Exclusion limit

l.edu/exp/cdms/

GnowMan202] KdZ
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Looking for rarer DM (examples from direct detection)

Cross section

* in terms of detectors

« Major updates to direct/indirect detection experiments planned:

* in terms of reduction of challenging backgrounds

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

Lower

energy

‘threshold 7
Increased

Image from Sl

Reference
limit , -
- Signal contour

Smaller target
nucleus

E Petricca's talk @ GGI 2019

WIMP Mass

European Researcl h Council

1824 &
LUNDS

sssssssssssssssssssssssssssssssss The University of Manchester

European Strategy Update Briefing Book

10—37
10—38
10—39
10—40
10—41
10—42
10—43
10—44
10—45
10—46
10—47
10—48
10—49
10—50 Lo R B )

1073 1072 10! ) 1 10 10?2
M, [TeV/c’)

Dark Matter-Nucleon oy, [cm?]

1
1 | ) ) Lo 1 O S I W ) 1 | R S |

solar/cosmic neutrino scattering xsec may become larger than DM xsec
(but irreducible backgrounds haven't stopped anyone so far)

“S1)
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https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf
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Direct detection for very light DM et

"Traditional” DM-SM recoil direct detection searches lose sensitivity to low-DM

masses, but... ,
nuclear couplings
e

L 10724 IR il s |
 detectors can be made more sensitive 102 vy |
-27. . L
to lower thresholds (e.g. phonon-based {8—52_ Mediator Eein e
1075 ¢ ' etection J
calorimeters) E Petricca's talk @ GGI 2019 1075004 Consteaini
%8:;% : ““ polur\‘\ Molecules é
. 34 \\ mulcriu! ‘~\\\\(light) _3
« subdominant effects can enhance > iﬁzgg_ oo L :
"kiCk" from DM E.g. arXiv:1702.04730, % %8:% ....... - Milestoifes.
1707.07258, 1905.00046, b %3333: L
1810.07705, 1810.10543... %8::;:
° 10_43 : n:i::lclrlml
» can explore new materials & 1075r ohonons)
. 10—46 ,‘00 gy | oround
detectors — collaboration of astro/ 10747 e &7 e Neutrino
: : : : 0% \ ﬂ
partlcle.physms & solid state physics 19 X T N
* Including quantum sensors m, [MeV]
E.g. arXiv:1709.07882, CPM Session #77 BRN Report
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https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf
https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf
https://arxiv.org/abs/1709.07882
https://indico.fnal.gov/event/44870/contributions/199587/
https://arxiv.org/abs/1709.07882
https://indico.fnal.gov/event/44870/contributions/199587/
http://arxiv.org/abs/arXiv:1702.04730
https://arxiv.org/abs/1707.07258.pdf
https://arxiv.org/abs/1905.00046
https://arxiv.org/abs/1810.07705
https://arxiv.org/abs/1810.10543
http://arxiv.org/abs/arXiv:1702.04730
https://arxiv.org/abs/1707.07258.pdf
https://arxiv.org/abs/1905.00046
https://arxiv.org/abs/1810.07705
https://arxiv.org/abs/1810.10543
https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
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DM SM

DM SM

Indirect Detection experiments: examples o

Dark Matter annihilates in _the GC / dwarf galaxies to

a place Where to f|nd DM:

photons | which are detected by Fermi, HESS, ... .

some particies ¥ an experiment ga'axy surveys CF3
/ (e.g. LSST, SKA,...)

(also able to probe properties of DM & test DM models)

how to detect DM decays:
indirect detection experiments
(e.g. Fermi-LAT, CTA,...)

Fermi Large Area Telescope

Y

Anticoincidence
= Detector (background rejection)

~— Conversion Foil

=== T Particle Tracking
/ \ Detectors
~  Calorimeter

(energy measurement)

CnowrMarn2029] Wk
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Indirect Detection example/excess: Fermi-LAT X

1()_3:"""1 y L T y 1 T
- — — broken PL --= DM 777~
s, L e PL with exp. cutoff I GC excess spectrum with
_I?;_ - = DM b stat. and corr. syst. errors |
|
2 1075 F ———— JCAP 2015 E
3 s i E
5 TS X :
> B S T — ]
g EHF - = ’ . \, .". N } ~ ——————— -
":: 107" E = .‘ ‘ '\ il - =:'
".'E;: ' \. "’\ .. N
1 '\
1()*3 PR T B R A | L L e aarl e L raal
10° 10 10°
F [GeV]

Astrophysics > High Energy Astrophysical Phenomena
Dark Matter Strikes Back at the Galactic Center

Rebecca K. Leane, Tracy R. Slatyer Phys. Rev. Lett. 123, 241101 (2019)

Many possibilities for
interpretation, floor still open!
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https://arxiv.org/abs/1904.08430
https://arxiv.org/abs/1904.08430
https://arxiv.org/pdf/1409.0042.pdf
https://arxiv.org/pdf/1409.0042.pdf
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Something we all wish for...
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A “global” view of WIMP dark matter

- : : “Big Question”

Comparisons are possible only in the context of a model
Essential to fully specify model/parameters and be aware of limitations

LHC Dark Matter Working Group . ATLAS Dark Matter Plots
Phys. Dark Univ. 27, 100365 (2020) g 107 VAR TR — Dijet
5 38 ATLAS Preliminary \ 3 Diet; JHEP 03 (2020) 145
O, — Dijet TLA; PRL 121 (2018) 081801
—~ 10 j . eV, March 2021 — Di}eulSR; PLB 795 (2019) 56
S M SM g 39 k Boosted dijet+ISR; PLB 788 (2019) 316
2 10 i t resonance Boosted di-b+ISR; ATLAS-CONF-2018-052
S a0 hOMTTMED Emiss , ff resonance
= _ =
Med. c 10 i EPJC 78 (2018) 565
S 1041k = bb resonance
9q o = 10 a 55 Tason JHEP 03 (2020) 145
© _42 ANCE ___ Emiss
10742 N Gasae Dijet Er+X
S M S M ’ ET"**+jet; arXiv:2102.10874
1 0—43 EMS%.4y; arXiv:2011.05259
2 EM4V(had); JHEP 10 (2018) 180
C ETS4Z(l); PLB 776 (2017) 318
1074
0 = — XENONA1T
SM DM 1 0_45 - ek PRL 121 (2018) 111302
P\
° — PandaX
_46 NAT PRL 117 (2016) 121303
10 , XENO
Med. E Vector mediator, Dirac DM — DarkSide-50
1 0_47 Eo - 025, =0, g, =1 PRL 121 (2018) 081307
99 9¥ E ATLAS limits at 95% CL, direct detection limits at 90% CL — XENON1T MIGD
10—48 e RN RN PRL 123 (2019) 241803
2 3
SM DM 1 10 10 10
m, [GeV]

Complementarity of colliders with direct (indirect) detection
performed within the chosen benchmark models & parameters
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2
o, (x-nucleon) [cm]

LHC DM Working Group, European Strategy Update Briefing Book, for non-WIMP examples, see Physics Beyond Colliders report

Higgs portal @ colliders
and direct detection

Preliminary, Granada May 2019
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‘\DarkSide-Argo (proj.)
Higgs Portal model
Direct searches, Scalar DM -
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— XENONI1T

PRL 121 (2018) 111302

— PandaX

PRL 117 (2016) 121303

= DarkSide-50

PRL 121 (2018) 081307

LUX
PRL 118 (2017) 021303

— DarkSide-Argo (proj.)
DarkSide-Argo EPPSU submission
DARWIN-200 (proj.)
JCAP 11 (2016) 017

= HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764

— HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

= » . o
CEPC, FCC-ee,, , ILC,  : BR<0.3%
Higgs PPG, arXiv:1905.03764

—— FCC-ee/eh/hh: BR<0.025%

Higgs PPG, arXiv:1905.03764
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Scalar mediators
and indirect detection

i 10'20E - T o ~ ] =—Fermi(bbonly)
IU) ‘\‘ ] Astrophys. J. 83_4 (2017) no 2, 110
™, 1 0-21 §_ ™\ E —|P-F|1I|_E1§7S(20(12)b11?3r<]1|y’ proj.)
% 10722} | ==CTAGC (b only, proj.)
[ — F 7 arXiv:1508.06128 _
~ 1 0'23 . Fermi+LSST (bb only, proj.)
B 24 E 1 arXiv:1902.01055
<~ 10<"E 4 ~HL-LHC, 14 TeV, 3 ab"
05 F - E HL/HE-LHC Report: arXiv:1902.10229
10™=°¢ { —HE-LHC, 27 TeV, 15 ab
_26 E HL/HE-LHC Report: arXiv:1902.10229
10 = FCC-hh, 100 TeV, 100 ab™
1 0-27 PRD 93 (2016) 054030
1028 : E
1 0-29 _
10730 ;
Pseudoscalar model, Dirac DM §
10'31 gD'V_'=_1’gq=1 ;
1 0_32 o AII Illmlltslalt 95% CL . o] ‘ \
1 0 1 02 1 03 1 04 European Straleg)
mpu [GeV]
q q
t/(b)
DM 9
DM
5/P ﬂ<
—
9, 9y 9 9N pum
g
DM t/(b)
g
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LHC DM Working Group, European Strategy Update Briefing Book, for non-WIMP examples, see Physics Beyond Colliders report

Higgs portal @ colliders
and direct detection
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Preliminary, Granada May 2019
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3 — DarkSide-50
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RL 121 (2018) 081307
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RL 118 (2017) 021303

3 — DarkSlde Argo (prOj )

DARWIN 200 (prOj )
ICAP 11 (2016) 017

J
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10720
1021

ov) [ecmisT]

1022}
1023}
1024}
1025}
10°26F
10727}

Scalar mediators
and indirect detection

E\ " the best
region to find
WIMP DM m,/

"] —Fermi (bb only)

Astrophys. J. 834 (2017) no 2, 110

{ S=HESS (bb only, proj.)

PRL 117 (2016) 111301

4 ==CTAGC (bb only, proj.)

arXiv:1508.06128 _
Fermi+LSST (bb only, proj.)
arXiv:1902.01055

—HL-LHC, 14 TeV, 3 ab™

HL/HE-LHC Report: arXiv:1902.10229

—HE-LHC, 27 TeV, 15 ab™

HL/HE-LHC Report: arXiv:1902.10229

i —FCC-hh, 100 TeV, 100 ab™

PRD 93 (2016) 054030

10k 10%8]
E 10'29
1077 & \DarkSide-Argo (proj.) = 10-30 Pseudoscalar model, Dirac DM _
- 10-31 gDM=1’gq=1 ]
107" &= Collider limits at 95% CL, direot defection limits at 9_00’/?,(}:::’ 5 4 10-32 i All limits at 95% g'— ] . N
1 10 102 10° European Strateg9 1 O 1 0 1 O 1 O European Straleg)
m, [GeV] mpm [GeV]
q q DM
v/ Health hazard : these plots are only valid for the couplings
W \ specified, in the limited space of a benchmark model!
q . .
; o Not to be used to deduce general things like:
“In the next 50 years we will exclude WIMP DM”
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...are we looking everywhere?

up: stronger interactions

LI

[ J

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

1S3

Reference
=, Iiﬁrﬁnit

L g
*

| Signal contour’

Number of papers for topic vs. time

—— Dark Matter
WIMP

c
O
e
U
Q
n
0
n
O
—
O

much lighter DM

O
=
(D
¢ 1500 3
5 Smaller target o
° nucleus
: Lower \ w
3 energy E R
threshold <
(D
.. Increased @)
1995 1999 2003 2007 2011 2015 2019 = Exposure D-‘
Date [in steps of 365 days] LH Image from R
2 E Petricca's talk @ GGI 2019

WIMP Mass

s109(

What might we learn from lines of research that are off the beaten track?

They check accepted ideas, always a Good Thing, and there is the chance

Nature has prepared yet another surprise for us.

. Peebles
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https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf
https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf

Introduction LHC Searches Global DM complementarity Communities

The evolution of dark matter searches in the last decade

NOte: not an eXhaUStive ||S'|: Neutrino experiments (quantum) sensors for light/ultralight DM

Electromagnetic

Dan Hooper - Fermilab/University of Chicago \_\\ / Waves
University of Chicago, Physics Colloquium s . Shield
October 24, 2013 e

DARK MATTER B’ -
ANNIHILATION IN THE S —— \) ’ .

Dark Matter
Wave

Accelerator experiments Cavity +
Quantum Sensor N

GAMMA-RAY SKY

The Trinity of Dark Matter Searches

BRN report for new initiatives in DM

Gravitational wave experiments

arXiv:1808.05219

Astrophysical probes

Dan Hooper - Dark Matter in the Gamma-Ray
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https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://arxiv.org/abs/1808.05219
https://arxiv.org/abs/1808.05219
https://www.lsst.org
https://www.lsst.org
https://www.dunescience.org
https://www.dunescience.org
https://arxiv.org/abs/1907.10610
https://arxiv.org/abs/1907.10610
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Beyond WIMP DM — beyond high-energy colliders

DM models with light particles && very feeble interactions w/SM
benefit from high intensities, not only high energies

» Starting from our baseline assumption: DM
* interacts with SM particles = we can produce and detect it at

(Intense) beams SPS NA62/4, LDMX, SHIP... Planned/proposed
from particle LAC . FASER, CODEX-b... experiments
] Fermilab Booster MiniBoone, ...
accelerators Future MANY more ideas... GnowrMarn 2097 E12E
grww/umgﬁg/ NF
SM SM
Portal particle
Caveat: very simplified diagram
o N DM /SM ,
production
—
of DM/SM particles
MANCHFESTER DM /SM

1824
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Even lighter DM: axions

Axions/Axion-Like Particles (ALPs): 10"

i
example of new particle with inter-field connections, = 1077
solving more than the DM problem ! .
& 10~
>

Cosmology
Cold DM
candidate

Theory
Strong CP
problem

axions

| / ’ ! Dark \
String ‘: ALPs ,-77\ radiaion [ 10_11
theory A
Astrophysics  faflafion™r
T Anomalous - Er?ea:ak?? 10_12
stellar cooling .
. .
UHE y 10138
iransp arency
-14
I Irastorza's talk @ EPS-HEP 2019 1V
New technologies (small experiments) now available 10719

Electromagnetlc 10—16

\_\—\ Waves
Shield 10-—17

T

B

Dark Matter
Wave

Cavity +
Quantum Sensor N

The University OﬂWNeR@DO'ﬁH&Qg Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors

l I PhySics Laboratory

*Beyond
Colliders

ALPS II

.
.
P T R T T T LA

O T CEE TR Y R wesnngen LOAIANT wuap” ouet

.
' $ .
----------------------------------------------------------------

| IIII"’I | IIII|T|| R

Physics Beyond Colliders
Working Group
arXiv:1901.09966

| llIll|,|] | Illlll,ll LI

10~ 16 107" 107 10~ 10~% 10= 10~ 10~ 1 10

me(eV)

New: sensitivity of haloscopes
to "dark matter” axions
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https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://indico.cern.ch/event/577856/contributions/3396833/
https://indico.cern.ch/event/577856/contributions/3396833/
https://arxiv.org/abs/1901.09966
https://arxiv.org/abs/1901.09966
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Looking #p (to hints from astrophysics & more)

A Change of paradigm from https://arxiv.org/abs/1905.06348
DM == invisible particles”

ultralight dark photon mediator

10—16

10-18

(potentially low-mass) & “strongly o8
interacting” DM particles will 022
- interact with detectors 102

- need to take this into account — 102

for collider searches! 5 o

- interact with atmosphere & earth  ~
- use/send detectors higher up! o2

- leave astrophysical signals o

- Supernova (SN), BBN, CMB...

107
- be part of more complex dark sectors -

- with interesting collider / cosmological ° Fow=(am¢/q)
signatures, as dark sector particles could be 197 = 10° 10° 10? 10° 10°
produced as part of particle jets! m,[MeV]
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1824

The University of Manchester ULNL,\J,E[;IS,[T)S Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 101


https://arxiv.org/abs/1905.06348
https://arxiv.org/abs/1905.06348

Introduction LHC Searches Global DM complementarity Communities

Stronger dark interactions = non-standard collider jets

Searches for dijet resonances. = Nature making our jets weirder than QCD

|

Ko JET LOW
unless ISR HANGING
( MoNO-JET) Al

D
Y211 02011 Scott Adams, InC./ Det by Ussveresasl Uickek

Dilbert.com DilbertCartoonist@gmail.com

,@e/s ILonS 7

Semi- Going beyond the “low-hanging fruit”:

?
VISIBLE /)
nwonnwxse . .
Jers - Dark sector models (some including DM
arkiv:1712.00279 uKIeI707.05826 candidates) with much uncovered territory
|BLE Class of models including dark quarks that
NS . .
‘ X fragment in a QCD-like way (dark QCD):
- Dark dijets = prompt dark sector jet constituents
x X - Emerging jets — long-lived jet constituents
/ K . didateS - Semi-visible jets — invisible jet constituents
Dk - Current searches searching for signals >~ TeV
“";’/,;’,(f}/”& (limited by trigger rates)

Inspired by K. Pedro & C. Fallon's talk @ DMLHC2019 and by this twitter thread ng 0/

A family of signatures, with DM particles (& more) in the dark shower Discussions every ~3 weeks

= need more than simple real-time analysis! at this indico, hosted by
Suchita Kulkarni
Can be searched for in LHCb, ATLAS and CMS [arXiv:1810.10069] Marie-Helene Genest
- LUNDS

omiymemnoms The University of Manchester — uNIVERSITET Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 102


https://indico.cern.ch/event/783977/contributions/3455149/attachments/1893510/3123337/Fallon_DMatLHC2019.pdf
https://twitter.com/kratsg/status/1199389875218157568
https://indico.cern.ch/event/783977/contributions/3455149/attachments/1893510/3123337/Fallon_DMatLHC2019.pdf
https://twitter.com/kratsg/status/1199389875218157568
https://arxiv.org/abs/1810.10069
https://arxiv.org/abs/1810.10069
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1707.05326.pdf
https://arxiv.org/abs/1707.05326.pdf
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/1502.05409
https://indico.cern.ch/category/12893/
https://indico.cern.ch/category/12893/
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European visions for particle, astroparticle and nuclear physics

https://www.appec.orqg https://ecfa.web.cern.ch http://nupecc.org

Astroparticle (APPEC)  Particle (ECFA) Nuclear phy5|cs (NUPECC)

CERN Council Open Symposium on the Update of

European Strategy = ‘)
for Particle Physics

= Physics Strategy

7
APPEC 2017-2026 13-16 May 2019 - Granada, Spain

https:/cafpe.ugr.es/eppsu2019/ Ol 0]

_ NuPECC
eppsu @Dt-gr-org [=] ek '.'DI(( Long Range Plan 2017

Perspectives
in Nuclear Physics

Astroparticle, particle and nuclear physics in Europe have strategies and plans
that recognize the importance of synergies between the different fields

MANCHESTER
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https://www.appec.org
https://ecfa.web.cern.ch
https://ecfa.web.cern.ch
http://nupecc.org
http://nupecc.org
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Visions: APPEC, ECFA, NuPECC

Some of the common scientific goals in the strategy documents:

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

European Strategy ““““““““““““““ )
for Particle Physics

13-16 May 2019 - Granada, Spain

Nature of dark matter
and dark energy

)7 European Astroparticle

/[ = Physics Strategy

ADDCA IN1T7 INDL

MANCHESTER [
1824
LUNDS

The University of Manchester — uNiversiTeT

ange Plan 2017
ctives

in Nuclear Physics

Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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More synergies: >toundations” for common challenges

To reach common goals, one needs to work together on tools as well...

‘Astroparticle

3 ropean Astroparticle
7= Physics Strategy
APPEC 2017-2026

Particle Nuclear

European Strategy = sooenieey)
for Particle Physics

13-16 May 2019 - Granada, Spain

= A = e
— _— /‘ 1 - i i
///‘/:/“ | ‘ P ! .

4\ A

https:/cafpe.ugr.es/eppsu2019/ @‘,_.5?% NuPECC
eppsu2019¢ @pcgr.org i F% '“pl((
nnnnnnnnnnnn =g+ Long Range Plan 2017
= Lo 2 g o1 o M Perspectives

Ex

in Nuclear Physics
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instrumentation
(accelerators, beams, detectors,

vacuum & cryogenics,
control & automation...)

data acquisition,
computing,

data sharing
& open science

Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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Two complementary projects (everyone is welcome!)

JENAS Eol: Initiative for Dark Matter in Europe and beyond: Towards

SearChe S & interpretation facilitating communication and result sharing in the Dark Matter

community (iDMEu)

Astroparticle Particle Nuclear https://indico.cern.ch/event/869195/

ESCAPE newsletter APPEC newsletter
build a discussion platform and tools to

facilitate collaboration of existing groups/
efforts on dark matter searches
and their interpretation
kick-off meeting 9-12/05/2020

Common theory ground

— , —————————— Sy
r instrumentation r:;ta acquisition, ESCAPE Towards a Dark Matter
(accelerators, beams, detectors, software, computing, Eurapean Selance Cluster of Astranomy & > -
vacuum & cryogenics, data sharing N TeSt SClenCC Pl‘O]eCt
conirg & alitomation... & open science (¢ ESCAPE Progress Meeting, 2020
— — H F TOOLS conference contribution
f & d compare end-to-end analysis workflows for
sortware ata WIMP searches, towards their implementation

in a common Software Catalogue and
as input to the design of the
European Open Science Cloud

MANCHESTER
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https://indico.cern.ch/event/869195/
https://projectescape.eu/news/escape-engages-initiative-dark-matter-spanning-ecfa-nupecc-and-appec
https://www.appec.org/news/idmeu-an-eoi-gathering-the-dark-matter-community
https://indico.cern.ch/event/869195/
https://projectescape.eu/news/escape-engages-initiative-dark-matter-spanning-ecfa-nupecc-and-appec
https://www.appec.org/news/idmeu-an-eoi-gathering-the-dark-matter-community
http://www.hepsoftwarefoundation.org
https://indico.in2p3.fr/event/20203/contributions/79577/
https://indico.cern.ch/event/955391/contributions/4075802/
https://indico.in2p3.fr/event/20203/contributions/79577/
https://indico.cern.ch/event/955391/contributions/4075802/
https://indico.cern.ch/event/1016060/
https://indico.cern.ch/event/1016060/
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The JENAA iDMEu LOI organizers:

Marco Cirelli

The Initiative for DM in Europe and Beyond cattatn

(+ more will join)

iDMEu kick-off - 2021/05/10-12

iDMEu Curators

The contents of this site are made possible by the work of

https://indico.cern.ch/e/iDMEu

the following people.

iDMEu

initiative for Dark Matter
in Europe and beyond

The best region to find dark matter is the one
where more techniques and ideas can discover
and explore DM!

@

After the European Strategy Update process and
during a joint ECFA/JAPPEC/NuUPECC (JENAA)
meeting, a number of DM researchers

met with similar questions:

E.g. “what are your assumptions?” “why do you use this
technique?” “how will findings in your DM research impact
my DM research?” “where can we meet and discuss this topic
in depth after this meeting?”

More info on ECFA Newsletter

VIANCTH L
LUNDS

The University of Manchester — uNiversiTeT

idmeu.org (preliminary)

If you're interested in becoming a curator,

email me:)

AL

Gabriella Szab6 Romane Tom Laclavere Sarah Ayoub

(Bachelor student, Kulesza (B h l d

(Bacl hl tudent, PSL F,an(e) Paris,F rrrrr )
llllllll y,Pans,

.......

We realized that there was no common platform
for these discussions or for resource sharing
> we decided to start developing it,
with three interconnected objectives

Facilitate (and
participate in) new
cross-community
scientific
ollaborations

Collect dark
matter resources
in an online
meta-repository

Help develop a common dark
matter story for different
audiences



https://indico.cern.ch/event/1016060/
https://indico.cern.ch/e/iDMEu
http://idmeu.org
https://indico.cern.ch/event/1016060/
https://indico.cern.ch/e/iDMEu
http://idmeu.org
https://ecfa.web.cern.ch/sites/ecfa.web.cern.ch/files/translations/Newsletters/Newsletter_7.pdf
https://ecfa.web.cern.ch/sites/ecfa.web.cern.ch/files/translations/Newsletters/Newsletter_7.pdf
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The ESCAPE Test Science Project

5 postdocs all over Europe working on this (funded by EOSC-Future)

ESCAPE Analysis workflows for different experiments .4
Integration work, foreseen in EOSC-Future SR
Generation & Data sharing and Data analysis, preservation
simulation of events data pr ocessing and interpl' etation Combination of results
Experimental data Challenges Challenges Withe?(tpheer?;ee:tcshey

Analysis of events/ A

distributions

Data processing
(including } (including background } Interpretation of results
reconstruction & subtraction, background

calibration if possible) estimation, statistical v

analysis)

Comparison of results

Consolidation work in EOSC-Future and ESCAPE with other searches /
experiments

i Software Catalogue,
1 Data Lake Analysis Platform &

Take- home pomt we need open data and sustainable analysis software for complementary experiments
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What does it take for a discovery? Real-Time

I The Standard Model of particle physics s Leptons | Theorised/explained
Years from concept to discovery gg:?:: | Discovered « We aren’'t done ta klng LHC
1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12 data (1 OX more expeCted)
Electron —r "low-hanging fruit” checked
Photon | | first, expect surprises
Muon I
Electron neutrine } I European Strategy Update, deliberation document
Muon neutrino s | The upgrades of the ATLAS and CMS experiments have been documented in a
Down 11 series of Technical Design Reports and have been approved, and the intemational
collaborations are gearing up to commission these detectors by 2027, the scheduled

Strange - start of the first HL-LHC run. The timely delivery of these upgrades is a milestone
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https://www.economist.com/graphic-detail/2012/07/04/worth-the-wait
https://www.economist.com/graphic-detail/2012/07/04/worth-the-wait
https://europeanstrategyupdate.web.cern.ch/sites/europeanstrategyupdate.web.cern.ch/files/CERN-ESU-016-2020%20Deliberation%20Document%20European%20Strategy.pdf
https://europeanstrategyupdate.web.cern.ch/sites/europeanstrategyupdate.web.cern.ch/files/CERN-ESU-016-2020%20Deliberation%20Document%20European%20Strategy.pdf

Introduction LHC Searches Global DM complementarity Communities

What does it take for a discovery? Collaborations

The search for BSM/Dark Matter has a long way to go at future colliders...

...it's the perfect time to search everywhere, including for the rare &Tunusual
much larger datasets,

, . . new / improved detectors & techniques,
precision searches .
. backgrounds & analysis tools
at colliders and accelerators

Now and future: essential complementarity between colliders and other
experiments, e.g. for dark matter

DM SM

SM

:C( cosmological origin ,.,4 nature of the DM-SM interaction SM ® .

}:I DD/ID/astrophysics accelerators / colliders M o

=

DM DM

but also on tools, given shared theory, experimental & computing challenges

iDMEu

LR a.Dark MaFter initiative for Dark Matter
Test Science Project

in Europe and beyond

ether ongoing, you're welcome to join in!
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