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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Outline

What dO we knOW abOUt dark matter? [quite a lot, after Jocelyn Monroe’s talk!]

Caterina Doglioni - 2019/11/15 - JENAS 2019



https://indico.lal.in2p3.fr/event/5418/contributions/17536/







it 1s dark



it has mass

o
&« gtle
.
= e
.
2 ) .#....
L ... .' 3
-
- s o
: 2
t
K

dark

[ J

1t 1S

[ J

»

N

Images: NASA/ESA



- "_.
-

4 A
2 o 2 -

. v, N2y i.. '." '.'.'-. . - ’ ;
‘.

G G @ e B A )

Images: NASA/ESA

it is needed to describe
galaxy structure formation

simulations were performed at the National Center for Supercomputer Applications by A. Kravtsov and A. Klypin.



The Nobel Prize in Physics 2019

Multipole moment, ¢
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James Peebles
Prize share: 1/2

“for theoretical discoveries
Iin physical cosmology”

Temperature fluctuations [ K2]
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1t constitutes
27 % most of matter
in the universe

68 %

@ Ordinary Matter

@ Dark Matter
@ Dark Energy



https://sci.esa.int/s/Wnqq4bw

many are writing about it

Number of papers for topic vs. time
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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



https://benty-fields.com/trending
https://twitter.com/Xenon1T/status/943407963884179456

it may be a new not yet in
the Standard Model...

The Standard Model of particle physics Leptons | Theorised/explained

: Bosons
Years from concept to discovery Quarks |Dn4(n%ved
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Particle physics
discoveries require
‘ large instruments
Gluon and time
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Source: The Economis

...but the only hints we have about it are from
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Outline

Topics selected for this talk:

Some dark matter candidate particles
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Disclaimer: not mentioning alternative gravity theories,

focusing on DM = massive objects
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Outline

Topics selected for this talk:

A tour of complementarity in dark The trigger %
1. matter experiments, for Weakly
Interacting Massive Particles and beyond
How to make the most of the data:
2. . data acquisition & selection
- reinterpretation of results
...or how to drink from a firehose -
P

Caterina Doglioni - 2019/11/15 - JENAS 2019 12



Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Outline

Topics selected for this talk:

Astroparticle Particle
A tour of complementarity in dark (Tl | curovn ssery )

1. matter experiments, for Weakly
Interacting Massive Particles and beyond

Nuclear

e %" |
PV s v

4 /o e https:fcafpe
A v v 2 e

: 7 [«

L~ N

How to make the most of the data:

S . Comon theory ground
2. data acquisition & selection Y
- reinterpretation of results instrumentation data acquisition,
(accelerators, beams, detectors, computi ng,
vacuum & cryogenics, data sharing
Outlook & wishlist for next steps control &automation--J | { ¢ open science
3. p p

ATLAS Caterina Doglioni - 2019/11/15 - JENAS 2019 13
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WIMP dark matter & beyond

Some dark matter candidate particles

Neutrinos WIMPs:

Neutralino
KK photon
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Dark Matter

68 % constitutes
most of
in the universe

@ Ordinary Matter
@ Dark Matter

relic density

27 %

@ Dark Energy

This relic density can be explained with

a new particle

- that interacts only weakly with known matter
- with mass in the range of sensitivity of current experiments
(Weakly Interacting Massive Particle)

15



Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Complementarity for WIMP searches

R. Durrer's talk

WIMP solution, guided by thermal relic density:
Weakly Interacting Massive Particles 68 %

@ Ordinary Matter
@ Dark Matter
Dark Energy

Dark Matter particles invisible to detectors,
with masses at the TeV scale

Standard

Matter DM ’
SM 2
" o el T
Dark T
Matter % ?;; ﬁ
DM Y,

DM DM SM SM = L Nl

Indirect Detection Direct Detection Colliders Astrophysics Theory

Caterina Doglioni - 2019/11/15 - JENAS 2019 16
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Complementarity for WIMP searches

WIMP solution, guided by thermal relic density:
Weakly Interacting Massive Particles 68 %

@ Ordinary Matter
@ Dark Matter
Dark Energy

Dark Matter particles invisible to detectors,
with masses at the TeV scale

Standard

Matter
DM

SM
SM SM SM
Dark
Matter
DM
DM DM SM SM " \ L \, .o
Indirect Detection Direct Detection Colliders Astrophysics Theory

N ! ! '4 —

Complementary experimental strategies & inputs
All needed, given what we don’'t know about DM!

e ATLAS Caterina Doglioni - 2019/11/15 - JENAS 2019
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Colliders, direct and indirect detection

Big Question at Granada symposium:

How will Direct and Indirect DM Detection experiments inform/guide
accelerator searches and vice-versa?

» Why we need complementarity:
» DD/ID can discover DM with cosmological origin

SM DM

DM SM SM SM SM

DM

DM SM DM DM SM SM
Indirect Detection Direct Detection Particle Colliders

Caterina Doglioni - 2019/11/15 - JENAS 2019




Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Colliders, direct and indirect detection

Big Question at Granada symposium:

How will Direct and Indirect DM Detection experiments inform/guide
accelerator searches and vice-versa?

» Why we need complementarity:
» DD/ID can discover DM with cosmological origin
* Colliders can produce DM and probe the dark interaction

SM DM DM

DM SM SM SM SM SM =
H Med.

DM

DM SM SM

DM SM DM DM SM

Indirect Detection Direct Detection Particle Colliders

Caterina Doglioni - 2019/11/15 - JENAS 2019 19




Introduction

Weakly Interacting Massive Particles

Beyond WIMPs

Foundations

Example of collider/direct detection complementarity

* Collider constraints on simple models of DM

can be compared to direct detection ones

o, (x-nucleon) [cm?]

Inputs and code from: M. Rimoldi, E Ungaro, I. John, E. Tolley
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10 102 10° European Stratng plots are.only valiq for
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European Strategy Update Briefing Book M, [GeV] in the limited space of

Caterina Doglioni - 2019/11/15 - jeinvas 2u1 9
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https://arxiv.org/abs/1603.04156
http://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf

Introduction

Weakly Interacting Massive Particles

Beyond WIMPs

Foundations

A popular slide: scalar mediator between SM and DM

Synergy: complementary reach for future colliders and direct detection
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ag, (x-nucleon) [cm?]

Inputs and code from: M. Rimoldi, E Ungaro, I. John, E. Tolley
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EXPERIMENT

see |ater slides for discussion on Ph
Caterina Doglioni - 201
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European Strategy,
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» Collider discovery of invisible
particle needs confirmation
of cosmological origin from
DD/ID

- DD/ID discovery needs
collider understanding of
nature of interaction

* A future collider program
that increases sensitivity to
invisible particles coherently
with DD/ID serves these
purposes

» Synergies also in non-WIMP DM, for DD and beam dump experiments:

ics Beyond Colliders WG
1/15 - JENAS 2019
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Increasing understanding between communities

Often said about Direct (Indirect) Detection results: "DD experiment subject
to astrophysical uncertainties, how much do they matter when comparing to
collider searches?” Note: collider searches (not displayed) have uncertainties too

Isabelle John, Lund University Master’s thesis, with M. Benito’s help and inputs, updates in M. Benito's talk @ GGI 2019
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; 40 | arXiv:1805.12562 o =0.055 GeV/em?
< 10 = Uncertainties: arXiv:1806.08714 ¢
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m, [GeV] . . 22
& observations with DD/ID needed

Figure 5.1: Exclusion plot with direct detection searches, including all deviations and uncertainty bands Ior direct detectlon [Nimits.


https://lup.lub.lu.se/student-papers/search/publication/8992402
https://indico.cern.ch/event/782948/contributions/3285811/attachments/1913086/3161881/GGIconference2_Benito.pdf

Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Increasing understanding between communities

Often said about collider results: "Collider results always require a model to
compare with DD/ID, how much do model assumption matter?”

Complementarity of colliders with direct _

(indirect) detection performed within the ] ——
— Vector, Dirac, gg = 0.25, =]
chosen benchmark models & parameters _ ot
”E 10736} — CREssT-I
2 —— CDMSLite
‘s 1038
SM SM DM §
2 10~
l -
J 5 9pm 5 1042 LHC Dark Matter Working Group
= https://arxiv.org/abs/1603.04156
10_46 il " P— il = " P— -
For more thoughts on upper bounds to collider sensitivity: l 10 10° 10
arXiv:1810.07705 and DMWG meeting June 2017 mpm [GeV]

Possible solution: model/parameter scans...

Wish: let’s find a platform for a common discussion forum that connects colliders,

direct and indirect detection [see also: Phystat 2019 @ OKC, APPEC news]



https://indico.cern.ch/event/769726/
https://www.appec.org/news/eppsu-and-the-synergy-of-astroparticle-and-particle-physics
https://arxiv.org/abs/1810.07705
https://indico.cern.ch/event/563066/contributions/2306614/attachments/1340042/2017991/DMWG-09-20-16.pdf
https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc

Cross section

Introduction

Weakly Interacting Massive Particles Beyond WIMPs

Direct detection: looking down (to rarer WIMPs)

Foundations

* Major updates to direct detection experiments planned
e in terms of detectors E Petricca's talk @ GGI 2019
* in terms of reduction of challenging backgrounds E. Baracchini's talk @ GGI 2019

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

Reference European Strategy Update Briefing Book
. . —~37
limit . ) 10
_— Signal contour 10°38
0"; 10°%°
0
ot 10—40
ot 104!
§ 10
Ay ga3
Smaller target g 10
| nucleus 2 104
‘Lower B g
energy § Lo
‘threshold =
[ K 10_47
[ H
8 10
Increased 1040
Exposure , . ;
Image from p 10—50 | 1 llllll -} L LA W 1 ). L 1l L) 1 1 lll_l-L -l L) S | 11
. 103 102 10! ) 10
E Petricca's talk @ GGI 2019 M, [TeV/c’]
WIMP Mass

Wish: A common detector technology forum / test beams

within CERN platform can benefit the DD community

[implementation needs agreement & discussion, as we heard yesterday in the Q&A]

10?
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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/3556137/attachments/1913906/3163482/GGIconference5_Baracchini.pdf
https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf

Introduction

Weakly Interacting Massive Particles

Beyond WIMPs Foundations

Indirect detection: looking down (to rarer WIMPs)

» Major updates to indirect detection searches planned
* in terms of survey of DM-rich objects A.schneiders talk @ GGI 2019

* in terms of reduction of challenging backgrounds

B. Gao, A. Boveia, E. Tolley, C. Weniger

E Calore's talk @ GGI 2019
M. Cirelli's talk @ GGI 2019

/10720 E T — Fermi (bb only)
1 Astrophys. J. 834 (2017) no 2, 110 DM SM
2L 1021 == HESS (bb only, proj.)
E PRL 117 (2016) 111301
o 1 0'22 — CTA GC (bb only, proj.)
| | arXiv:1508.06128 _
~ 1 0'23 Fermi+LSST (bb only, proj.) DM SM
B 24 arXiv:1902.01055
< 10 —HL-LHC, 14 TeV, 3 ab
_ HL/HE-LHC Report: arXiv:1902.10229 SM DM
1072° | =—HE-LHC, 27 TeV, 15 ab" SM
—26 N HL/HE-LHC Report: arXiv:1902.10229 Med.
107"} 3 —FCC-hh, 100 TeV, 100 ab"
1 0_27 E é PRD 93 (2016) 054030 SM gm
10728|
1 0_29 3 European Strategy Update Briefing Book
1030 - ]
Pseudoscalar model, Dirac DM 3
-31 = = ]
10 gy =19=1 .
10_32 o Al limits at 95% CL o j \
10 102 103 104 curopean smgy
mpm [GeV]
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Are we looking everywhere?

Number of papers for topic vs. time

-

—— Dark Matter
WIMP

[
w
o
o

Number of papers

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

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

WIMP
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Are we looking everywhere?

J. Peebles

lower masses
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up: stronger interactions

Cross section
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Introduction

Weakly Interacting Massive Particles

Foundations

Beyond WIMPs

Looking /eft (to lower DM masses)

"Traditional” DM-SM recoil direct
detection searches lose sensitivity to
low-DM masses, but...

« detectors can be more sensitive to

lower thresholds (e.g. phonon-based
calorimete rs) E Petricca's talk @ GGI 2019

 subdominant effects can enhance

"kick” from DM E-g arXiv:1702.04730,
1707.07258, 1905.00046,

1810.07705, 1810.10543...

* can explore new materials &

mmmssm CRESST-III 2019 = = = CRESST surface 2017 w—— + CRESST-I12016 = ====-~ CRESST-Il 2014

== CDEX-10 2018- =+ == CDEX-1B Migdal 2019 = CDMSlite 2019 CDMS-Si 2013
SuperCDMS 2014 CoGeNT 2013 DAMIC 2016 = ====-= EDELWEISS-IIl 2016

= = = EDELWEISS surf. Migd. 2019 ===== EDELWEISS surf. stand. 2019 Collar 2018 = COSINE-100 2018

= = = DarkSide binom. 2018 == LUX combined 2016 = LUX Migdal 2018 e NEWS-G 2018

=+ PandaX-Il 2016 = XENON1t2018- = = =:=:= XENON1t Migdal 2019 =:=:= XENON100 low-mass 2016

PICO-60 C,F; 2016
10°
10*
10°E-
102

Dark Matter Particle-Nucleon Cross Section (pb)
o

detECtors — CO”aborat|On Of 10°° Coherent Neutrino Scattering on CaWoO,
- . 10-10 | | 1 Lo 1 | | I | 0-46
astrophys|cs & solid state 0.1 0.2 0.3 04 1 2 3 4 5678910
oo . Dark Matter Particle Mass (GeV/c?)
phySIC”I'S“tS E.g. arXiv:1709.07882 Image from
P m E Petricca's talk @ GGI 2019
BRI ... ... ATLAS Caterina Doglioni - 2019/11/15 - JENAS 2019 28
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Other light DM benchmarks & prospects

* Non-WIMP benchmark models for dark sector searches:
 e.g. Dark photon, Heavy Neutral Lepton, Heavy Higgs, Axion-like particles

» Benchmark with thermal dark matter interpretation: dark photon
— complementarity of collider, non-collider and astro experiments

Invisible dark photon decays

Pseudo-Dirac Fermion Dark Matter

mixing between SM
and dark sector

7 R -
__MifiBgghne, ¢, N
[SBND, 7', ¢

SM ESM SM

y=€2ay (m /m,)*

Portal particle

ODMm

Physics Beyond Colliders Working Group
arXiv:1901.09966

Caterina Doglioni C\w |I Pl’\.jics

- ‘Beyond
> ~Colliders
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Even lighter DM: axions -

i PhySics Laboratory

|
= 10_7 *Beyond
CQD) Colliders
Axions/Axion-Like Particles (ALPs): =,
. =
example of new particle -8
with inter-field connections, {8
. ALPS-1I ¥
So|V|ng more than the DM prob|em [g-11 pE— o DD i
= ’ E
Theory Cosmology g S =
Strone CP Cold DM e 2 Z A =
I candidate = 5 IV =
problem 10-14 = v, - | CSP “&9
axions E 5 g 5
’ 1 . ' D k \ = Q ‘.1, ’ o . =
! Swmg AlLPs A mdia:ﬁ - 10-15 & g Physics Be.yond Colliders -
L theory AN P - Working Group S
~ S| Inflation™ "7 N, 10-16 C arXiv:1901.09966 -
_____ Astrophysics \ Dak =
Anomalous -~"" Erergy? | | | | | | =
stellar cooling “\ P 1g- ‘
+ T 107 10~ 1077 10§ 10~ 107* 10~ 107= 107~* 1 10
UHE y
transp arency I. Irastorza's talk ma(eV)

also using nuclear physics experiments (EDM rings) New: SenSItIVIty of h&lOSCOpES
ric material to "dark matter” axions

Wish: beneficial to connect many smaller experiments,

in terms of joint expertise and common discussion platforms 30



https://indico.cern.ch/event/782948/contributions/3336364/attachments/1916027/3167701/GGIconference8_Baryakhtar.pdf
https://indico.cern.ch/event/577856/contributions/3396833/
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Introduction Weakly Interacting Massive Particles

Beyond WIMPs

Foundations

Looking #p (to hints from astrophysics & more)

"Looking up” as a consequence of “looking left”:

ultralight dark photon mediator

10-16
1078 F S T e
-
10722
10724
10726

1028 b

Te [sz]

10—30 7
10‘-32 —
1073

10—36

1 0—38 freeze—i“ (fX—

Fpm=(ame/q)*

1 0—40

https://arxiv.org/abs/1905.06348 my[MeV]

107" 10° 10" 102 10° 10*

change of paradigm from

”DM == invisible particles”

very low-mass but "strongly
interacting” DM particles will

- interact with detectors

- need to take this into account for
WIMPs@colliders

- interact with

atmosphere & earth
- use/send detectors higher up!

- be detectable using

astrophysical signals
- SN (supernova), BBN, CMB...
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Looking right (to much more massive objects)

G. Losurdo's talk

Gravitational wave experiments / multimessenger astronomy:

* Revolutionary combination of information on the cosmos Current Interferometers

« experiments can shed light on DM with a wide range of masses [ tefeomeier

Pulsar Timing Arrays

ﬁ)};izlsl D EMRI dephasing
QCD Axion
(GW/Radio) DM production
Elect by bubble collisions
Axion
DM
arXiv:1907.10610
Rolling Rolling

axions axions Dark blobs

Gravitational Friveyie
wave probes e ephasing D D
of dark matter e Dark Photon DM Hidden sector PBH
scalars

D D BH-Boson mergers
condensate [:]

BH spin

distribution

Light DM
clouds

PBH /sub-halo
transits
Pomaries 1M,
IIlII|IIIIIIIII|IIIIIIIII|IIlIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|
10720 10-1%0 1 10 10%° 1030 1040 10°° 1090 107

Dark Matter Candidate Mass [eV]
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Back to earth: foundations
(or: making the most of the data)

P
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More synergies: ’toundations” for common challenges

Particle Nuclear

L A

Astroparticle

; ’: CERN Council Open Symposium on the Update o
) European Astroparticle European Strategy s )
71> Physics Strategy | for Particle Physics
APPEC  2017-2026 ‘ 13-16 May 2019 - Granada, Spain

https:/cafpe.ugr.es/eppsu2019/ %ﬁ% NuPECC
@pcgr.org fax” ="
O} W CC Long Range Plan 2017
Perspectives

[z N in Nuclear Physics

Common theory ground

data acquisition & selection,

computing,

ssssssssssss

Shmet E Unvenidad  g)1CCUB IFAEY © OcrAE it

.

Instrumentation
(accelerators, beams, detectors,

vacuum & cryogenics,
control & automation...)

data sharing
& open science
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Colliders: another look at the Standard Model

lower rate of events

Standard Model Total Production Cross Section Measurements status: July 2017

'E 1 11
a 0
b

10°

10°

10*

10°

102

10

500 ub

Ao ATLAS Preliminary Theory E

Run1,2 vs=7,8, 13 TeV MG pp V3o 7 TV =
3 BBl Data 45-49f!
o Frequent processes LHCpp V5=8Tev
— o -
3 BAN Data 20.3fb :
: = (electroweak scale) :
LHC pp Vs=13 TeV
3 B Data 00836110
“ 1 interesting  :
Ty |
o o a event every 106
3 o 3
? < o O -0 ) 3
B AN
I lolal n “ n = gl
3 [u] 20fb 5 o 3
E v’g @ 4
E— W VH I n —E
f a “E
* * l F r?H ‘A -t

: Interesting signals _=

PP W y4 tt t WWwW H Wt WZ ZZ t ttW titZ tZj

t-chan s-chan
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Online « p Offline

Object

> reconstruction >

(trigger) and calibration

Event selection

Data analysis

X, N

3 \ Data |
you like

£ §
. .
|
. / #
D ata’ e \ What we can record %, # J
d d t‘ N after the trigger - '/
produced *, o

.. \Data ~nobody likes

(multiplied by large 4 . e
number) ¢ o o
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How LHC collaborations make the most of the data

Interesting time for high energy accelerator physics:
we don’t know what to expect from DM/new physics
(but we have a prior: it should be somewhere)
we have the LHC running now,
and the data we discard is gone

Turbo stream (LHCb),

1. Analyze as much data as possible, as fast as possible  p...scouins cus)

. Trigger-level Analysis (ATLAS),
2. Save data for further reconstruction, later

3. Implement more refined algorithms to look for the unexpected

About Dark Machines

* Including unsupervised searches / novelty detection

M. Pierini's talk
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http://darkmachines.org
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Extremely large datasets, in ditferent contexts

C. Fitzpatrick, LHCh E. Bellm, Large Synoptic Survey Telescope
REAL-TIME DECISION MAKING « BERKELEY, CA « FEB. 26, 2018
The trigger
- Are we building a
firehose?
ity with D, 0,
...or how to drink from a firehose :‘F::'::,
P

The LHC and modern astrophysics surveys are data firehoses
1

N

Wish: let’s discuss practical problems where common techniques and

tools for data taking & data reduction are useful

EXPERIMENT

38
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Visible decays of dark photon: CMS and LHCDb

Using data-taking technique that allows to overcome (some) storage limitations:
Analyze physics objects directly in real-time from online data selection level

lower rate of events

Candidates / o[m(pu*p™)]/ 2

L 10

10*

107

107

10°F

Phys. Rev. Lett. 120, 061801 (2018)

v’; =13 T(‘\' '

A

T, T T T T r T L S S S

prompt-like sample
prip) > 1GeV, p(p) > 20 GeV

1
= isolation
applied

prompt gt g
(e

T — — IRV

10° 10°
m(ptp~) [MeV]

10

90% CL exclusion regions on [m(A’), &%
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B BaBar

KLOE

il P |

1 10
m(A") [GeV |

Run-3 prospects in arXiv:1509.06765

Events /0.1 GeV

10°°

107

96.6 fo'' (13 TeV scouting); 137 fo™' (13 TeV full reco.)
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Dark matter mediators

Events / Bin

Same “real-time” analysis technique also used to look for
dark matter mediators (= dijet resonances) decaying to quarks

SM DM DM
SM M SM
— :>ﬂﬁ<i
DM 23 Now
SM SM SM
Particle Colliders

arXiv:1804.03496

- / ATLAS
= Vs=13 TeV, 20.3 fb™! =
- \ ly*| < 0.6 ]
E Traditional techniques: E
L cannot record all data for analysis —
; e Trigger-level jets E
L Offline jets, single-jet triggers _
E —— Offline jets, single-jet triggers, prescale-corrected =
B 1 1 1 | 1 1 | ]
600 1000 2000 3000 4000
m; [GeV]

o ' atias Preliminary Vs = 13 TeV, 3.6-80.5 5" 7 /-
[ T/m,=0.15_ o July 2019 -

0.5 H/m=01 ... R A
04F S/
0.3} ]

single vy
trigger

0.2

Y + jets ,"
trigger y
7

N\ YA - ot

0.1 —
y5l < 0.3 -
0.05 Axial-vector mediator ‘| yi2l <0.6 B}
004 — Dirac DM 7
| mX=10T<-?V,gX=I1.0 . AT N

0-03150 200 1000 2000
my. [GeV]

ATLAS summary plots
arXiv:1810.12238 for more context
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95% CL upper limits

Observed

--=- Expected

Boosted dijet + ISR

3611 '
Phys. Lett. B 788 (2019) 316

Boosted di-b + ISR

805 '
ATLAS-CONF-2018-052

Dijet + ISR

79887661 '
Phys. Lett. B 795 (2019) 56

Di-b + ISR

798 & 766 '
Phys. Lett. B 795 (2019) 56

bb resonance
243836.110"
Phys. Rev. D 98 (2018) 032016

Dijet TLA

36829.71 "

Phys. Rev. Lett. 121 (2018) 081801
it resonance

36.1 fb

Eur. Phys. J. C 78 (2018) 565
Dijet

37010

Phys. Rev. D 96, 052004 (2017)

Dijet angular

3701 "
Phys. Rev. D 96, 052004 (2017)
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Reinterpretation & recasting

Let's not limit DM collider searches to a null result on a single model if we can...

Reinterpret & recast

ATL-PHYS-PUB-2019-032

ATLAS PUB Note y

ATLAS ATL-PHYS-PUB-2019-032 7

[[[[[[[[[[

11th August 2019

RECAST framework reinterpretation of an ATLAS
Dark Matter Search constraining a model of a dark
Higgs boson decaying to two b-quarks

CMS-NOTE-2017-001] ATL-PHYS-PUB-2019-029

Available on the CMS information server CMS NOTE-2017/001

C The Compact Muon Solenoid Experiment -
= otle @
11T Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland

2017/11/07

Simplified likelihood for the re-interpretation of public
CMS results

The CMS Collaboration

Fit&combine

= Ecollider‘CDM‘CﬂavorﬁEWPO cee

Example: https://gambit.hepforge.org

Eur. Phys. J. C (2019) 79:395

Eur. Phys. J. C (2019) 79:395
https://doi.org/10.1140/epjc/s10052-019-6837-x

THE EUROPEAN

PHYSICAL JOURNAL C ‘et

Regular Article - Experimental Physics
Combined collider constraints on neutralinos and charginos

GAMBIT Collaboration: Peter Athron'-2, Csaba Balizs!2, Andy Buckley®, Jonathan M. Cornell*, Matthias
Danninger®, Ben Farmer®, Andrew Fowlie'">”, Tomis E. Gonzalo®, Julia Harz®, Paul Jackson®1?,

Rose Kudzman-Blais®, Anders Kvellestad®®, Gregory D. Martinez!', Andreas Petridis>’, Are Raklev®,
Christopher Rogan'2, Pat Scott®, Abhishek Sharma®!?, Martin White>!-*, Yang Zhang! 2

Use precision
measurements

arXiv:1902.03067 arXiv:1606.05296

PUBLISHED FOR SISSA BY @ SPRINGER

M
[
)

RECEIVED: July 6, 2016
REVISED: January 20, 2017
ACCEPTED: February 23, 2017
PUBLISHED: March 14, 2017

Constraining new physics with collider measurements
of Standard Model signatures

Jonathan M. Butterworth,® David Grellscheid,” Michael Krimer,¢ Bjorn Sarrazin®
and David Yallup®

Wish: ensure these platforms are useful,

by virtue of feedback/support/dissemination
within collider & other communities
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Conclusions & wishlist

Astroparticle Particle Nuclear

Common theory ground

instrumentation data acquisition,
(accelerators, beams, detectors, computing,

vacuum & cryogenics, data sharing
control & automation...) )
& open science
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A constellation of activities and initiatives

2013 APPEC input to EPPSU:
taking off in 2019 with CERN
as first 5-year host

A
:
r S
gt 7 Honoured to serve as founding director of EUCAPT (European Consortium for
N s b 10U Tl

AstroParticle Theory) established this week at @CERN, with the aim to
coordinate theoretical activities in Europe in the fields of astroparticle physics

Astropa rtlcle Particle Nuclear

ada,

Spa . ‘ .\ )
9 &7 \
i »
L

30 L ; i e S
5L Dark Machlnles is aresearch c?llectwe of physicists and data .SCIentlStS. wu&:“;:" ’( R T ‘
| We are curious about the universe and want to answer cutting edge EN % ﬂ— L {355 S A EEl
) questions about Dark Matter with the most advanced techniques that 1 ‘_":‘_““f'“‘ s
data science provides us with.

-5 | About Dark Machines 2019 - Gra

=T

Cw |; Phy ' ics

*‘Beyond
Collldus

‘
bs/eppsu2019/ @;FE'

ik

| European Center for Astroparticle Theory (EuCAPT) |
Common theory ground

instrumentation
(accelerators, beams, detectors,

vacuum & cryogenics,
control & automation...)

data acquisition,
computing,

data sharing
& open science

ESCAPE

G. Lamanna's talk, E Genova’s talk
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http://darkmachines.org
http://cenf.web.cern.ch/
https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc
https://indico.cern.ch/category/7885/
https://projectescape.eu
https://indico.lal.in2p3.fr/event/5418/contributions/17542/
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https://indico.lal.in2p3.fr/event/5418/timetable/#20191015.detailed
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Today & tomorrow: (creative) steps to collaboration

Poster session today: HSF High Energy Physics
a social experiment Software Foundation

Meeting tOmorrOV\/ at /I 600 (Blue Room)
. [JENAS is] "The beginning of a process to workon &
support projects together” (M. Lewitowicz, Monday Q&A)

Goal: start discussing common challenges
& needs of the community, in order to
benefit from joint work on solutions

Stay tuned also for:

D/A\N@E 2019

g de matter And Neutrino Computation Explored
e Analy is Software, Machine Learning, -

e ) . Data Acquisition & Distributed Computing

.............................................................................................................................. [ey o il Oneratibandagih g

Some ideas from Swedish community: :
Shared searchable software code-base/journals :
Working together towards sustainability of '
. meetings and computing centers
- Shared R&D for timing detectors

.- Dark matter posters performance art (?!?) ina Doglion |
e itreurresEerEsTrEsEEEEESEESEEEEESEEREEERSEEENEeERSEEaNTEEREEaNEtaREERaEEREeERaEREREEEREERRRSEEREERRaERanrennasranrrnnntrd : C. Tunnell's talk @ IRIS-HEP meeting

dance.rice.edu § dance2o19@rice.edu § #dance2019 44
ifiinsnig z S e :



http://www.hepsoftwarefoundation.org
https://jenas-2019.lal.in2p3.fr/hep-software-foundation-meeting/
https://indico.cern.ch/event/854172/contributions/3592052/attachments/1923242/3182218/2019_10_9_tunnell_iris_hep_dm.pdf
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Outlook and wishlist

Dark matter present & future:
essential physics complementarity across different experiments

DM SM

SM DM
SM

}Di cosmological origin _.4 nature of the DM-SM interaction

SM SM

H DD/ID/astrophysics colliders/beyond colliders (accelerators) M o

DM DM

as well as on tools, given shared theory, experimental & computing challenges

Dark matter wishlist (partial/collected so far):

e a platform or a common discussion forum focused on dark matter
(collider, direct and indirect detection, as well as GW & other astro probes)

European Center for
Astroparticle Theory (EuCAPT)

* for analysis and interpretation of results
 for common technology challenges and solutions HE F
e for data sharing, software & computing |

SeOrs

A personal view: bottom-up/community-driven approach beneficial

— let’s keep reaching out to each other!
ki European ResearchCouncil 4 - aterina Dogliont - 2UTY - JENAS Z071S 45
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https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc
http://www.hepsoftwarefoundation.org

Thanks for your attention
(and thanks to the junior physicists who worked
on many of the European Strategy plots)!

CLICdp projections: Scalar projections: Direct Detection: Indirect Detection:
Ulrike Schnoor (CERN) Marco Rimoldi (DESY) Isabelle John (Lund) Boyu Gao (OSU)

with Andreé Wulzer, with Francesca with CD, Emma Tolley, with Emma Tolley,
Philipp Roloff, Jean- Ungaro, Hideki Antonio Boveia, Linda Carpenter,
Jacques Blaising Yukawa, Oleg Brandt Jocelyn Monroe Antonio Boveia,

Christoph Weniger
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Broad categories of collider searches

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
, 7T, ... = jets
g P | J
SM DM

SM DM

— the way we think of benchmark ,
. ) W, Z = leptons, jets...
models influences collider searches

Simple models ~ More complex/complete models

comrncns AT LAS Caterina Doglioni - 2019/11/15 - JENAS 2019
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E Calore's talk @ GGI 2019

The dark matter landscape
—

1022 gV 102 eV 1GeV1TeV 10" GeV 1057 GeV
(105 g) (1033 g)
Some dark matter candidate particles
1024
1021
oy p - |Identification strategies are
10° 1 Qodl necessarily (more or less) model
ey . dependent
190 A Neutrinos
2 10 Neutrain - - The theoretical prejudice in dark
~ -9 KK photon a - .
&0, mﬁon_’ q 3 matter searches is also set by
e E what we can probe with available
1 -18 | ) =
v ] [ data
10724 4 T Axino
=27 - Super WIMPs:
10 | puzay com i | Gt + You always need some sort of
Loy 1 KK graviton signature of your model!
10%° 1 M , S
\0'5'5\030 \o;i\ \me \0;»\ \0\‘6 \0\% F 0\'» \0;» \Ob \0'5 \0 \0 \0 \0 \0 \é, \0@
Mass (GeV)

Conrad & Reimer, Nature Physics 13 (2017) 224-231


https://indico.cern.ch/event/782948/contributions/3332634/attachments/1913743/3163117/GGIconference3_Calore.pdf
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Benchmarks of choice (for heavy WIMP DM)

"Big question” for the update of the European Strategy of Particle Physics

What cases of thermal relic WIMPs are still unprobed || Problem: unable to

and can be covered by collider searches? cover all cases!

 Large number of model possibilities for WIMPs, even limiting to the simplest
models (see e.g. LHC Dark Matter Forum/WG documents)

SM SM DM
SM DM SM SM DM SM SM

o =K

SM DM

t/(b)

q q
SM h
K K DM g
* R DM
' Z 5/P ﬂ<
" ¢ —
DM 2 oM 9, 9 Ja 9 pm
g
DM SM DM g DM t/(b)

Ann.Rev.Nucl.Part.Sci. 68 (2018) 429-459

SM DM

* Any benchmarks chosen will be only examples - what to choose and why?
» Wino/Higgsino DM: simple extension of SM portals, within SUSY framework
e Higgs portal DM: newly discovered Higgs, simple interaction
o Simplified models of vector/scalar-mediated DM:
 Vector/axial vector: visible and invisible signatures
» Scalar: cross-sections are small = good collider probes

s oSyt
L iesssevese
BT AL LR
AXIRTY
T.0e000 Y
-leleee

o590
s Seee,
Sesede e
R A

cvmnsmcns INTLAS Caterina Doglioni - 2019/11/15 - JENAS 2019 50
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https://lpcc.web.cern.ch/content/dark-matter-wg-documents
https://arxiv.org/abs/1810.12238
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Pseudoscalar mediator: indirect detection plots

. . . Im2 9262 m2 m2
* Limits on pseudoscalar mediator mass/scale v =5 ae— F o\ s
can be translated to limits in the o G25b : m2\ [
] i ] ] <O’Urel>g - 2’/’(31)2 (aned — 4m2DM)2 T Miedl“fned qu fpseudo—scalar m—)gc
velocity-averaged DM annihilation plane q
B. Gao, A. Boveia, E. Tolley, C. Weniger arXiv:1603.04156
- 10'20E T 7 — 1 —Fermi (bb only)
1 Astrophys. J. 834 (2017) no 2, 110
mw 1021 == HESS (bb only, proj.) DM SM
PRL 117 (2016) 111301
(EJ 1 0'22 — CTA GC (bb only, proj.) H
I/_\I 1 0'23 aFrewr.mi-.|-LSST (bb only, proj.)
5 o4 arXiv:1902.01055 DM SM
< 10 —HL-LHC, 14 TeV, 3 ab
HL/HE-LHC Report: arXiv:1902.10229 DM
10725 — HE-LHC, 27 TeV, 15 ab™ > - SM
10726 — FCC-hh, 100 TeV, 100 ab™
DM
1 0_27 PRD 93 (2016) 054030 SM SM
1072°
1077 E
-30
1 O Pseudoscalar model, Dirac DM
10-31 gDM=1’gq=1
.30 . Allimitsat95%CL
1 O 1 O 1 O European Strategy,
mpm [GeV]
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Complementarity of visible/invisible searches

Dark matter particle mass [TeV]

| | |

- B Ax1al Vector medlator Dirac DM B
L g,=025¢, =1 ]
1_ —
0.8 —
0.6 —
I SM, SMm DM ]
0.4+ _
: gq gDM :
0.2 SM DM ]
] 1 1 1 1 I 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |

0 0.5 1 1.5 2 2.5

eles oo
By .

RN
oge o

European Research Council

Established by the European Commission

Illustrative example

LHC Dark Matter Working Group
https://arxiv.org/abs/arXiv:1703.05703

Searches for DM particles

European
Commission

European Union funding
for Researc h & Innova tion

Mediator mass [TeV]
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https://arxiv.org/abs/1703.05703

Complementarity of visible/invisible searches

Dark matter particle mass [TeV]

1.2

0.8

0.6

o
NN

O
bo

LHC Dark Matter Working Group
https://arxiv.org/abs/arXiv:1703.05703

Illustrative example

Ax1al Vector medlator Dlrac PM

B (g,=025g, =1 . ]
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2
n R _
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L 2
! R _
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L 2
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n . -
L 4
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n \ 4 -
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I SMy SM DM ]

: gq gDM :

— SM DM .
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= Searches for DM particles Mediator mass [TeV]
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.........

Established by the European Commission
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6» 1666 >
{05 5118
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Complementarity of visible/invisible searches

LHC Dark Matter Working Group
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Complementarity of visible/invisible searches

Illustrative example
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

S-channel A-V mediator: coupling to quarks = 0.25

http://cds.cern.ch/record/2684864?In=en
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S-channel A-V mediator: coupling to quarks = 0.1
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Introduction Weakly Interacting Massive Particles Beyond WIMPs Foundations

Inelastic DM as g-2 motivated model ... .uisioms

Mass splitting between DM and other new particle: 0.4, ap=0.1

LEP

\\~
~

— NuCal

w — NA62 (1e16)
— NA62 (1e18) ! K
— LongQuest-1(3GeV) ]

— LongQuest-I (no—cut)

- —
- -~
~——
-

----- sSQ/DQ (1e18)
| sSQ/DQ (1e20) | ]

1072 107" 1
my [GeV]

arXiv:1908.07525

Caterina Doglioni - 2019/11/15 - JENAS 2019 58
58


https://arxiv.org/abs/1908.07525
https://arxiv.org/abs/1804.00009

Timon Emken's talk

Constraints on the DM-nucleon
scattering cross-section

02.10.2019 Partikeldagarna 2019 Timon Emken (Chalmers) 9
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Introduction

Weakly Interacting Massive Particles Beyond WIMPs

Foundations

PBH/MACHO constraints

M. Cirelli's talk @ GGI 2019
MACHO or PBH mass M in solar masses
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