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Introduction Complementarity@ LHC Global DM complementarity Communities

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

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

Looking up: stronger interactions
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DM iS a muCh-SOught particle

Number of papers for topic vs. time
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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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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
(WIMP)



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 .
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...we could discover Dark Matter
in the next decade!
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Introduction Complementarity@ LHC Global DM complementarity Communities

More seriously: the relic density

The Nobel Prize in Physics 2019 Ml e
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“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
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Introduction

Complementarity@ LHC

Global DM complementarity

Communities

How did the relic density come to be?

DM density

SM «— DM

thermal
equilibrium

Couplings too small
for SM «— DM

equilibrium

A

SM — DM creation processes decrease

Freeze-out until a new SM «— DM equilibrium is reached

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

My

q 8 X (my)
WM
v, A(Mmed)
q x(my)

my

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
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Introduction Complementarity@ LHC 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!

.............................................................
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Introduction Complementarity@ LHC 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 2l v
SM
3:( “’E { %
DM :

DM SM SM AL

Indirect Detection Direct Detection Colliders/ Astrophysics Theory input
h — i o Accelerators always necessary

e The University of Manchester ULN%E[IIS.LT’E? Caterina Doglioni - 2021/10/19 - COST School on Dar  to contextualize }%
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Introduction Complementarity@ LHC Global DM complementarity Communities

Darlkmatter Invisible particles at colliders

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

. LHC .
Particle ATLAS, CMS, LHCD Collider
lid KEK Belle-2 . ¢
Colliders | c, cLic, CEPC, FCC, muon ... Future J SXPeriments
SM DM
known particle production of
collision DM particles
SM DM
Caveat: very simplified diagram

A running example: the Large Hadron Collider
accelerates and collides protons
Collisions are recorded and analyzed
by four main experiments

LHC collisions schedule:
%k 2022: beginning of Run-3
%k ~2027: beginning of Run-4 (HL-LHC)
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Introduction Complementarity@ LHC Global DM complementarity Communities

Some of the benchmarks for collider WIMP searches

Simple models  More complex/complete models
Simple DM mediation Supersymmetry

M oM M W 7

I:> Med.
DM SEO >0
\A" o o gm P 2 ........ X1
SM mediator Beyond-SM mediator e .
L P 5(,?: B Xl
Z/Higgs portals - Vector-like mediator \\.\

SM SM DM SM SM
a g DM \ < / \ / W+
W _H / /gq 9\ /g“_-g\ (Simplified model diagram)

w \ SM DM  SM SM
JHEP 03 (2018) 160

o M7 Scalar-like mediator
and Two Higgs Doublet Models

See Monica D’Onofrio’s lecture Also: DM models with long-lived particles (see
Rebeca Gonzalez Suarez’s lecture)

.73 MANCHESTER [leisy
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Introduction Complementarity@ LHC 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
S M D M '"_‘;"LL Volume LU J:j:/airzsojo, 100371
SM SM DM
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

¥ f inM

https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc Direct dark matter detection: The next decade
Phys. Dark Univ. 26 (2019) 100371 & references within R
Ann Rev Nucl Part Sci Vol. 68:429-459, 2018 for a LHC review v f inm

Dark Matter benchmark models for early LHIC Run-2
Searches: Report of the ATLAS/CMS Dark Matter Forum
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Introduction

Complementarity@ LHC Global DM complementarity Communities

Beware of simple models...

European Research Council

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?
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Introduction Complementarity@ LHC Global DM complementarity Communities

...but not all hope is lost!

. . DM
”"Why should we choose/believe the simplest models?” M SM
”Do we think DM is all made of a single (WIMP) model?” -
(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
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Introduction Complementarity@ LHC Global DM complementarity Communities

A generic search for WIMP DM: “X+MET”

Signal (rare)

Background (frequent)
g DM

q g v

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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Introducti

on Complementarity@ LHC

Global DM complementarity

Communities

A DM interpretation of LHC jet+MET search

arXiv:2102.10874 Model assumptions - more models can be/are tested
;‘ I | | | I | | | | I | /I | I | | | | | I | | | | I |
) 1 400 — ATLAS Expected limit+ 2°exp ]
9 : (s =13 TeV, 139 b Expected I?mfti 100 :
EX 1 200 | Vector mediator B ?;Z?Zl:ur::t (+ 1GPOFO SRR ) _
. e theor
B Dirac fermion DM === Relic density,Q.h* > 0.1)/2 |
1000 - 9,=025¢9,=10 ——— ATLAS Vs =13TeV,36.1f6" -
— 95% CL limits —]
B Region excluded . 7]
800~ by this search e n
Y. ko :
QR '..‘ \‘ —
600 -\
400j i —
i 666664 3 i
i ¥ i
200 ‘ ) ~
il i\ |
. : : a
O ._'" . | | | | | | | | | | | | | E h | | | | |
0 500 1000 1500 2000 2500
my, [GeV]
i IR ETINDT

The University of Manchester

UNIVERSITET

\

SM SM DM
Med.
99 9x

SM J j DM

Strengths of the interaction
(=coupling) mediator-quarks
and mediator-DM

Model produces
too much DM

Other interpretations:

» Different kinds of mediators
o Supersymmetric models

* Extra dimensions

* Axion-like particles

Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors %%
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Introduction Complementarity@ LHC 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 - -1.energetic jet

q g v 9

Z)

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

DM

|

MANCHESTER
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Introduction Complementarity@ LHC 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

q g v 9

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

DM

|

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

Background (very frequent) Signal (rare)
\ p energetlc jets
@

q q q

Z)

~ Any strong q New mediator
q force process (e.g. a more q FAY i
9 massive Z boson)
MANCHESTER
1824

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



Introduction Complementarity@ LHC Global DM complementarity Communities

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent) Signal (rare) Numbef of events

. g v q g DM Background

Signal

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

DM

Missing transverse momentum

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

Number of events
Signal (rare) " /

q v q q Background

Background (very frequent)

Z)

~ Any strong _ New mediator
q force process 5 9 (e.g. a more q
massive Z boson) b
Dijet invariant mass

S MIANCHESTER
1824
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Introduction

Complementarity@ LHC

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

IllUStTative examp le Phys. Dark. Univ. 26 100377 (2019)

Searches for DM particles
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Mediator mass [TeV]
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Introduction

Complementarity@ LHC

Global DM complementarity Communities

Complementarity of visible/invisible searches

Dark matter particle mass [TeV]

| | — T 1 r . 1 . T T T 1
- B Axial Vector mediator, Dirag PM N
L (gq = (.25, 8= 1) ,° |
i . _
i . _
2

1 g —
i . _
- ‘ ‘ -
. .° Can produce DM particles-
0.8 L directly (“on-shell”)
i .* because |
, L mediator mass -
0.6 . > 2 * DM mass ]
I — happens more often |
. — easier to constrain -
0.4 _|
0.2 _
; ! P | P R S S S (S ST SRR SR R |

0 0.5 1 1.5 2 2.5

LHC Dark Matter Working Group

IlluStTative examp le Phys. Dark. Univ. 26 100377 (2019)

Searches for DM particles

MANCHESTER
1824

The University of Manchester

LUNDS

UNIVERSITET

Mediator mass [TeV]
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Introduction

Complementarity@ LHC Global DM complementarity Communities

Complementarity of visible/invisible searches

Dark matter particle mass [TeV]

1.2

0.8

0.6

o
NN

O
bo

CD‘ T T [ T T 1

) 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)

S R T
Axial Vector mediator, Dirac DM
(gq = 0.25,gDM = 1) P

SM SM

Med.

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

SM SM DM

Med.
99 9x

N - L L a DM discovery...
0.5 1 1.5 2 2.5 more later!

= Searches for DM particles Mediator mass [TeV]

Dijet searches for DM mediators

LUNDS
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https://arxiv.org/abs/1703.05703
https://arxiv.org/abs/1703.05703

Introduction Complementarity@ LHC Global DM complementarity Communities

Complementarity of visible/invisible searches

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

— — T N B
% . & Axial Vector medlator Dlrac DM /-
2 c _ _ B
b : cg) (g 0.25, g om =1) . . . :
% B 9 SM SM ¢ ‘ |
(] 1 Yo ¢ -
E | [e5) Med. . * ]
|
— GJ 9q 9q * ]
,i‘) B > SM SM . ‘ |
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— L .,'S PY ¢ A
g I 3 :
b S
< i _8 SM  SM DM |
E 0.4 B ~ l
e Med.
"ié : _g 9 91 :
Q 0.2 - g . . SM DM -
; . N AR R T R I |
0 0.5 1 1.5 2 2.5
—— Searches for DM particles Mediator mass [TeV]

D1]et searches for DM medlators
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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) St
’ - ¢ N
3. Often we don’t know how the resonance decays look like (engeS Ca(;\S\NOM\O
no (\a\\J
e ¢ (Q @
e ond@
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Introduction Complementarity@ LHC Global DM complementarity Communities

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 [Rei]
* up to 30 million proton-proton collisions/second (MHz)
/(

« ~1-1.5 MB/data per collision event, including raw data [ G N‘
S A

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

A\ \NCHESTER
1824
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Introduction Complementarity@ LHC Global DM complementarity Communities

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) 15
« ~1-1.5 MB/data per collision event, including raw data ’(\ ; N‘
» FCC-hh plans to collide beams up to every 5 ns (now: 25 ns) ‘,DK,B

« and Moore’s law / storage costs don't scale as fast as that yet

after selection of "interesting” data

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

SO0 2y Rl £ lecti Object
% e B A ’ vent selection > reconstruction > Data analysis
e (trigger) and calibration

e MANCHESTER [
1824
. The University of Manchester ULNH,E[:]SI[T)E Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 31
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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,

,///

& y g 1\\\\
,“ | . \
v, \Data ~ nobody likes,
4 PN Ny ~ 2
\t‘\‘ — =
‘0w§%&
1824 Tg
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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

. 11 | 500 pb —
9 10" e ATLAS Preliminary
— Theory
& Run 1,2 /s =7,8,13 TeV
106 - LHC pp Vs =13 TeV .
g Bl Data 32-798fb! ]
u -
10° F e -
- o E
Ao A .
10* F LHC pp V5 =7 TeV E
BB Data 45-46f0" 3
10° o 3
i a0 ]
> L o i
10 E FAY o n o A olo E
a n t(ﬁal n A o0 :
10° 3 2,010 &0 E
C H VBF A .
i A i
1 VH " o
E_ n =
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i tiH A X ]
-1
107 E
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What is interesting at the LHC/at hadron colliders?

J. Stirling / C. Fitzpatrick
— U eV ey W Cross-section * Luminosity

L‘om....uc Ghz = nhumber of events produced
Intergsting to LHCb Tlllslon rate
I CcC

I "
m MR

bb
Readout rate Challenges:
(- jets
8 - Storage .
O - The definition of
m [ ] L J
A ”interesting” changes
m . .
- o experiment by experiment
O
pb
e Rare signal processes that
N are buried in high-rate
uHz backgrounds have to be
discarded

Particle energy or mass

1% 5
S ey

O T

SR S\

BINR <) AR

A\ <

1 40&”.\ =/
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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 SM Adapted from JHEP 1507 (2015) 089
10% ————rr———————r
Med. : model produces
dg g PO 56 much DM

';‘ - _ /x

SM SM & gom =1

. . — - 9q=0.1
Visible mediator decays = @

E - —

SM DM = 10°F ) ;
-%’ §’ model can

Med. < ﬂ@@ produce the
dq gom Q& right amount of |
. relic DM
SM DM
o . 1021 ----I2 M ......I3 ....4
Invisible mediator decays 10 10 10 10
i 4 DM mass [GeV
o ESEEEN (T
i LUNDS

The University of Manchester

UNIVERSITET

0.4
0.3
0.2

0.1

0.04

0.03¢

0.024

*
qqqqq

------ pre-LHC constraints

_ Axial vector DM mediator decaying to quarks
Dirac DM

My =10 TeV, g,,= 1.0

IIlJIl

0.01

200 300

1000

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

. "9 \IANCHESTER
1824 -
European i The University of Manchester  universiter Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors
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https://arxiv.org/abs/1808.00902
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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
pandwidith k4
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 520 © 06
1824 c cors? T 20
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ATLAS implementation: Trigger Level Analysis (TLA)

Much smaller event size ==» orders of magnitude more data can be recorded

Data taking

— 30 : : .
v Size of TLA event T ATLAS Trigger Operation
(relative to full event) et HLT stream rates
Tri 1 1 ° O 25¢ pp data, September 2018, Vs=13 TeV
rigger-level events ©
gg X = mmm Trigger-level analysis
(reconstructed jets only) € 50l == B-physicsand LS
v Main physics
7] mmm Express
' : 15| w— Other physics
. . T mmm  Monitoring
Rejection of most Calibration
events by the trigger 10}
' 5
Full events Size of full event 0
(. lud S ) ‘ 09:00 11:00 13:00 15:00 17:00 19:00
Includes raw data Time [h:m]
v https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

Search for
new physics

More data ==® increased sensitivity to rarer processes at lower masses

]_ S MANCHESTER

18 2 4 % > \\—-a'
e e The University of Manchester ULNH,EI:IS],?S Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 39
* Trigger Level Analysis is a Three Letter Algorithm (TLA)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults
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F illing the uncovered parameter space of low-mass

Interaction coupling to quarks

© oo
N W pH

o
—h

0.04

0.03

0.02:

.....

1LJI|

------ pre-LHC constraints

_ Axial vector DM mediator decaying to quarks
Dirac DM

0.01

My=10TeV, g,=10

] ] |
200 300 1000
Mediator
mass [GeV]
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F illing the uncovered parameter space of low-mass

Communities

Phys. Rev. Lett. 121, 081801 (2018)

C .8
m 10 E .
S ATLAS 3 TLA technique:
(7] B *e 7]
.CMD T T T T I . T 107 = ’*.” s=13 TeV, 29.3 fb™ = Make the event
= 0.4r - * ly*l < 0.6 1
3 : ORI TR yr<® 1 size smaller
S0 K k 10°E E
- . = ] AJet
% 5[ 1 SM
10° g E
= 02 = 3
% C ]
5 10% E
g - * Trigger Level Analysis technique 1 SM jet
- 0.1 10°- — Traditional analysis techniques -
O S | .
= 600 1000 2000 3000 4000
g m, [GeV]
< Phys. Lett. B 795 (2019) 56
%D 0.04 5 ATLAS | | '« Data, 766 fb",
0 —e— Data, 76.6 fb™, | oo
= . =10° 5 o213 Tov combingd trigger 5 Dijet+ISR
g" O 03_ _ _ _ 2 —  Flavour inclusive —;ackground fit - .
S - collider constraints ~ ««:--. pre-LHC constraints g freesagg, T o GeV.g 201 .
from direct searches —— 10" g BHpvae=06 5 Reduce the
o —— Recent ATLAS results S o, E
2 0.02" . . . - — BH p-value =0.74 ~s % p-value =0.22 ]
e Axial vector DM mediator decaying to quarks E 5 pvalue = 0.12 1 background
o Dirac DM 10° - —==Data, 708 b, =
3 Vo 10 = graephoten ager :
me.,, = = B ) S PO
E O 01 PM 10 el » Jou L | | oo . - fq cixzégOGeV 04 ey /9
- 10 E X z X ’ gq - X X X X X X | =
200 300 1000 e ——3
8 OF N L amIuE
. S _OF —]
Mediator mass [GeV] 2 2; - - R
> 25, — alg
n OF =
2 | | I = et
200 300 400 500 600 700 1000
m, [GeV]
MANCHESTER. UChicago-inspired: Phys.Dark Univ. 2 (2013) 50-57
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https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1901.10917
https://arxiv.org/abs/1901.10917
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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)

o
~

0.

O
N

O
—h

0.04

0.03¢

0.02;

- Run-3/HL-LHC/future
collider trigger
improvements

collider constraints pre-LHC constraints
from direct searches =——= Recent ATLAS results

_ Axial vector DM mediator decaying to quarks
Dirac DM

mg,, = 10 TeIV, gDM= |1 0

0.01

] ] |
1000

Mediator mass [GeV]

200 300

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!)

C .8
m 1075 E
S ATLAS -
-.‘L) B ...'.'-o- 7]
c 10" oy s=13TeV, 29.3 fb" =
e E =, ly*l <0.6 -
— _ * < . 7
i y .
_ 10° =
1 10 =
10* =
- * Trigger Level Analysis technique §
108 — Traditional analysis techniques -
: 1 1 1 1 | 1 1 1 T
600 1000 2000 3000 4000
m, [GeV]
Phys. Lett. B 795 (2019) 56
05 L ATLAS | | '« Data, 766107, |
~ = (s=13 TeV combined trigger 3
€ ~ Flavour inclusive — Background fit ]
[0) RS v o Y4 , 0X 150 _
T - m, =550 GeV,g =01 |
10 = T g BH p-value =0.6 3
- ~ BH p-value = 0.74 g * p-value = 0.22 -
— %2 p-value =0.12 ° =
104 — —=— Data, 79.8 b, —
= single-photon trigger 3
- Background fit .
- —— Z’,0x150 ==
10° = m, =250 GeV, g_ = 0.1 5
= " " " " " " " — =
o 2F =
2 OE i'-‘-i'."i-ﬁl'-'.'r-'h.rlf
§ -2E- i
5 2E A
n O =
-2 . . . . . . ] =
200 300 400 500 600 700 1000
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TLA technique:
Make the event
size smaller

AJet
SM

Dijet+ISR

Reduce the
background
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Complementarity of visible/invisible searches, 2021
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35
TeV,

4

'; T A T '.I '. L L J T Dljet
Ii.) - ATLAS Prellmlmary Dijet, 139 fb

- i JHEP 03 (2020) 145
} 1 4 _E =13 TeV, March 2021 Dijet TLA,(29.3)fb'1

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 fb
ATLAS-CONF-2018-052

tt resonance

36.1 fb™"
EPJC 78 (2018) 565

bb resonance

139 b
JHEP 03 (2020) 145

_rIT_1ISS+X
Er*°+jet, 139 fb”
arXivi2102.10874
ET**+y, 139 fb”
arXiv:2011.05259
ET*°+V(had), 36.1 fb”
JHEP 10 (2018) 180
ET**+2(1l), 36.1 fb
PLB 776 (2017) 318
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Complementarity of visible/invisible searches, 2021

L 1 6 ST " ' T T B | B LA B E T T T T Di
> = _ / l — Dilepton
Ii) - ATLfS Prellmmary/rOL / y 7 139 fo™'; PLB 796 (2019) 68
— 1 4[-Vs =13 TeV, Mdrch 202 s — Dijet
Ex T I v // - 139 fo™"; JHEP 03 (2020) 145
- ~ 6\'\)* y - Dii
- R 4 — Dijet TLA
1.2 +@ ¥ Q\‘b p d — 29.31b™: PRL 121 (2018) 081801
B Vv v ./ |
_ o i
i <, 1 = bb resonance
1 - ,\\OQ'G/ — 139 fb™'; JHEP 03 (2020) 145
i N 1 — EP™+jet
- Q\&/ - 139 fb'; arXiv:2102.10874
08 — 7 1 — E?iss_'_,y
— - 139 fb'1; arXiv:2011.05259
0.6 —
i i Turning down
0.4 _ quark couplings
l i & turning on lepton
0.2 - Vector mediator, Dirac DM ] couplings,
i g =01,9g=0.01,g =1 _ .
i q ' X i different searches
All limits at 95% CL i .
| ~ T contribute
0 0.5 1 1.5 2 2.5 3 3.5 4
m.. TeV]

\

c Need to keep loo king && think of ways to show this dependence
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You may have noticed:

definitions of /light varies...

Low-mass mediators to a collider physicist in dijet
searches:

this mediator can easily (?) be connected

to less-explored lighter [o(GeV)] mediators

Note: see this summary talk / this review / Rebeca’s lecture
for searches where the mediator is feebly coupled and therefore displaced



https://indico.cern.ch/event/905399/contributions/4282550/attachments/2261167/3837992/060921_LLee_NeutralFIPs.pdf
https://arxiv.org/abs/1810.12602
https://indico.cern.ch/event/905399/contributions/4282550/attachments/2261167/3837992/060921_LLee_NeutralFIPs.pdf
https://arxiv.org/abs/1810.12602
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The obligatory dark photon slide

European Strategy Update Briefing Book

Communities

mixing between SM

and dark sector Dark photon — dimuon searches
sm sw  face the same problem as dijet searches at
Portal particle masses below the Z

— large benefits from real-time analysis
(or untriggered colliders)

Upm

DM

DM
Phys. Rev. Lett. 120, 061801 (2018) See also CMS’s Phys. Rev. Lett. 124 (2020) 131802

lower rate of events

(A little) more about accelerator experiments coming soon '

-1
v 10

[\

European Strategy,

1072

NA62-dump, 2024++
SeaQuest, 2021++
SHIP, 2026++
— Belle Il - 50 ab™
s LHCb upgrade - 50 fb"
------ LHCb upgrade Il - 300 fb™
s MATHUSLA-200 - 3 ab”
. » e FASER - 150 fb"
------ Ty e FASER2 - 3 ab"
: e HL-LHC - 3 ab"
e == FCC-hh -3 ab’
= CEPC,_,, - 16 ab"
«= CEPC -56ab’

10”7 S
10—8 Loz 1\! L1 lll.i 1 L L1 lllll 1 1 1 llllll ;crc;;zf:bl'll
1072 107" 1 10 102 10°

m,, (GeV)

Candidates / o[m(u*p™)]/ 2

=)
J

10° E: isolation prompt-like sample
prip) > 1GeV, pp) > 20GeV k
s 1
10 i | prompt pt g 1
10¢ \J:’ | 1
L B i+ hpg 4 3

A

2

2

10*

m(ptp~) [MeV]
R 90% CL exclusion regions on [m(A’), £?|

10~
10
10°
10° B LHCD prompt-like

B B:aBar
107 KLOE

N NP | N P | N
1 10
m(A’) [GeV |

Projections from HL-LHC (and
some future colliders)
assume trigger thresholds like
LHC Run-1

Important to keep in mind non-
standard analysis workflows (&
work on improving trigger
systems) to make the most of
future collider data

0/19 - COST School on Dark & Hidden Sectors

46


http://arxiv.org/abs/1912.04776
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Stronger dark interactions = non-standard collider jets

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

|

kfo JET Low
unless ISR H:';:ISII#G
MONO - ET) ~

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

Dilbert.com DilbertCartoonist@gmail.com

,@a/:ILonS 7
Xl

rvwohnwise/

Going beyond the “low-hanging fruit”:

- Dark sector models (some including DM
candidates) with much uncovered territory
(RLE Class of models including dark quarks that

NV
M e (?i( fragment in a QCD-like way (dark QCD):
- Dark dijets = prompt dark sector jet constituents
- Emerging jets — long-lived jet constituents
ondidateS - Semi-visible jets = invisible jet constituents

' - Current searches searching for signals >~ TeV
J"?ﬂ;ﬁf}w (limited by trigger rates)

Inspired by K. Pedro & C. Fallon's talk @ DMLHC2019 and by this twitter thread 5 Mmg&?/

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

European Research Council
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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/1502.05409
https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1707.05326.pdf
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Dark sectors in jets: collaborative etforts @ LU

How do we make sure we don’t miss these processes?

Non-WIMP searches 1. The model space is complex and has many more parameters
. . . with respect to WIMP searches shown earlier
with non-standard Jet Slgnatures — organize workshops to discuss with theorists (LU expertise)

Dark Jets workshop organized by J. Geisen and E. Hansen, Lund 2019
What if dark matter is part of a whole

new particle sector (dark sector)
and its forces mirror the SM?
Dark Quantum Chromo/Electrodynamics

Dark QCD jet
+ DM candidates

STINT

Stiftelsen for international lisering av

hogre utbildning och forskning

The Swedish Foundation for International
Cooperation in Research and Higher Education

+ STINT Internationalisation grant
with the University of Witwatersrand

or

Dark QCD jet
+ dark photons

€ lepton

'VW@WV< 2. Current real-time analysis techniques are blind

Y Ydark lepton 4 these processes because there isn't enough information
in the reduced data format
— upgrade the trigger system to retain the needed information

MANCHESTER

1824
The University of Manchester ULNH,QL,[T)E? Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors 48
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Link to data selection: exotic dark jets & other signatures

Tim Cohen, Snowmass 2021

Mapping of “exotic” signatures to big picture of theoretical models not easy [ | 1
— difficult to prioritize on theory grounds
— difficult to decide what exactly to save and select, in advance @y(1TeV) -
Example: group of signatures with a common denominator: 2 Q’ i Q.
unusual tracks/energy distributions, o IR
more or less lOCalized in the detector, e.g. dark QCD jetS E-j Q- & Q.
How do we make sure we don’t miss these events? N J
1. write dedicated trigger algorithms H. Russell, EPS-HEP 2019

2. save (custom-reconstructed) trigger-level objects only

N\

3. save a mixture of trigger-level objects and raw data in - '
interesting regions \ / \
4. save any of the above and reconstruct data later / //~\\ —— ‘\
5. [outlier detection...in the very far future] ’ ,/ /t
ATLAS/CMS starting a research program, \ \ /, ’
interesting benchmarks for a variety of reasons: \ = //

- forces us to understand QCD better
- Note role of measurements, e.g. CONTUR

- plenty of phase space to be explored
- requires connection between theory, generators, and
different experiments (dark sector particles in jets vs
‘weird jets’ as a whole)

See Andy Buckley’s | [CReRRTIRleldi e}V ETotN0sl o]y
lecture performance save only data in
cone around J/Y > uu candidate

Partial event building
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https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf
https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf
https://contur.hepforge.org
https://contur.hepforge.org
https://indico.fnal.gov/event/44704/contributions/193861/attachments/132936/163766/Cohen_Dark_Showers_Snowmass.pdf
https://indico.fnal.gov/event/44704/contributions/193861/attachments/132936/163766/Cohen_Dark_Showers_Snowmass.pdf
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Global DM complementarity

Communities

A look to the future: the landscape of future colliders

We have the LHC now, but what are we expecting in the future?

liders
Collider Geometry NG c,./Det. Time c
[GeV] [10*¥cm™2s7!) [years] [ab™"]
91 100-200 4 150
. 161 25 1-2 10
FCC-ee Circular 240 . 3 5
365 0.8-1.4 5 1.5
91 17-32 2 16
CEPC Circular 161 10 1 2.6
240 3 7 5.6
250 1.35-2.7 11.5 2
ILC Linear 350 1.6 1 0.2
500 1.8-3.6 8.5 4
380 1.5 8 1
CLIC Linear 1500 3.7 7 2.5
3000 6 8 5

Collider: muon collider
Geometry: circular
CoM energy: 3-30 TeV
Instantaneous luminosity:
Time [years]: ??
Integrated luminosity: up to 2/ab
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pp colliders

Collider Vs c,,../Det. Time c
[TeV] [10% e¢m~2s71) [years] [ab~"]
HL-LHC 14 5 12 3
HE-LHC 27 16 20 15
FCC-hh 100 20-30 25 20
LE-FCC 37.5 - - 10

H. Gray, Reviews in Physics 6 (2021) 100053

M Proton collider

M Electron collider

] Electron-Proton collider
wessn Construction/Transformation
Preparation

Possible scenarios of future colliders

4 years
20km tunnel
{ 100km tunned

2
p- —— FCC hh: 150 TeV »20-30 ab!
8 years

Japan

China

100km tunnel

FCC hh: 100 TeV 20-30 ab+

8 years

m'n tunnel

HL-LHC: 13 TeV 34 ab!

CERN
1

2yoars  Gyears |[LHeC: 1.2TeV
—10.25-1 abie

S years 7 years eV
—
11 km tunnel 5 a
- m tunnel m tunnel

2020 2030 2040 2050 2060 2070 2080
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Controversial: why colliders can’t discover every/any kind of DM

« 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
October 24, 2013

DARK MATTER
ANNIHILATION IN THE

We need complementary experiments!

SM DM
DM SM SM >M SM GAMMA-RAY SKY
The Trinity of Dark Matter Searches
DM
DM SM DM DM SM SM
Indirect Detection Direct Detection Colliders
. "B MANCHESTER
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Controversial: why colliders can’t discover every/ny kind of DM

« 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 jog
XENON / 1.Z See Sergei Burdin’s lecture 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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Direct detection experiments: examples X

SM SM

DM DM

5 ——— -y —ye r YT

" Thupu/dmiols brown.edus
Guaitskell Mandic Filipping

b
cI
N
h |

P
o

Exclusion Plot — Comparison of Results

Signal claim

Exclusion limit

=
c
¥
s
=
=
S
-
@
E 10 3
o
C
L
= 107k |
Sensitive %‘ E :
volume S § i
9 81 theoretica '
% 10 p'edircﬁcm
g f
U ]09“11.»: [ER3 0)
10
WIMP 9
WIMP Mass [GeV/c™]
Raimund Strauss, MPI Munich
l.edu/exp/cdms/
AV M AT — - _— Al ey e i s e o & ﬂar:dc
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Looking for rarer DM (examples from direct detection)

Cross section

» Major updates to direct/indirect detection experiments planned:
* in terms of detectors
* in terms of reduction of challenging backgrounds

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

European Strategy Update Briefing Book

Reference 10°%7
limit , -
- Signal contour

10—38
10—39
10—40
10—41
10—42
10—43
10—44
10—45
10—46
10—47
10—48

Smaller target

nucleus
/

Increased 10%
Exposure 1050 L vnd

Lower
energy
‘threshold

Dark Matter-Nucleon oy, [cm?]

Image from
E Petricca's talk @ GGI 2019

WIMP Mass . . .
solar/cosmic neutrino scattering xsec may become larger than DM xsec

) (but irreducible backgrounds haven't stopped anyone so far)
< ST MANCHESTER [l
et 1824
s S LUNDS

:f,“f:::?j: The University of Manchester  UNIVERSITET Caterina Doglioni - 2021/10/19 - COST School on Dark & Hidden Sectors

56


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
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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Direct detection for very light DM e

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

masses, but... ,
nuclear couplings

oL 10723, ™y

 detectors can be made more sensitive 1075 ey | 3

27| : L

to lower thresholds (e.g. phonon-based Q28 Mediator Dl

. 10: =\ Detectionﬁ;

calorimeters) }8—33'; . Constraints

E Petricca's talk @ GGI 2019 10—%: \ bolar Moleom ]

10_ : \\ l]ullttl'ikll\\\\ ' (,) .L'Cll - _'1

M 10_34r N, (phonons) \\‘\lllgh“ !

« subdominant effects can enhance < 103 phonon S ]

"kick” from DM E.g. arXiv:1702.04730, g %83; = Milstie, i(:::;i\lm

1707.07258, 1905.00046, b %8:33- L B W e L

1810.07705, 1810.10543... 1041 e

10_ I polar "% 1'

° 10:43 E material \1

» can explore new materials & H075sr whonons) A

. 10746 - 7100 8V | oround .

detectors — collaboration of astro/ %8:2;f“ot\\res“°\d&b i Neutrino.

* ° ° ° 10:49F --------- ‘ 11
particle physics & solid state physics ] W S

* Including quantum sensors m, [MeV]
E.g. arXiv:1709.07882, CPM Session #77 BRN Report
MANCHESTER
1824
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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

Indirect Detection experiments: examples A,

Dark Matter annihilates in _the GC / dwarf galaxies to

a place Where to f|nd DM:

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

some particles /1 an expenment galaxy surveys CF3
yd (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

— N\l"articleTracl(ing
/ \ Detectors

~  Calorimeter
(energy measurement)

CnowMarn 2097 3
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Indirect Detection example/excess: Fermi-LAT Bey

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/pdf/1409.0042.pdf
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Something we all wish for...
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Complementarity so far: within WIMP frameworks

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

Invisible Higgs @ colliders
and direct detection

2
o, (x-nucleon) [cm]

107

1078

107

107

107

107

107

Preliminary, Granada May 2019

n T T T T T T T T T 7]
C 1 ]
— ‘ —_
Wso
» 1 ]
- \ 1 -

E ‘\DarkSide-Argo (proj.)
E Higgs Portal model
- Direct searches, Scalar DM -7

-

E- Collider limits at 95% CL, dire\ct getection limits at-90% Ck - . 3
C " " MR | " " AR | " PPl E R | b
1 10 10? 10°

m, [GeV]
q q 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

E — DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission
DARWIN-200 (proj.)

JCAP 11 (2016) 017

3 — HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764

1] == HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

3§ —— CEPC,FCC-ee,,, ILC,,,: BR<03%

Higgs PPG, arXiv:1905.03764

] — FCC-eeleh/hh: BR<0.025%

Higgs PPG, arXiv:1905.03764

{ 1\
European Strategy,
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Scalar mediators
and indirect detection

1020

— Fermi (bb only)

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

m(D 1 0'21 NG | E=HESS (bb only, proj.)
E E E PRL 117 (2016) 111_301
S 1 0-22 { ==CTAGC (bb only, proj.)
[— 1 O o3 F i arXiv:1508.06128 _
o~ eV L Fermi+LSST (bb only, proj.)
B 24 E 1 arXiv:1902.01055
< 1074 { =—HL-LHC, 14 TeV, 3 ab"
25 ; f HL/HE-LHC Report: arXiv:1902.10229
10™=°¢ { —HE-LHC, 27 TeV, 15 ab"'
26 HLME-LHC Report: arXiv:1902.10229
107°7F ] —FCC-hh, 100 TeV, 100 ab™
1 0-27 PRD 93 (2016) 054030
1028}
1 0-29 _
10730 -3
Pseudoscalar model, Dirac DM §
10'31 gD'V_'=_1’gq=1 ;
1 0_32 S AII Illmlltslalt 95% CL . o] ‘ \
1 0 1 02 1 03 1 04 European Straleg)
mpy [GeV]
q q
t/(b)
DM 9
DM
s/ 99%
—
9 9\ Ja 9N pm
9
DM t/(b)
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Complementarity so far: within WIMP frameworks

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

Invisible Higgs @ colliders
and direct detection

2
o, (x-nucleon) [cm]

102

=L | region to find

Preliminary, Granada May 2019

T " "'\'| T T T T T T -
1 ]
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N —
\ '

= the best g

\
WIMP-DM in! /
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E Higgs Portal model
- Direct searches, Scalar DM P
E- Collider limits at 95% CL, direct getection limits at-90% Ck.~ - E
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W \
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PRL 121 (2018) 111302

— PandaX
PRL 117 (2016) 121303
= DarkSide-50
PRL 121 (2018) 081307

LUX
RL 118 (2017) 021303

3 — DarkSlde Argo (prOj )

DARWIN 200 (prOj )
JCAP 11 (2016) 017
- HL LHC BR<2 6 %

— HL LHC+LHeC BR<2 3%

—CEPC FCC o ILC sy BR<0.3%

] — FCC ee/eh/hh BR<O 025%
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Scalar mediators
and indirect detection

1020 E g "] — Fermi (bb only)
E Astrophys. J. 834 (2017) no 2, 110
102 the pest || = iess ooy i
10722} re .Ion tO f.l n d | ==CTAGC (b only, proj.)
1 0'23 — g - aFrévr'mHA-LSST (bb only, proj.)
10724} WIMP DM ] n / ~—HL-LHC, 14 TeV, 3 ab"
E HL/HE-LHC Report: arXiv:1902.10229
1 O'25 — HE-LHC, 27 TeV, 15 ab"
-26 o 1 HL/HE-LHC Report: arXiv:1902.10229
10 3 3 —FCC-hh, 100 TeV, 100 ab
1 0-27 ‘: ] PRD 93 (2016) 054030
10728}
1029
1030 i
Pseudoscalar model, Dirac DM §
10-31 gDM=1’gq=1C
All limits at 95% CL ]
10'32 | . PN L Lo ‘ ‘
1 0 1 02 1 03 1 04 European Straleg)
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Health hazard : these plots are only valid for the couplings
specified, in the limited space of a benchmark model!
Not to be used to deduce general things like:

“In the next 50 years we will exclude WIMP DM”

“Technique A is better than technique B to find DM”
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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 papmsyy . Shield

October 24, 2013

DARK MATTER B’ -
ANNIHILATION IN THE —— \) > -

Dark Matter
Wave

Accelerator experiments Cavity +
Quantum Sensor -

GAMMA-RAY SKY

The Trinity of Dark Matter Searches

BRN report for new initiatives in DM

Gravitational wave experiments

arXiv:1808.05219

ASt ro p h ys i Ca I p ro b es flectrosmal (rm’lsil'iuus il;lll-..if-l: ,ll;‘l.ili‘l-[

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
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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 SP5 NA62/4, LDMX, SHIP... Planned/proposed
from particle HAC . FASER( ;ODEX'b"' experiments
Fermilab Booster MiniBoone. ...
accelerators Future MANY more ideas.. SnowMan202] PBIE
gnmu/qmgﬂgi NF

SM SM

Portal particle

Caveat: very simplified diagram

DM /SM .
production

of DM/SM particles

—

. B VIANCHESIER DM /SM
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Even lighter DM: axions

Axions/Axion-Like Particles (ALPs):

example of new particle with inter-field connections,
solving more than the DM problem

Cosmology
Cold DM
candidate

Theaory
Strong CP
problem

axions

/ . ! Dark \

N / I '

String \ "&LP'S et radiation

theory K . !
| Inflation™~r~

Astrophysics

Anomalous

stellar cooling
+

UHE y
transp arency

-----

_____

I. Irastorza's talk @ EPS-HEP 2019

New technologies (small experiments) now available

Electromagnetlc

&_\_\ Waves
Shield

b

By

Dark Matter
Wave

Cavity +
Quantum Sensor N

1 European Re;eamh':CO\f:cil .l_ h e U n IVe rs |ty Of I\WN ER@'D O]F_'%l];l/gsglsé

Eztablizhed by the European Commission

10°°
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Bl0E
=
1077
10—10
ALPS—II
10-11 e o et o oy G A Wb ke i
10—12 ?;
10-13 ?;
10—14 E;
10~15 Physics Beyond Colliders 1;.
Working Group 3
1G—0 arXiv:1901.09966
10_17 - ] lunu] | |||||u] ] |||||u] Lol |||||u| | ||E
0910810710610510410310‘210_ 1 10
meq(eV)
New: sensitivity of haloscopes
to "dark matter” axions
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Complementarity thoughts from Snowmass

Link to CPM session #150 - DM complementarity

Since the last Snowmass, there has been a
fundamental shift in how we think about
searches for dark matter.

We are in an exciting exploratory phase where
new ideas can be implemented on short
timescales.

Dark matter crosses every frontier.

In order to get a full picture of the “elephant”, we
need to combine information (more about this

later)

CF Conversation Starter: Dark matter could be
*the* focal topic of this Snowmass Report.

How do we portray this complementarity?
You can join us in thinking (e-mail me for a new
mailing list!)
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https://gordonwatts.github.io/snowmass-loi-words

Word Clouds

Word clouds are made by looking at the word frequency in the LOI's. The
more frequent the word, the larger the font-size in the word cloud.
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A “global” view o

f WIMP dark matter

How do we compare results of different experiments | European Strategy Update

: “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
Phys. Dark Univ. 27, 100365 (2020)

SM SM
Med.
9q 9q
SM SM
SM DM
Med.
99 9x
SM DM

ATLAS Dark Matter Plots
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X

Complementarity of colliders with direct (indirect) detection

performed within the chosen benchmark models & parameters
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Complementarity so far: within WIMP frameworks
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LHC DM Working Group, European Strategy Update Briefing Book, for non-WIMP examples, see Physics Beyond Colliders report

Higgs boson as mediator:
colliders & direct detection

Preliminary, Granada May 2019
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= HL-LHC: BR<2.6%
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https://arxiv.org/abs/1901.09966
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Health hazard : these plots are only valid for the couplings
specified, in the limited space of a benchmark model!
Not to be used to deduce general things like:

“In the next 50 years we will exclude WIMP DM”

“Technique A is better than technique B to find DM”
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https://arxiv.org/abs/1603.04156
http://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf
https://arxiv.org/abs/1901.09966
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Ongoing work: extending early LHC benchmarks to lower masses /

Can LHC invisible particle searches be interpreted in terms of

arbitrarily low DM masses (/couplings)?

e |n principle one could extend those plots
tompm < 1 GeV

T
1

e (Natalia Toro’s) Idea for a
complementarity plots to be madein
Snowmass, linking lower and higher
energy scales

]

&

-nucleon) [cm

o, (x

arXiv:2003.0337

e I its : its o :
3 I )
1 10 102 10° European Strategyj

m, [GeV] thermal targ

e Are there theory/nuclear physics issues
in the translation of results?

electron fixed—target

2 4
€ a@p (mx/m/l')
=
L
(3]

—

o

|
—_
W

])[HM»H 1"\.'\"1'*1(\3‘!‘\

no thermal target

e Personal feeling (from a collider
person!) is that couplings of order 1
may paint a misleading picture if we do T P S—
so, even if we have all caveats specified
on the plot = lower coupling models
needed

Yy

R = mAr/mX

Discussion welcome!
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https://arxiv.org/pdf/2003.03379.pdf
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Ongoing work: extending DMWG models to lower masses / couplings

How do generic LHC searches
“move on” from benchmarks
with couplings of order 1?

(which still have a lot of merit
as collider benchmarks)

e Technical “issue”: production of new
simulated signal samples is a big
overhead for “small” LHC analyses —
inertia from moving on from previous
recommendations

e Solution: analytical methods being
developed within ATLAS/CMS/
Snowmass (K. Pachal, A. Albert, B. Gao,
E. Corrigan) - Letter of Intent

Cnowrasn 2927

MANCHESTER )
1824
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m, [GeV]

B. Gao's thesis

—05 o
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. 1 —o0.4
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- * * ~ # Y o 95%CL upper limit on 9,
B : 0.3 0y, =10,0,=00
600+ K K K x » * 7 A1 limit
: * * x * * * * * _ — 10Ot CONtOUr limits
e * Q * * * B 0.2 pit contour limits
4006~ * * * * - o g,,, <005
g * * * * - O  005<g <010
* * * 010<g _ <0.15
g x * * A
200b-0 . N N | 0.1 015<g <020
s N N > 020<g <025
B O o * * o ng>0.25
o * % . *  nog,.
b o o T S S 0
2000 2500
e Even with analytical methods, filling
the low-mDM parameter space
requires more samples
e Aim to extend vector/axial vector mediator plots
for future colliders with more points at lower
mediator/DM masses
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https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF9_Andreas_Albert-094.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF9_Andreas_Albert-094.pdf
https://kb.osu.edu/handle/1811/92563
https://kb.osu.edu/handle/1811/92563

...are we looking everywhere?

up: stronger interactions

Example of non-WIMP searches -
P @

with non-standard jet signatures J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767 QQ
Reference —t

| limit

Signal contour’

Number of papers for topic vs. time

—— Dark Matter
WIMP

Cross section

=
w
o
o

Smaller target

Number of papers

\ nucleus
Lower

energy

threshold

Increased

much lighter DM
O 9AISSBUW JI0W

L K 4
1995 1999 2003 2007 2011 2015 2019 =9 Exposure ( ;
Date [in steps of 365 days] LH Image from p R
D), E Petricca's talk @ GGI 2019
Loy |

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


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
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Looking #p (to hints from astrophysics & more)

A change of paradigm from

DM == invisible particles”

(potentially low-mass) & “strongly
interacting” DM particles will

- interact with detectors

- need to take this into account
for collider searches!

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

- leave astrophysical signals
- Supernova (SN), BBN, CMB...

- be part of more complex dark sectors

- with interesting collider / cosmological

Te[cm?]

https://arxiv.org/abs/1905.06348

ultralight dark photon mediator
10—16

10-18 T

-
—’——
-

’/
-
-
’/
-

Fpm=(am./q)*

. d k . | |db 10—40 NN | N | NN | —aaal —aas
signatures, as adark sector particles cou e 10" 10° 10" 102 103 10
produced as part of particle jets! m,[MeV]
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European visions for particle, astroparticle and nuclear physics

NTpS://WWW.appec.org Ntps://ecrta.web.cern.ch http://NUpPECC-0rg

L

Astroparticle (APPEC)  Particle (ECFA) Nuclear physics (NUPECC)

CERN Council Open Symposium on the Update of

“ European Astroparticle European Strategy awopean!na.eg»
7= Fhysics Strategy for Particle Physics
APPEC 2017-2026

13-16 May 2019 - Granada, Spain

https://cafpe.ug;?:/eppsu2019/ E] [=] ' (( NuPECC

eppsu @pcgr.org

. - e uPE Long Range Plan 2017
<Con St T oiccun [ AR @ 1 O i Perspectives

I o tw () == in Nuclear Physics

Astroparticle, particle and nuclear physics in Europe have strategies and plans
that recognize the importance of synergies between the different fields
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http://www.nupecc.org
https://europeanstrategyupdate.web.cern.ch
https://www.appec.org
https://www.appec.org
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

Cr\mnr\ ~ AN
SUlbbic Ul U

-.-----l-.-_I-l—-----l_.‘-l--‘_--

European Strategy  wwenfren)
for Particle Physics

13-16 May 2019 - Granada, Spain

Nature of dark matter &5
and dark energy

o European Astroparticle
7,‘--“ Physics Strategy

ADDCA IN17T7 INDL

in Nuclear Physics
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More syner ies:

f\ el aNaVWal oW ol o

foundatlons for common challenges

aaVaVla e‘

ork-togetheron-tools-as-well:

UG- O G

Particle

Nuclear

European Strategy
for Particle Physics

13-16 May 2019 - Granada, Spain

N 8L | ys|cs Strategy
APPEC 2017 2026

(=] M [s]

https:/cafpe.ugr.es/eppsu2019/ =gt
Perspectives

I in Nuclear Physics

NuPECC
NIIPI(( Long Range Plan 2017

Common theory ground

data acquisition,
computing,

data sharing

& open science

instrumentation
(accelerators, beams, detectors,
vacuum & cryogenics,

control & automation...)

. A\ | ANCHESTER
%* 1824

The University of Manchester

NN
05N>

European Research Council
Extablished by the Europear Commizsion UNIVERSITET
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Two complementary projects (everyone is welcome!)

SearChe S & interpretation JENAS Eol: Initiative for Dark Matter in Europe and beyond: Towards

facilitating communication and result sharing in the Dark Matter

community (iDMEu)
https://indico.cern.ch/event/869195/

Astroparticle Particle Nuclear

ESCAPE newsletter APPEC newsletter
build a discussion platform and tools to

facilitate collaboration of existing groups/
efforts on dark matter searches

and their interpretation
Common theory ground kick-off meeting 9-12/05/2020

P : R T | %
r instrumentation| |d ESC APE Towards a Dark Matter

ata acquisition,
(accelerators, beams, detectors, software, computing,
vacuum & cryogenics,

data sharin
control & automation...) g

Test Science Project

& open science | ESCAPE Progress Meeting, 2020
oremseenee ] HSF ey

TOOLS conference contribution

compare end-to-end analysis workflows for
Software & data WII\/IIFD) searches, towards th);ir implementation
in a common Software Catalogue and
as input to the design of the
European Open Science Cloud
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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 Initiative for DM in Europe and Beyond
i DME“ The JENAA iDMEu LOI organizers:

Marco Cirelli
Caterina Doglioni
initiative for Dark Matter
in Europe and beyond

iDMEu kick-off - 2021/05/10-12
https://indico.cern.ch/e/iDMEu

Federica Petricca
(+ more will join)

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

V Iy!

Collect dark
matter resources
in an online
meta-repository

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

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

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?”

Help develop a common dark
matter story for different
audiences
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https://indico.cern.ch/event/1016060/
https://indico.cern.ch/e/iDMEu
https://indico.cern.ch/event/1016060/
https://indico.cern.ch/e/iDMEu

Complementarity@ LHC Global DM complementarity Communities
The JENAA iDMEu LOI organizers:

Introduction

The Initiative for DM in Europe and Beyond

iDMEu Curators

. D E IDMEu ].(1C].<"OE’ 2021/05/10_12 ':‘;af:;;x:;zi::::ite are made possible by the work of
l u | https://indico.cern.ch/e/iDMEu
—— ‘ ﬁ ﬁ ﬁj

Gabriella Szab6 Romane Tom Laclavere Sarah Ayoub

initiative for Dark Matter
in Europe and beyond G Kiem g goower

.......

The best region to find dark matter is the one

where more techniques and ideas can discover We realized that there was no common platform

for these discussions or for resource sharing

and explore DM!
> we decided to start developing it,
@ with three interconnected objectives
After the European Strategy Update process and G

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

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?”

Collect dark
matter resources
in an online
meta-repository

Help develop a common dark
matter story for different
audiences

More info on ECFA Newsletter
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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

i o

Scientific question: dark matter
LUNDS

UNIVERSITET

ESCAPE
Scientific content of DM-TSP:

New plots of dark matter discoveries / constraints

Mény hypotheses for dark matter
— many ways to detect it

— many different experiments —
— many different data / workflow needs RS Vector med., Dirac DM
107 |- abserved excusion 90% O ®€,= 02580y =D

— many different data / result sharing policies

Mono-X search

one of many models predicting Weakly Interacting Massive Particles (WIMP) - could also use others... 10 -
DM SM SM SM SM H o D Gbsorved exclusion 90% CL.
~ o DD Experiment 1
107 DD Experiment 2
10°%
DM w+HE TN T 8)?05:0:?:0{:31““ ;
DM SM DM DM SM SM 104
. . . . 107*
Indirect Direct Colliders Astrophysics Theory oo Bt i
. . 10 10° 10°
Detection Detection Mpy, [GeV]

arXiv:1912.12739 & refs therein

There are many combinations/comparisons of results on the market...
but none that sees them all work together with FAIR data & end-to-end workflows!

I This is where this Test Science Project comes in!
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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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To discuss DM complementarity in GnowMarn 2027

Link to Community Planning Meeting session #150 - DM complementarity https://gordonwatts.github.io/snowmass-loi-words

Word Clouds

Word clouds are made by looking at the word frequency in the LOI's. The
more frequent the word, the larger the font-size in the word cloud.

* Since the last Snowmass process as input to
prioritization of particle physics in the US (2013),
there has been a fundamental shift in how we

think about searches for dark matter All LOI's

. .rs Tarstial Standard Model 7

« We are in an exciting exploratory phase where Interes t5 PLosLan leslgn dteCta Yz
new ideas can be implemented on short f“fu ture. - ‘5 a e l Cl pfé?es?”d —.
timescales 2 Hffect r‘r8 Curren mc]udm”resu tgg
rk-matter =
: Z o LA
 Dark matter crosses every frontier 3 ackgrgund S01LSE. 1 B obe & 110W (2
measurementmdat”%

. « ” expected proposed targeto r e r evont 1(1(11(1()nSlble )Otenti’]l

* Inorderto get afull picture of the “elephant”, we Sy st em Reloned ! Cock
need to combine information from different Searct“?s rl‘l men require

based tellle neutrino case simulation Reference é w.‘

experiments l“‘«“"‘:(‘)ﬁt)servationprec1 sion g axic LHC d e e C t O r

)111 1
S T m e 1 roni
* How do we portray this complementarity? teéhri‘q?}eﬁ?gy tudiesmode 18 L&C Eem?.esomﬁg;g?

Uniyersity
* You canjoinusin thinking and making plots neededevelopmen stime

ravitational wav
(mailing list for when Snowmass restarts: SNOWMASS-
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Introduction Complementarity@ LHC Global DM complementarity Communities

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
Up 11 for the global particle physics community, and the continued allocation of adequate
Charm I resources is a priority. Based on continued innovations in experimental techniques, the

3 2 untapped physics that is surely awaiting in the third LHC run and the HL-LHC era can
lau ParthIe thSICS l be unlocked. Incorporating emerging new technologies into trigger systems, computing
Bottom . . . 11 and management of big data, reconstruction algorithms and analysis methods s
Gluon dlscoverles reqUIre | | thepathto get the best out of these upcoming dataset_. .. _ _____. _______&8
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Introduction Complementarity@ LHC 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

] : [ cosmological origin .4 nature of the DM-SM interaction B
S“j:f” DD/ID/astrophysics accelerators / colliders s o

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

iDMEu

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

in Europe and beyond
Discussion / work together ongoingl!
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