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: 7 Outline

* [ntroduction
« Theme |I: new data / new models / new questions
e Theme ll: communication between communities

* A high level tour of science topics with various personal biases and a
few random asides

 Meta Summary



THEMES: NEW DATA / NEW
MODELS / NEW QUESTIONS
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High-mass WIMP: large exposure and low background — use liquid noble gases

“— Low-mass WIMP: low threshold (100 eV) and high resolution — use cryogenic detectors

C. Augier — « Low-mass WIMP search with the EDELWEISS experiment » - Exploring the Dark Universe

Meta level:

“WIMP ‘Miracle’ seems pretty compelling, lets
start by going out and looking for 100 GeV WIMPs.”




m New Data Push us to New Models & Methods
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Meta level: “Well, none of use have found these 100 GeV
WIMPs. How do we look for those XX you mentioned?”

Sterile v

Primordial Black Holes

Axions & ALPS

PeV DM

Spin-2 Fields

Asymmetric DM




RIGIDITY DEPENDENCE OF ELEMENTARY PARTICLES
The rigidity dependences of e*, p, p
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~1 tonne DD reach
General pMSSM:
* CTA to probe WIMP regions below reach of ~1 tonne detectors (even below
neutrino floor!)
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Great improvement

See also Taoso++
Cumberbatch++
Frandsen++ ...

Meta level: “Oh, XX'is a rich model space, and in looking for
it we are learning lots of new things”




Theme Il: Communicating between Communities

This conference brings together people for multiple communities:
Accelerator-based
Direct-detection
High-Energy Astronomy / Astrophysics
Cosmology
Particle Theory / phenomenology

We all had to take a step back and focus on things that will be of
interest to people outside our specific communities

| hope this talk follows in that spirit, i.e., I'm not going to be saying a
lot about nano-Bq / kg, pseudo-rapidity cuts, or y-ray telescope
instrument response functions



SCIENCE TOPICS



7 > 3 |
§ﬂ7 Topics Covered

* Intro & Keynote
« Dark matter theory
» Searches
» Accelerator Searches
« Light DM at e*e" colliders & fixed target experiments
« Searches at the LHC
* Direct detection:
* Direct detection of WIMPs
» Directional Detection
» Direct detection of WISPs, ALPs & axions
* Indirect detection:
* Indirect detection with neutrinos
* Indirect detection with y rays
« Indirect detection with charged particles
« Cosmology & Astrophysical Dark Matter




INTRO & KEYNOTE
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Keynote Lecture by G. ‘t Hooft

Virtual black holes and space-time foam (Summary)

Virtual black holes must be everywhere in space and time. Due to vacuum
fluctuations, amounts of matter that can contract to become black holes, must
occur frequently. They also evaporate frequently, since they are very small.
This produces small vacuoles in the space-time fabric.

How to describe multiple vacuoles is not evident. The emerging picture could
be that of “space-time foam":

Explained motivation for fundamental new ingredients in quantum
treatment of black holes: gravitational back reaction, spherical harmonics
expansion of in-, out-going particles, antipodal identication.

Some quotes:
“Space has become time, and time has become space”
“This is a pure state only if you combine universe 1 with universe 2”
“A time Mobius strip ... this rescues unitarity & causality."



/\ Introduction
.

Gerbier

Will EDU2017 bring new lights on Dark Matter ?

* Dark Matter has not yet been identified\J

Here and now is EDU2017
75 participants

60 presentations on

— Theories, models

— Indirect detection of Dark Matter

— Direct Detection of Dark Matter

— Dark Matter production at accelerators (LHC, e+e-, fixed target...)

* We are going to learn ...




“Direct detection” of Dark Matter : pIayinF
billard with Dark Matter particles and nuclei

DM AOM nuclei

Germanium
detectors

SM

SM
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Direct, Indirect, Accelerator-based Searches

Producing Dark Matter particles at LHC at CERN ?? Ge rb|er

Large Hadron Collider ready to search
for dark matter once again after 2-year
reboot

Sanjit Dutt

DM

DM

Wimp « indirect » detection : detect products of
annihilation of DM particles

Annihilation in
(clumpy) halo _
=y, p,e+,D

Annihilation,
in Sun, Earth

=y




THEORY
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ATLAS SUSY Searches"* - 95% CL Lower Limits

SUSY Phenomenlogy

Iill
SUSY AT LHC RUN 2 DM IN PMSSM

[Ar‘bey et al. 1505.04595]
ATLAS Prelminar
Vi=7.813 vevy

i Take neutralino DM or gravitino DM with neutralino NLSP
- within the RPC pMSSM with 19+1 parameters, 1.e. no
unification assumption, flavour & CP conserving SUSY
breaking. Impose all constraints from low energy, flavour
observables, LHC SUSY searches and monojets, as well as
DM density and BBN limits on neutralino NLSP...

Gravitino LSP 0.09 <Q,h?<0.163 10°<Qh?<0.163

X 2<0.1
Bino Wino
= &8
o s
~ N
\h-!/ =
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« Massive efforts underway to explore the massive SUSY parameter space

 |dentify DM candidates (i.e., the lightest SUSY particle) for different

scenarios

« Explore representative simplified models to probe SUSY space

« Combine LHC / direct detection / indirect detection / cosmological
constraints (e.g., codes such as GAMBIT) [ scott
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Morgante




Full Theories -> Simplified Models -> Effective 16

Theories

Morgante

DM “models”

1T FULL THEORIES
e SUSY, KK, ...

e many particles and parameters

\\/ SIMPLIFIED MODELS

| e 2 new particle (DM + mediator)
/\ e few parameters (M, mpwm, couplings)

completeness

EFFECTIVE THEORIES
e 1 new particle (DM)

e 2 parameters (A, mpwm)

)\ 4

complexity 1



17

Simplified Models

Morgante
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@ Light Higgs Favors High Mass SUSY
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General SUSY: CTA vs direct detection

6 BdyesFITS (2014)
---- Tonne scale detector BayesFITS (2014) R
---LUxXQoy | -25 | o e .
—8k 3
"""" —~ 26}
= -10f 2
) -
& £
A b R L e RN S
b | : e <
5 l2-l,l _.—__'_.____.—_‘:’_‘ o =27
—————————— a0
k=) N S
14F
-28
—~16}
pMSSM, 20 pPMSSM, 20 s
01 PR ”011 P ...i - L _2—918 =r3 — - 5 "
1
my (TeV) log;o 05’ (pb) T
Roszkowski, Sesssolo, Williams, 1411.5214

~1 tonne DD reach
General pMSSM:

* CTA to probe WIMP regions below reach of ~1 tonne detectors (even below
neutrino floor!)
* Good complementarity OLSDEQeﬁ?ﬂ CTA

es du Vietnam, 27/7/17 30

For an optimistic, the low mass of the Higgs means that the favored
SUSY mass scale is high, which helps to explain why we haven’t seen it
at LHC, and could be great news for Cerenkov Telescope Array (CTA)

18



Indirect detection
of a dark U(1) sector

Cirelli, Panci, KP, Sala, Taoso, arXiv:1612.07295 87
Exclusion by FERMI dwarfs Exclusion by FERMI Galactic Halo
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Parts of parameters space for which DM interactions at LHC would be
“long-range”, implying bound states have important effect on
phenomenology, boosting the LHC mass reach | petraki

Self consistent solutions where spin 2 fields behave as DM. Available
parameters space could be closed with factor of 100 improvement in
limits on DM decay | Urban

PeV DM is feasible in rich dark sector theories and should be explored in
more detail

Sala




SEARCHES
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DIRECT DETECTION
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DM Scattering Produces Heat, Light & lons

Direct Detection Techniques

Masbou

22

Discrimination is crucial!

« Use technology
detecting two signals

« Or if one single signal,
it should provide
significant
discrimination

CUORE, COUPP, PICASSO, PICO
TeO,, Al,Os, LiF, C;F,

Phonons/Heat
10 meV/ph

100% energy

CRESST

| CaWOs4,BGO |

ROSEBUD

Xe,Ar; Ne
Nal

~| keV/!

DEAP-3600
few % energy

CLEAN
XMASS
DAMA, KIMS
DMe-Ice
SABRE

<«<—Scintillation

m lo
LUX

XENON
PandaX
ArDM
DarkSide
Darwin

[Ge.51] SupercDVs

from Carmen Carmona

Representative experiments,
not meant to be completed

EDELWEISS

> | Ge, CS2, CF4 |

nization

~10 eV/e
20% energy

CoGeNT
CDEX
Malbek

DAMIC
DMTPC
DRIFT

Julien Masbou, EDU 2017, Quy Nhon, 25th July 2017




Current Status of Direct Detection

How is evolving the field of Direct Detection ?

Masbou
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Julien Masbou, EDU 2017, Quy Nhon, 25th July 2017
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Impressive Efforts to Address Instrumentation 24
Challenges

Oblath

XMASS detector » Outer detector (OD, water tank)

» 72 20-inch PMTs for cosmic-ray muon veto.
» Water is also passive shield for gamma-ray T
and neutron from rock/wall. 1 + e—p

> Inner detector (ID, Liquid Xe) | | p* =
> Liquid Xe surrounded by 642 2-inch PMTs. :
> Single phase
> Observed scintillation light.

> photo coverage: 62%

U, (1)— a modestly sized proposal to observe very

low energy recoils in xenon
UA1 experiment ———————————  U,(1) experiment

imental setup

prformance of the EDELWEISS-III experiment for direct dark matter searches
arXiv:1706.01070

Discovered W and Z Discovery of A, the

NIM A716, 78-85, bosons, won Nobel prize dark photon ?

"8 v 1 kg-scale pPCGe : low energy
threshold & good energy resolution.

v Nal, enclosed the cryostat of Ge,

served as anti-Compton detector.

==

The U,(1) experiment consists of a ~10 kg dual-phase xenon detector

Pb shield

* Detection Volume: 31 X 31 X 41cm? o~ nd o . 5,
* Gas: CF, at 76Torr (50keVee threshold) | - = B \ ' [ S8
* Gas circulation system with cooled charcoal r

* Installed in Kamioka Laboratory

Shieldings:
> Clean room + deradonized air (30 mBg/m3)
> Active muon veto (> 98% coverage)

» PE shielding internal + external (50cm)

“J
1 K. Miuchi’s talk tomorrow
. u > Pb shielding 20 em (18 cm + 2 cm Roman lead)

for more...

P search with the EDELWEISS experiment » - Exploring the Dark Universe 6

« Common themes: reducing background radiation, thermal noise,
increasing fiducial volume, mixing new and tested technologies
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@ Some Developments that Stood Out (for me)

Naka

Lippincott
Scaling to PICO-500

Nuclear Emulsion

?\a

L z-Fiducialization Breakthrough
____________________ ¢ Discovery of minority carrier gas mixtures CS2:CF4:02

: f:' e Kind."@tph‘btoérébﬁic film
> High spatial resolution * 2
.~ »4ntraeking -

-

Dark Matter-nucleon cross section [cm?]

1074

. ¢ Use of different drift speeds of carriers
0 o] ]
10—46 ‘ .."""" ........... ! ‘ T V At

5 10 50 100 i — Spooner
Dark Matter Mass [GeV/c?] ; o f: e o
| °
2150 z=? 2= t
MWPC 2 X At

Drift direCtion  —

Proportionality constant
can be measured for
various gas mixtures, or
calibrated in-situ.

thanks to D. Snowden-Ifft

» v-floor is much lower for C;F4 than for Xe

» Using resonance effect to go beyond diffractive limit in emulsion
resolution

» Adding minority carriers to measure drift time start time (z-position)
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O Direct Detection: High-Mass WIMP Searches
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Masbou
XENON1T Results

Lippincott

Sensitivity projections (1000 days)
arXiv:1705.06655
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Julien Masbou, EDU 2017, Quy Nhon, 25th July 2017

« Flagship liquid noble detectors continue to bravely push down to the
neutrino floor

« Given the background level required, this is a truly impressive
achievement




Direct Detection: Low-Mass WIMP Searches

Augier Gerbier
Conclusion and outlook T A A

searches, arXiv:1707.04308 . . . .
Projections for NEWS-G wrt currentsituation

Results and perspectives 107 g

Intense R&D activity on HV, sensors, 10k _;
heat-only, HEMT e E 3 A
5
. 10740 =
EDELWEISS-LT: 5K E 107 : 100 ml
® 2018 goal, improve thresholds x10 using §10—41 g_\ — \‘
boost from 8 to 100 V (achieved) § . E = 10% [\ NewsG@Lsm | 1 102
o Low-mass WIMP@LSM (100 V, 100 eV~ §107¢E~ “‘E EN CRESST B E
heat RMS, 500 kg.d), 10*cm? achievable gm,‘,g ;_ S T _%10739 HYS \ 10° =
EDELWEISS-DMBS: : E EDW 50 000 kg.d o, . 2 . \ cqusu .5
as e 8 PP
« Beyond, ~200 kg FIDs to complement  S'0"ET - g1o S e
nicely the SuperCDMS @SNOLAB reach 310 sl : @104 He ==~ “ 1052
« Study of B coherent neutrino-nucleus E I EDW-DMBS 50 000 kg El ° | NEWS-G@SNOLAB °~_ g
scattering signal (mimic a~6 GeV WIMP 1052155 > 3 4 5 6 78910 20 10 2018 10° ¢
with o ~ 4.4 x 104° cm? ) WIMP Mass [ GeV/c? ] S g
¢ 8V for discrimination, 100 eV heat & g 108 107 8§
50 eV, ionization (RMS), BDT analysis -t 1000 kg.y [ 3
~ B R R 10° E
3 G 1000kgy P i Clear signal of = s
B ) ; /V signal | 7g 3B neutrino = 104 ; 10°
N <% events after E
g T . discrimination -46 L L L L1 ! -1
£ above a BDT 10 50 "2x10°" 1 2345 10 20 10% 2x10 1090
E score cut of 0.5 WIMP Mass [GeV]
1 é 0 5 1
Nomalized heat energy (kevie) BDT output
C. Augier — « Low-mass WIMP search with the EDELWEISS experiment » - Exploring the Dark Universe 27

* Forlow-mass WIMP searches the main goal is to lower the threshold and
push down to lower masses

» Technically, this means lowering the threshold for measuring ionization or
heat deposition

«  We expect orders of magnitude improvement in cross-section sensitivity
in the 1-10 GeV mass range
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Direct Detection: DAMA / LIBRA
Ha

SABRE Performance - Expected modulatro als Expected Sensitivity fOI’

Independent modelling of the expected modulation signals.

Each based on the respective background modelling and a standard galactic halo. C OS | N E_ZOO ( P h ase | | )

Both based on 50 kg of Nal(Tl) in the PoP vessel

‘E \ \ —_— || eareq /.c
[ mp=10GeV, o1 = 2.5-107%0 cm? | ol N 220KV Meditn Syen ity (50
L D »0SIn - _210 E \ _—— keV,,, Median Sensitivty (90°
El 0545 Me=10GeV, o, -25¢10 cm? § oF \ | Obtic [O:20
2 0107 \ Y
£ °' SABRE Preliminary 700 g8 E \ B
£ & osE £0.00 ‘:- a0 [ \. N E‘§
s10 R, T
£ 2 E _——n
E + \+\ 3, a1 \\ \ 27 —_— _,__/—-“"'
paud NN
E \ + g F N G e 1 ANR s right
£ 3year operation Princeton ° ﬁ Zq0% S~ " "
L W _Rome ? £ 200 kgx 3 year T
Days 0 200 43 > [E
10 E 7.3 gmlnhsei'vnﬂ n
* Good agreement. N BN R N R R R (2-6 keV)
* 3 year measurement should give either a 60 refutation or a 40 verification. 1 10 10
* SABRE North and South can be combined if the signal is DM related and not a *Assumed 1 dru flat backgrounds
seasonal background. R I N e )
23 o
Exploring the Dark Universe, Quy Nhon, July, 2017 § ﬁ:m}fg Gregory.Lane@anu.edu.au 26 Chang Hyon Ha, Center for Underground Physics, IBS 25 Exploring the Dark Universe, Quy Nhon 2017, July 24

Several experiments are reproducing DAMA / LIBRA scenario with
increasing fidelity

Expect to probe DAMA / LIBRA signal region with almost identical setup
in next few year

This will test explanations offered for tension between DAMA / LIBRA
signal region and exclusion regions of other experiments



| ADMX G2 Program

Cavity Frequency (GHz)
10

» The ADMX Generation-
2 (G2) program will
cover the most likely
parameter space for
cold dark matter

» Sensitivity will reach
the DFSZ bound
between 2 and 41 ueV

Axion Coupling Ig,y, | (GeV™")

SADMX

* Low-mass Axions (~ueV) more “field-like” that “particle-like”

» Haloscopes: couple to local axions or axion-like particles in Galactic halo
using tunable microwave resonating cavities and magnetic fields

« ADMX-2 will probe coupling-mass plane in region that would produce DM
at the relic density between 2 — 41 ueV



Direct Detection: Light Shining through a Wall

Ballou

Z OSQAR LSW Experiment Scientific impact of the expected sensitivity
/ 7 reach of the final stage of ALPS-II

Use of two standard spare magnets for LHC -
at the CERN SM18 magnet testing hall, where EX
cryogenics for magnet cooling (1.9 K) and
vacuum facilities are available and are provided.
The 2 dipoles are aligned at warm conditions
cooled down, cold tested and finally powered.

ALPS-II will surpass CAST
in the lower mass region.

ALPS-Il will reach bounds
set from astrohysical
considerations (1987a
super-nova gamma burst,
TeV transparency of the
universe, WD cooling, ...)

B =9 T over effective L=14.3 m

Photon Source: COHERENT Verdi V18 CW Laser
A =532nm (2.3 eV) - Optical power : 18.5 W

ALPS-II will tackle the un-
colored and gray (DM)
parameter region of ALPs
predicted in string theory
motivated SM extensions.

Photon beam is linearly polarized with E, | B
Search for pseudoscalar ALPs
Use of a /2 wave plate for polarization E, 1L B
Search for scalar ALPs
Use of beam expander telescope to reduce the
Laser beam divergence.

107° 107" 0.01 1

m[eV]

10710 107¢

ALPS Il Technical Design Report arXiv:1302.5647

« Light Shining through a Wall: use powerful magnetic fields to convert
photons to axions and back so that they can pass an optical barrier

« Current sensitivity not as good as Helioscopes (e.g., CAST), but ALPS-I
upgrade would read CAST sensitivity as well as parts of cosmologically
significant region



Direct Detection: Directional Detectors

“CYGNUS” physics towards discovery

® Potential to search beyond the “neutrino floor” Y

- Spooner
Information galore

J Billard, L Strigari, E Figueroa-Feliciano arXiv:1307.5458 ol e 5
e 1.6667 - 3.3333 keV. WIMPS

@
£ o
= solar o z !
Z 0 ] m«ﬂ“‘:’g’ﬂﬁ”‘”‘ 1 140 S T Am\\‘\ ! e
P ™ N"iﬁﬁospheric dRy;, /d, [ton! year ™! sr7'] A
10 100 1000
WIMP Mass [GeV/c? Di ti I Tech I
ma— ’ tional irectiona echnology
m clearly distinguishable Conven : .
y g experiment experiment 1D, 2D, 3D, Head-Tail

(with low energy recoil detection)

Directional detection: measure direction of recoiling electon or neutron

Fundament challenge: extracting enough information to estimate direction
before recoil particle direction is randomized by multiple scattering

« This gets harder as the recoil energy goes down
Gas approach: decrease the density of the target

« Works, but reduces the target mass tremendously
Other approaches: increasing the tracking resolution

 This is hard, we are already very good at tracking

31




ACCELERATOR SEARCHES
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Direct Dark Photon search

Signal kinematics ) HPS

Missing momentum/energy

J. Mans, EPJ Web of Conferences 142, 01020 (2017)
LOMX https I ford,

Pin = Pout + PDM

Calorimeter

Low Mass DM Searches

Bondi

© Fixed target experiment at HALL

© Detector: SVT + ECAL (Lballossinoet

® Two complementary search technif . .
detached vertexing . b

© Sensitivity: 109210 in the md
Gev

© Full approval from the laboratory]
different beam energy configurat]

© Two data-taking periods have be
days (10 mC) at 1.06 GeV and in

® Missing momd
® A Low currer|
® The experimd

production at}

PADME experiment

Charged particle
detec

Active target

550
ebeam 3

—
|

M. Raggi and V. Kozhuharoy, Adv. HEP 2014 (2014) 959502

Calorimeter

Missing Mass

It aims to use annihilation production (ee- -> 5(A->XX)) and missing mass searches.

; © Calorimeter

t 2.3 GeV

Missing energy:

NA64 experiment

Pre-shower ECAL

i
Kinetic i

! mixing
Scattering
jth Nicloi

i
Missing momentum
signature

o few-CeV dark mater

High intensity
e beam

© Small scale fixed farget experiment
® 550 MeV e* @ BTF in INFN-LNF

© Thin active diamond target s
© Charged particle detectors

© Expected to collect >=10°* positron on farget

" - Beam dump experiment

A yield:
4 cross-section:

Number of events: N, x

Taector
scme'v‘vd X
x detection

x o X

&

Sensitivity: 107 in the mass range ms < 24 MeV in a complete model independent way
(Independent from the A’ decay mechanism, A’ lifetime, nature and mass of the dark matter ).

1 Step: LOM production
® Xs produced via A" emission and invisible decay
™ GeV - high intensity e- beam

| 2 Step: LOM detection
® X scatter off nucleons, nuclei, or electrons in the
detector volume, giving rise to a detectable signal.

33

the eternal fiaht in physies: signal vs background

1"

* Very nice summary talk describing numerous accelerator-based low mass DM
searches probing “Heavy Photon” at 1-1000 MeV scale

« Complementary approaches: missing mass, energy, momentum, direct search
for dark photons




Light Dark Matter at e+e- Colliders

Search for dark matter in A’ invisible decay

Projection of Belle II at Phase 2 & 3
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« A’invisible decay (search for bump in recoil mass spectrum)
« A’ decay to leptons (spectrum of ye*e", yutu doesn’'t match QED)
» Also sensitive to axions / axion like particles



&) Dodd

- Observed (expected) upper limit of 67% (39%) at the 95% confidence level is
set on the branching ratio of invisible decays of the Higgs bosop-uith

Higgs Invisible: ZH

DM / SUSY Searches at the LHC

Jacques

Summary
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Thomas Jacques ults for
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Displays of dijet events recorded
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+ MET

Schioppa

HCb experiments

ged particles

Quietsch-Maitland

22/07/17

the Dark Universe 2017

« Single top + pr™ss signature sensitive to FCNC or

heavy scalar production models.
» Search for lepton or hadronic decay of top quark.

» Data-driven estimates of main backgrounds Z(w)
+jets, W(lv)+jets, single top, and ttbar.

« Exploit boosted decay of top quark in hadronic

channel.

« HEPTopTaggerV2: use substructure variables to
tag the top quark decay.

«  Fit to prms distribution to extract signal

Low top pr Hightoppr

Michaela Queitsch-Maitland | Searches for DM in

CMS Preliminary 129157 (13 TeV)
> (AARRERERRY (Ranan
o
o] Signal region —4-om
el —— SMbackgrounds (re |
@ —— S baokgrounds st )
N Cdac
> 10 w
]

[ sngeop

Data / Pred.

0 300 400 500 600 700 800 _900 1000
CMS-PASEXO-16:051 ool [GeV]

with jets and heavy flavours | 23rd July 2017116

Several talks about searches for different topological signatures at the LHC

As an outsider, biggest questions are: how they all tie together, and what are the

implications for WIMPs as DM
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Simplified Models

Morgante

Quietsch-Maitland g J 3\ ] V/Z .
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mono-jet resonant searches:
di-jet, di-leptons. ..
Quietsch-Maitland - /g : Dodd (g t/b N
YQQ/ -- 4 / Quietsch-Maitland
1 q X
I T <
- q --- .
3995 < g i’ <>< )
g X \_ Y, Kg ?/b
-Jet + ME] mono-higgs di-top/bottom + MET



ps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2 Summaries 13 _TeV
i ICHEP "6 - Moriond "7

ATLAS SUSY Searches* - 95% CL Lower Limits

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.htm#ATLAS SUSY Summary
ATLAS Preliminary
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rence

May 2017

Gluiro
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Selected CMS SUSY Results™ - SMS Interpretation

CMS Preliminary

Vs = 13TeV

L=129f'L=359f"

Martafelcini

" ATLAS and CMS Collaborations

.......
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SUSY searches performed at the LHC:

Felcini

for particular topological signatures

Complementary talks walking us through the implications of the numbers

From experimental perspective, in the simplified model space, looking

Covi

From the theoretical perspective, in SUSY parameters space, asking

which particle is the LSP and hence the DM candidate
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Aside: Spectral Features in Limit Curves
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« Structured features in limit curves can indicate systematic limitations in
the background modeling

E.g., the background spectral model isn’t quite right, or the emperically fit

background model parameters are under-constrained & correlated with

the signal
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Aside: Spectral Features in Limit Curves

arXiv:1406.3430v1 (also: 1704.05458v1)

-
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Search for low-mass spectral lines with Fermi-LAT (in systematics
dominated region)

Use negative control, i.e., fits for signal in region where there should be
no signal, to establish level at which model uncertainties can fake (or
mask) a signal

Apply this to constrain a nuisance “template” in the fitting procedure,
reducing the significance of any signal at or below the systematic level
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SUSY Status Update

OUTLOOK

“ Supersymmetry is too rich a theory to be easily excluded...
Very different DM candidates are possible with various
signatures !

¢ Nevertheless the simplest models of supersymmetric Dark
Matter like Bino in the CMSSM are under slege and survive

onl_y in corners of the parameter space.|

¢ On the other side Wino Dark Matter is also challenged by

indirect detection thanks to the Sommerfeld enhancement.

“ For gravitino Dark Matter a lot of parameter space 1s still

Covi

viable, but the window for thermal leptogenesis may be closed

soon by the LHC, if the gluino 1s not seen below ~2 TeV.

< Cosmologically though there are advantages to heavy SUSY,
like scenarios for baryogenesis in RPV with gravitino DM |
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DM Simplified Model Exclusions ATLAS Preliminary July 2017
s 12T T T e ] == Dijet
O - 7 Bl
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Note: Interplay of analysis sensitivity very model dependent Mediator Mass [TeV]
Michaela Queitsch-Maitland | Searches for DM in association with jets and heavy flavours | 23rd July 2017 | 21

Mono-jet search (red) looks for missing transverse energy from DM particle but is
limited high missing energy cut need to reduce background

Di-jet search (blue) looks for DM mediator particle producing pairs of SM particles
and can reach higher energies



DM at future e*e- colliders

Habermehl

Comparing LHC and lepton collider limits Scenario 2: SUSY with LSP as DM

o recent CMS results for o ILC limits o study model with lightest supersymmetric particle (LSP) that
mono-photon WIMP search: . / matches observed density
arxiv:1706.03794 © assumption: gl = gom, = Can the relic density be determinded
o vector operator o translate into simplified models: if only a few particles are accessible?
Mimed = /8sm ~8bm - A =0.5-A = Can Planck’s precision be reached?

T ]
vector, g =g! =025, g = 1,7 ILD preliminary 4
...... CMS, 1706.03794 // ]

o =
s |LC, 500fb /

b’ //
b —am f—u

o
gt

] EE | | o mg = 96GeV (bino), ms, = 107GeV (RH) ’
] g ¢ 8 e = stau coannihilation i

7500 e
Mmed [GeV] (58 . i i o v \BE.;{
Moritz Habermehl | Future Lepton Colliders | Rencontres du Vietnam | 25 July 2017 | 18 8% Moritz Habermehl | Future Lepton Colliders | Rencontres du Vietnam | 25 July 2017 |20 <@

0 1000

« Study covered 4 different e*e- collider scenarios, 2 storage rings and 2
linear colliders

» Test coupling to leptons
« complementary to LHC and direct detection searches

* In event of SUSY discovery we can expect to determine relic density with
few percent precision (similar to Planck)
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INDIRECT DETECTION
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@ Indirect Detection with Charged Particles
<\*mizy

Cirelli

Kinetic Energy [GeV]

« Two spectral features that have generated excitement as potential dark
matter signals:

* Increase of positron fraction / spectral bump in total e* + e~ spectrum
above 10 GeV up to ~TeV | Gebauer, Boudaud

* Flatness of anti-proton to proton ratio above the geomagnetic cutoff
Gebauer, Winkler
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AMS RESULTS ON THE ELECTRON ANS POSITRON FLUXES A

[ Preliminary Data. _
250 L AMS Please refer to the AMS | 25
- forthcoming publication in -
_ 16500000 iffiyy, "R ]
< 200 electrons {* *HH H — 20
8 [ " ]
L i g, il 1 ¢
E% 150 g } f J15 3
i } g ***H{H 4 38
8> L ! *,,*,mm,ma Hy i 1 =
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ﬁ U L i3 The electron and positron fluxes are _| o
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C energy dependence. 7]
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1 10 102 10°

Iris Gebauer
Institut fir Experimentelle Kernphysik

A pulsar is a rotative neutron star which the magnetic dipole is not aligned with the rotation axis.

= a strong electric field is created by induction
= electrons are extracted from the surface of the pulsar.

= electrons + strong B = electromagnetic cascade = creation of e*e- pairs.
1 e~ extracted can produce up to 10° e*e- pairs.

The ejected e and e+ form the pulsar wind.

When the pulsar wind reaches the reverse shock, e and e+ are accelerated and ejected in the ISM

uuuuuuuuuuuuuu

* Increase in the positron to electron ratio from 10 GeV up to > 100 GeV

« Caveat: both spectra are steeply falling (note factor of E2 in left-hand
plot), the positron spectrum is just falling less steeply than the electron

spectrum

* This implies some source of large number of electron / positron pairs at

high energy

« Favored interpretations: dark matter or pulsar wind nebulae (PWNe)



@ PWNe can Easily Explain Positron Spectrum
i

Nearby astrophysical sources BOUdaUd

The single pulsar scenario

Is it possible to explain the AMS-02 Positron Fraction data with one single pulsar?

YES'!

MB+(2014a)
o =
2 b =
ﬁ,mi gus E
@ E
2 g Z
< < =
:‘§ 04 E“‘
L] e

22222

Good fit to the AMS-02 data (p > 30%)

Mathieu Boudaud 17 EDU - 24-07-2017

» At least five PWNe are close enough and young enough (high spin-
down power) to produce the positron spectrum assuming reasonable
efficiency for e*e- pairs
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Energy Antiproton Flux
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Flatness of anti-proton to proton ratio was unexpected in 2015
“If anti-p are secondaries, their rigidity dependence should be different
from p” | Gebauer
Boron/Carbon ratio measure by AMS-02 suggest propagation parameters
should be updated, leading to flatter expected anti-p spectrum Winkler
Updated measurements of cross-sections also lead to flatter expected
anti-p spectrun




Comparison of Rigidity Spectra Presents 48

N Interesting Puzzle
RIGIDITY DEPENDENCE OF ELEMENTARY PARTICLES A“(IT
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The rigidity dependences of e+, p, p
are identical from 60-500 GV.

P 105 nid
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M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016)
July 24", 2017, 13" Recontres du Vietnam Iris Gebauer

32 Institut fir Experimentelle Kernphysik

« We expect secondaries (such as anti-p) to have softer spectra than primaries (p)
because of their spectra steepens after they are produced, as the highest
energies ones are more likely to escape the Galaxy

« We expect electron spectra to soften because of radiative energy losses



@ Other Developments (antideuterons & friends)
§<\‘\=‘m*¥5’7

von Doetinchem

modulatio EI
byaERS deflettion in
q magnetic field

protn 10MV e
electron > 10MeV 3
* dark matter anmihilation or decay ey e Ve
" mugh > 10MeV magenta

dark matter clumping i “photon > 10keV

Galactic propagation

solar modulation
Zoom

20GeV proton

- atmospheric interactions interactions with
atmosphere

* interactions in detector

P. von Doetinchem

Antideuterons are potentially good channel to look for DM signals, but
must address geomagnetic deflection and uncertainties in production
cross sections.
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Galactic Particle Propagation Codes

PICARD: numerical scheme
L o 1
-V -DVy+ o +Tv—S(r,p,t)

Pi+1 Priy

Evoli, Genolini

50

DRAGON on stage: main motivation

Evoli et al., 2008
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Indirect Detection with Neutrinos

Brunner

Spin'depende nt Ii m itS IceCube, arXiv:1612.0549

Current status

Galactic Center limits

* Limits on thermally == Antares (2007-2012)
o ) . i R 37 .~
averaged annihilation faic: 2 caades | 10 .
cross section !! o
* Recent DeepCore ol E B}
analysis improves limits £ g 10 B
for m, <100 GeV
-4
* Antares best limits from 10
Neutrino Telescopes for Nebursl ol »
10

101 — 07 \]f = 0
m, > 100 GeV e

Imperial College
oooooooo

« Searches for high-energy v from Galactic Center sensitive to annihilation
Cross section
« Strongest limits in some channels above ~30 TeV

« Searches for high-energy v from Sun sensitive to scattering cross section
(in conjunction with annihilation cross section)
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@ Solar Physics Probing Asymmetric DM
"\?‘m zé/,l

- el

. . Strange effect Constant cross section Ruled out
Asymmetric DM in stars @ centre - by direct detection
10 5 . . . . . . :
If the population of anti-DM is suppressed enough (as in | e o eoror /
ADM) or if there’s an asymmetry between the DM vs —SM .

|, =—SI, const., m = 5 GeV, gy = 105 ¢m?

anti-DM capture rate (Blennow & Clementz 1512.03317),
then heat transport can be important:

Sound speed
[

Core
S:\ nucleus/photon mean free path Anuec < 7core

8
6
41
(0 ///
2
4
6

\v / —
DM mean free path Ay > Anue o /. . . 1
0.1 0.2 / 0.4 0.5 0.6 0.7 0.8 0.9
R/R,
his idea dates back to first solar crisis: the /A

neutrino disappearance problem Great improvement See also Taoso++

Neuenberg, Gould, Spergel, Press, ... 10 Cumberbatch++
Frandsen++ ...

« Since asymmetric DM suppresses annihilation rate, the DM density of the
sun can be much larger than it would be if the annihilation and capture
rates were in equilibrium

* In this case the DM can affect the stellar heat transport, which can be
probed, e.g., by helio-siesmology



Indirect Detection with y Rays

Search Strategies (against the y-ray Sky)

Satellites Galactic Center
Good statistics, but source
confusion/diffuse background

Low background and good
source id, but low statistics

LAT 7 Year Sky > 1 GeV

Many targets for indirect searches with y rays, but here we focused on
the Galactic center ( where there is an excess w.r.t. difftuse emission
models ) and the dwarf spheroidal galaxies (which set the strongest

constraints)
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54
Astrophysics of the Galactic Center

Crocker
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Remarkable Non-Thermal Phenomena of the GC/Inner Galaxy: large B/D

(Quasi) point-like GeV and TeV vy-ray source coincident - b‘&ﬁ\‘
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» Large B/D prompted theories of “special sour
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24 49

» Galactic center is a very complicated astrophysical region
« Many phenomena that have been interpreted as potential DM signals
 For example, the 511 keV line seen at the Galactic center:

« However, the GC 511 keV line seems to come from bound-state

positronium, implying the positrons are produced at low energies (i.e.,
not from DM or pulsars)



@ Measuring J-factors in Dwarf Galaxies
"?‘m_ zg,a
' : | Geringer-Sameth |

Everything™ in these plots requires a J value and
dynamical modeling is always involved
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AGS et. al. 1503.02320 (PRL) Fermi collab 1503.02641 (PRL)

Bayesian exploration of possible dark matter density profiles

Velocity anisotropy, light profile, truncation, priors

o1

g c er etial. (2011)

L 14 Ackermahn et 4l. (20/13)

i v, Gefing 1 et al. (2045)
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see also Charbonnier+ 1104.0412 (MNRAS), Martinez 1309.2641 (MNRAS),
Geringer-Sameth+1408.0002 (ApJ), Hayashi+ 1603.08046 (MNRAS)

4 Segl Cvnl LeoT Sext For Leol Gar Leo2 Her Cvn2 Bool Scl UMal

Seg2 UMi Dra Wil Coma UMa2
Bonnivard+ 1504.02048 (MNRAS)

* Moving from flux measurement to discuss of DM annihilation cross

section depends on J-factors

« Many uncertainties in estimating the astrophysical J-factors of Dwarf
Spheroidal (dSph) galaxies: velocity anisotropy, galaxy membership,

light profile, region of integration
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Gonthier

Galactic Center Excess

Galactic Center Excess - Gordon & Macias 2013

107°
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* Can explain ~100% of the GeV excess with MSP population with reasonable cutoff - Disk+10000Bulgea =Tkee] Lo
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* “Resolved” component of modeled emission accounts for ~10% of the GeV excess, E, (GeV)
90% are extrapolated based on reasonable luminosity function Bartels+15
27 Jul2017 rmi Peter L. Gonthier (Hope College) Millisecond Pulsars and the Galactic Center E July 27, 2017 22 /27

« “Best candidates [to explain the Galactic center GeV excess] are arguably
millisecond pulsars in the Galactic bulge” | weniger

» Highly significant (7-10c with three complementary methods)
observation that data favor a population of point sources with pulsar-like
spectra

» Population for ~10,000 millisecond pulsars in the bulge would give the
flux needed to make the excess

Gonthier
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Aside: Pulsar Populations

—~
=

Gonthier

Pulsar Zoo

Pulsar Zoo with over 2530 subjects
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Aside: Two Pulsar populations

Position in Galactic Coordinates of All Known Pulsars (LAT-detected pulsars highlighted)
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-60°

Abdo+ [LAT Clb]
2013ApJS..208...17A

-75°

* Young pulsars are found closer to Galactic plane
« Millisecond pulsar are more isotropically distributed
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Observational Horizon for Pulsars

Abdo+ [LAT Clb]
2013ApJS..208...17A

* Most y-ray detected
pulsars are within 2 kpc
 Even less for ms
pulsars
« GCat8.5kpc
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Detecting Pulsars

Radio Detection in Intensity Time Series

Pulse Period
m—]

* Pulsars are detected primarily in radio and

y-ray searches

« Radio searches: point radio array at pulsar,
look for pulses

1000 days

Time (10* MJD)

« Weak towards galactic center where free
electrons disperse pulse profile

e y-ray searches:

« Weak for binary searches where orbital
motion modulates timing solultion
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v-ray Detection: 1000
days of weighted
photons phase-
folded against timing
solution
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Constraints on the DM continuum signal

H.E.S.S. Collaboration, Phys. Rev. Lett. 117, 111301 (2016)
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254h, DM DM — W'W’

10-23

—— MAGIC Segue 1 Thermal relic density

- H.E.S.S. dSph stacking

= This work

- H.E.S.S. GC Halo 112h

-~ Fermi LAT 15 dSph, 6 years, Pass 8

lllll 1 llllllll 1 llllllll 1 11 111
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My, (TeV)
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DM Limits from HESS Observations of GC

Moulin
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For the Einasto profile, strongest limits so
far in the TeV mass range:

- in the W*W- channel: 6x10-26 cm3 s
at 1.5 TeV

They well complement the Fermi-LAT
limits down to about 300 GeV

Full H.E.S.S.-Il array observations within
the inner Galaxy Survey programme

with pointings up to 3° in Galactic
latitudes started in 2015




Sensitivity (erg cm * s7!)

« Significant bands (~1MeV, ~few TeV, > PeV) where upcoming
instruments will improve sensitivity by over an order of magnitude

 This will result in over 30 times more detected sources in those bands

New Eyes on the y-ray Skies

} ) | Knoedlseder r

Sensitivity: past - present - future
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Energy (eV)
13th Rencontres du Vietnam (23-29 July 2017) 23

62



COSMOLOGY & ASTROPHYSICAL
DARK MATTER
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Subhalo Structure Mass Function

Frenk

+HJBEL | The dark matter power spectrum cold dark matter warm dark matter
Uni ity of Durham l . e -
/ " " z ¥ » %
k3 P(k) The linear power spectruml(“power per octave” ) : _ ¢ ey " - .
; 2 HDM T L ——1 ' w1 BRE T
Free streaming > 07 EVE?QA // cold aen mgwsh bgtWé.en these?
At G M, , 3 ' ] M ; %
for thermal relic S ] G : .,
x | € dwarf h . ¢ 3 e
gt e jals ] \ i : '
Susy; Mcut ~ 106 MO §)_ g clusters 1 e 3
[ 1 s -
sterile v; M, ~10° M, -10} hot &
[ ~" ®
Mypy ~ few tens eV -12- = y

light v; M_,,~1018 M, ” 2 o 2 4 2 » :
Large scales Log k[N Mpc™]  small scales Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12

« Both Cold and Warm DM are compatible with CMB & galaxy clustering

« Kinetic energy (temperature) of DM can suppress structure formation at
small scales

« |If we could see the dark matter directly, it would be very easy to
distinguish Cold DM from Warm DM



Distinguishing Cold v. Warm DM

— ———— Tea]

@ICC Fraction of dark subhalos

2

University of Durham G M
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r
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All halos of mass < 5x108M, or V., < 7 km/s are dark (m.<10%M,)

[Institute for Computational Cosmology ]

 EAGLE (?) Simulations tell us that the fraction of sub-halos that are “dark” goes
from ~1 at 10° Mg to ~0 at 10'"°M

» This reduces the statistics in counting satellites, leaving ambiguity between
WDM and CDM
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Fermat’s principle as a variational principle: paths near the path of least time to
add constructively.




Aside: Gravitational Lensing

ESA/Hubble & NASA
(Astronomy Picture of the Day 2011-12-21)

Gravitational time dilation means that light from lensed galaxy (behind) reaches
us more quickly by travelling around the lensing galaxy (in front).



Aside: Strong Lensing

Einstein Ring Einstein Cross Weak Lensing

Light will appear for lines of sight where the gradient of the travel time is
small: This includes minima, maxima and saddle points.
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@ Aside: Strong Lensing

\ d \ \§

69

Key point for us: a strong lens creates a number of directions where the
light travel time surface is flat: our sensitivity to lensing from sub-halos
along these lines of sight is vastly |mproved

L(x)

VI

Einstein Ring Einstein Cross Weak Lensing

Light will appear for lines of sight where the gradient of the travel time is
small: This includes minima, maxima and saddle points.



Measuring Strong Lensing Substructure Will 70
Resolve CDM v. WDM

T Frenk

+JBCLC | Detecting substructures with
strong lensing

Vegetti & Koopmans ‘09
Mg, = 108 M,

Data Model

Arcsec Arcsec

Can detect subhalos as small as 107 M,

[Institute for Computational Cosmology ]




Need >3.e6Msun stars to affect DM SIDM vs. CDM
density profile - same large scale structure

0.5 — Below M, ~10¢ M not enough
* NIHAO| .
| * ez energy from supernovae to - same DM halo mass functions
' alter DM structure mmEae T Com —
CORE T S ' %A
ﬁ—O.D - * e *2’.": * lL .
o . - el * = 4
~ 2 * - *ar
X 10} * W * *
g CUSP R ,,** * *t.,* ; 0.01}F
*
o —L5 R * # P ™ NFW  , «2*
o *
_E i = - " 0.001F
S 2o P =5 * o
o i 23 B3
3 i iz Eé 100 kpc |
o s | i i , 0.0001L5*
Tollet+16,Pitts+17,Chan = - -
flSe Fitts+17, logyo(My [/ Mya,)

Simulations including realistic feedback from baryonic processes (e.g.,
star formation, supernovae) used to explore case for self-interacting DM

(SIDM)
With SIDM, Dwarf Galaxies are much less sensitive to feedback

4l



Primordial Black Holes

CMB constraints Quy Nhon, 26.07.2017 | P O u I I n | Formation & constraints Quy Nhon, 86.07.2017
Constraints on « monochromatic » population
\
\

Constraints on disk-accreting PBH
0.0

VP, P. Serpico, F. Calore, S. Clesse & K. Kohri, arXiv:1707.04206
10/ = — ¥ /
\

10 T T T y
T \\\\&\~ -05 :
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10 T cl:
= 5l
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= wl
Ew & LY
= E i
> :

10 S
HsC
Other consts 1ts
—— Microlensing
isk acer Ve = Cooo ~—— Radio GMB)/ — )
) - rays R pem 4
with ver = v/¢5.00(07) 2 Dynamical heating of star cluster REST =
e . I M31 Lensing
10! 10° 10° :
Mpgu/Ms - ; n s L L ni
-15 -10 -5 0
log1o(Mc/Me) B.Carr et al., 1705.05567

| © We find constraints from two to three orders of magnitude stronger.

© Main uncertainty: relative velocities between PBH and baryons.

© Could be improved thanks to better understanding of PBH/baryons structures.
13

- Extrapolation to broad mass spectrum can be non-trivial...
25

Vivian Poulin - LAPTh/RWTH PBH as Dark Matter in the CMB

Vivian Poulin - LAPTh/RWTH PBH as Dark Matter in the CMB

Unexpected large rate & mass of black holes in LIGO gravity wave
detections lead to question: what fraction of DM is attributable to high-

mass primodial black holes
< 10-15 Mg: evaporation emits y rays and puts energy back into CMB

« 107°-10%2Mg: various lensing studies
* > 2Mg: emission from accretion
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light particles during radiation dom.
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Neutrinos & Cosmology

Kunz

(ﬂ) plandi- -

Planck 2015 paper Xl
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} 95%, Planck TT+lowP+lensing+ex

(B-decay: < 2eV [PDG 17])

« no neutrinos (N.=0) is clearly not acceptable |. . ...
+ mass not yet measured but strong constraint

m, (eV)

Olivares del Campo
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The CMB sees the neutrino background

Future large surveys should be able to detect the neutrino mass and
strongly constrain WDM properties / see CDM velocity dispersion

For MeV WDM cross section for annihilation to vv sets relic abundance

. el
10° 10' 10? 10° 10* 10° 10° 107 10® 10° 10'° 10 10%
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Growth Rate

(Credit: Guzzo, Percival & GC Working Group)

« Euclid will greatly extend galaxy surveys for redshifts 1-2 (7-10 Gyr ago)

« This will improve constraints on structure growth rate and cosmic
expansion

« Could constrain myp,,<2 keV



META SUMMARY
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g The Good News
* No convincing (or even particularly compelling) DM signals in any
searches: be they direct, indirect or accelerator-based

« Some things that have been interpreted as signals are now strongly
disfavored by other measurements (e.g., DAMA/LIBRA) or face
strong competing hypotheses (e.g., positron fraction, Galactic center
GeV excess)

« Some interesting observations that merit careful follow up:
(Helioseismology anomoly, particle rigidities )

« This is a great application of the scientific method: we are finding ways
of testing (and falsifying) hypotheses & developing new hypotheses

« Dark matter is more interesting that a simple ~100 GeV thermal relic
WIMP
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o The Even Better News

« Many impressive efforts are underway:

« to understand what the astrophysical data are telling us about the
nature of dark matter

* to continue to test the dominant WIMP paradigm by building more
sensitive experiments and better understanding backgrounds

» to develop ways to test other types of DM candidates

* This is a great application of the scientific method: we are finding ways
of testing (and falsifying) hypotheses & developing new hypotheses

 We know that dark matter exists, perhaps we might be very lucky the
discover that its particle nature is more interesting than, say, a ~100
GeV thermal relic WIMP from one of the simpler SUSY models



THANK YOU
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