Astrofisica Nucleare e Subnucleare
Dark Matter Searches
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A galaxy such as ours is supposed to h{ﬁ’e?’fesul'ged from the mérgerj of many smaller
structures, tidal stripping, baryonic infall and disk formation etc over billions of years




So the Phase space structure of the dark halo IS Prettg complicatecl
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Diemand, Kuhlen, Madau, Zemp, Moore, Potter & Stadel, Nature 454:735,2008



Cold dark matter, not modified gravity

Symmetry argument: gas is at
The Bullet Cluster center, but potential has two wells.




Particle dark matter

Hot dark matter

- relativistic at kinetic decoupling (start of free streaming)
- big structures form first, then fragment

light neutrinos

Cold dark matter

- non-relativistic at kinetic decoupling
- small structures form first, then merge

neutralinos, axions, WIMPZILLAs, solitons

Warm dark matter

- semi-relativistic at kinetic decoupling
- smallest structures are erased

sterile neutrinos, gravitinos




Cosmic density of heavy active neutrinos
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This is why they are called Weakly Interacting Massive Particles
(WIMPless candidates are WIMPs!)

Friday, August 2, 13 20



The Magnificent WIMP
(Weakly Interacting Massive Particle)

0.0417520.00004 pJ/m? photons
® One naturally obtains 37.20.5 pJ/m3 ordinary matter

the right cosmic / 1 1o 5 pJ/m? neutrinos

density of WIMPs 24294 pl/md zjo/Z:f

dark energy cold dark

Thermal production in matter

hot primordial plasma.

® One can experimentally test the WIMP hypothesis

The same physical processes that produce
the right density of WIMPs make their detection possible

Friday, August 2, 13




The magnificent WIMP

To first order, three quantities characterize a WIMP

® Massm
= Simplest models relate mass to cosmic density: | -10* GeV/c?

® Scattering cross section off nucleons ox~ X ><

N

= Spin-dependent or spin-independent governs scaling to nuclei

= Usually different for protons and neutrons N

® Annihilation cross section into ordinary particles y
- o=const/v at small v, so use ov

= Simplest models relate cross section to cosmic density




Indirect detection

Annihilation

The power
of the WIMP
hypothesis
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Cold Dark Matter in the Universe

m Cold Dark Matter present at all scales in the Universe...

Essential part of a consistent picture

‘Optical D=*
=

10 R (kpc

M33 rotation curve

Galxy

Iusters

m Searched as a new particle at LHC
m Searched via the remains of its decay in cosmic rays (y, v, e+, antimatter)

m ... Direct seach: collision of WIMPs from our galactic halo on target nuclei |
a laboratory on Earth
- Proof that Dark Matter is present in our environment
- After discovery: observatory for WIMP velocity distribution in our environment?
- Sensitive to local WIMP density ppy (not to the cosmological density Qpy)

July 2013 ISAPP 2013: Direct Dark Matter Searches 4
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Direct search schematics

O_, Nucleus
in laboratory
WIMP (v=0km/s)

From galactic halo

(v ~ 200 km/s) /

WIMP
Elastic WIMP ’

scattering
Nucleus Q\Bnecoil

4Mnucleus MWIMP
Mnucleus + j\IWIMP)2

2
Erecoil = EWIMP( COs erecoil

wimp”"

Nuclear
recoil

b

Observables: Event rate, E ... » 0,ccoi (recoil range is related to E,.;)
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Scattering probability

m Collision rate (per unit time) R:

R= ¢ c,'A Ntarget

@ = WIMP flux (WIMP/cm?/s) = (py/My) V

0, = cross-section for the elastic scattering of a WIMP on a nucleus
(cm?, barn or picobarn) 1 pb = 1036 cm?

Niarget = NUMDber of target nuclei exposed to the flux ¢

= Need massive detectors (Nyyget)

July 2013 ISAPP 2013: Direct Dark Matter Searches 11



The search domain

m We don’t know (yet) what is the mass of the WIMPs

m  We don't know (yet) what is the cross-section for WIMP-nucleus
scattering

m Generic searches for ALL WIMPs masses M, and ALL cross-section o.

m A given experiment will be able to probe a certain region of (M, 0):

http//dmtools.brown.edu/

== EDW-II PLB 702,5 (2011) 329
+ arXiv:1207.1815
ssns EDW-II & CDMS PRD84 (2011)

“exclusion plots” }
10 DAMA/LIBRA EPJ C56 (2008)
CoGeNT PRL 106 (2011)

CRESST Il 26 arXiv:1109.0702

CRESST Il 16 arXiv:1109.0702

2

Cross—section [Cm ] (normalised to nucleon)

10

==u=u= CDMS Science 327, 1619 (2010)
+Low E, PRL 106 (2011)

|
»
)

10 .
=wms XENON100 PRL 107 (2011)
XENON100 225days 34kg
10-48. i 11 i 1 ¢ syl : ; Buchmdiller et al, 2011
10 100 , 1000
WIMP Mass [GeV/c] Bertone et al, 2011
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Summary of ingredients (1)

First three ingredients usually taken from the Lewin and Smith’s prescriptions
for comparing experiments.
m Py, WIMP density in the laboratory
Local measurements suggests ~0.4 GeV/cm?3but adopted reference is 0.3
Observed rate « 0, X pyy
m f(v), WIMP velocity distribution
Dependence on average v,,, not much on f(v) details (except: modulation)

Adopted reference: Isothermal halo, v, = 270 km/s (v, = 220 km/s), Vegeape =
544 km/s, + sun (235 km/s) and earth (0+15 km/s) velocities.

m 0,/0,, nucleon-to-nucleus scaling of scattering cross-section
Nuclear form factors matter (from ~0.2 to 1).
« A? 2 scaling (spin-indep. case) dominates for A > 30 in MSSM.
« A <30, non-MSSM WIMPs: spin-dependent may dominate. No large gains from
scaling, more model-dependence, poor rates.

July 2013 ISAPP 2013: Direct Dark Matter Searches 44



Summary of ingredients (2)

m Last two ingredients usually left as free parameters of the
searches:
m My, WIMP mass
Taken from SUperSYmmetric (or other) Model prediction
Method works from a few GeV/c? to >10 TeV/c?
Typical SUSY range: from 50 GeV/c? to 1 TeV/c?
m 0, WIMP-nucleon cross-section
Taken from SUperSYmmetric (or other) prediction
Method could maybe work down to 10~'1 pb
Typical SUSY range: 1076 to 10~ pb (kg.day -> ton.year)

m Generic search: test all values of (M, , 0,,)

July 2013 ISAPP 2013: Direct Dark Matter Searches 45



Directionality: use vg,, to detect WIMP wind

s Average WIMP wind
direction due to vg

B Oreconl F Owime

but <Ogecor >=<Owimp> é’
7 (@)
- My 100GeV — 2
- Br recaoil % s
- Eth >100keV - =
| : " <
| : o o
| : | 2 o
P N ®
| head: tail S
| : @
cosBO

m  Need a good resolution on the recoil direction (and head/tail
discrimination) despite the very short range of the recoil

m Astrophysics bonus: measure of f(v)

July 2013 ISAPP 2013: Direct Dark Matter Searches 49



Annual modulation

m Need large statistics: flux

modulation is ~%2 (£15/235) = "J";I:“':“‘_’s Veart
+3%, or less when considering R
experimental thresholds < 2;':“k"m/s / Q
. 60° /" December
m Claimed to be observed (~*+2%) —> V, =220 kmis
at low-energy in Nal (DAMA)
m Non-modulating component £ | &
(~1 evt/kg/day) is ~total rate : - /\/\/\/\/\/\/\
in Nal, but not observed in Ge, % -
Xenon, CaWO, and Csl. | " Time (day)
= Signal in low-efficiency, ,:':i. |7
near-threshold region 3t

m  No “source off” expt. possible

Energy (keV)
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Recommended surfing + browsing

m IDM2012 conference slides

https://hepconf.physics.ucla.edu/dm12/agenda.html

e Most recent and complete collection of talks on almost all
Direct Search experiments and projects

July 2013 ISAPP 2013: Direct Dark Matter Searches 2
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Direct searches Domain

Apply to any particle able to scatter elasticaly on an atomic nucleus
(Neutralino y, Kaluza-Klein, mirror, scalar...)

m ... [fthe kinetic energy of the WIMP E,y,,p iS not too small

« Myup ~ 100 GeV/c? (supersymmetry) and v ~ 200 km/s correspond to
an average E,,wp ~ 20 keV (hard X ray).

m L f |VIWIMP - |\/Inucleus
»  Optimal momentum transfer for My,p = M, ycieus ~ 100 GeV/c?
corresponding to A ~ 100 g/mol -6 s
.~ 126 GeV
m ... [fthe scattering probability is not zero N srr o

- Small, otherwise already seen?

102—’,10[0SI (pb)]
®
T s
0 o
E =)
3
F
8
°
=}
a

PRD 87 (2013) 115010

«  WIMP miracle suggests Weak scale

- Weak force, supersymmetry: -1°/‘/
kIlOday to ton_year (10'10 pb)m 200 400 600 800 1000

m. (GeV)
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Signals in direct searches

m Exponential recoil spectrum
m A3 dependence of rate

It’s not a neutron-induced nuclear recoil (o = ntR? o« A2/3)
m No coincidence between adjacent detectors (detector array)

m  Uniform rate within the fiducial volume (large detectors)

m Directionality (correlation with Vg, direction): need to measure
nuclear recoil trajectory

= Annual modulation (large statistics needed)

m Identification of nuclear recoils (vs electron recoils)

July 2013 ISAPP 2013: Direct Dark Matter Searches 5



Effect of a nuclear recoil in matter

Two type of energy losses:

Initial recoil energy m Ion-ion collisions (producing
displacements and vibrations in the
crystal: athermal phonons): nuclear

isplacements, dE/dx.
"9 Vibrations Ionization (electronic dE/dx)
" Ii\:‘i-,hoe;aasl Cascade of collisions and mix of

nuclear & electronic dgE/x well
described by Lindhard’s theory +
measured dE/dx

ms

Thermal phonons
(Heat)

m In a closed system, after a while, all
excitation decays into thermal

energy -> rise in temperature
(+ Permanent crystaline defects? )

July 2013 ISAPP 2013: Direct Dark Matter Searches 13



Effect of an electron recoil in matter

Initial recoil energy

Ionization
(100 %)

Thermal phonons
(Heat)

(+ No permanent crystaline defects? )

Most common (long range)
radioactive background: y-rays,
producing electron recoils
(photoelectron, Compton)

No ion-ion collisions only electronic
dE/dx

Comparing ionization and scintillation
yields is a powerful tool to separate
nuclear and electron recoils

Other effects due to difference in
dE/dx: density of energy deposit are
not the same. This may also affect
the risetime of the scintillation signal
(pulse shape discrimination)

July 2013

ISAPP 2013: Direct Dark Matter Searches 14



Detection techniques

v, B discrimination:

_ PICASSO
m Two simultaneous Metastable )SIMPLE
signals COUPP

e Heat/Phonon

e Ionisation CDMS
 Scintillation EDELWEISS CRESST
SuperCDMS ROSEBUD

m Pulse shape
discrimination
e Noble gas/liq.
e Cristal

CoGeNT >
= Other “dE/dx” XENON ultsifn ?nhgape
ZEPLIN

related ideas
ARDM \WARp DEAP
LUX CLEAN

July 2013 ISAPP 2013: Direct Dark Matter Searches 18



List of radioactive backgrounds

m  Neutrons (~MeV) are a real nuisance because they create nuclear recoils,
with recoil spectra comparable to those made by WIMPs

e Can use ~3cm range to reject coincidences and use self-shielding

m Surface events (<1mm) matters because of mis-reconstruction problems

Attenuation Finite Produces | Produces
Range in Range neutrons nuclear
solids recoils
Muon 100 m Yes
Gamma Few cm
Beta <1l mm
Alpha <20 um Yes (~10-°)
Neutron 3 cm Yes

July 2013 ISAPP 2013: Direct Dark Matter Searches 30



Radioactive background (1): cosmics

m  About half of the radioactive
background in your body is due
to activation by cosmic rays Muon Flux vs overburden

e Direct hits: 1 /hand/second &

. . § WIPP
o Later decays of activated nuclei ,g = ki
m Solution: deep underground z Kamioka
lab : . . £ 4t \
aboratories in mine or road g Gran Sasso
tunnels 5 . Homestak&
l: 10 Modane
. 2 Baksan
m EX: LSM (Frejus tunnel) 2 Momalanc\
e 1.6 km of rock 10° Sudbury
e 4.8 km equivalent of water \
L] Su/mz/day 105&7:191 2 3 ¢ 5 6789
10° 10
e ~1 nuclear recoil /kg/month Depth, meters water equivalent

from n in Pb shield: u veto!

July 2013 ISAPP 2013: Direct Dark Matter Searches 31



Radioactive background (2): Uranium + Thorium

m One of the most common radioactive background
238U: T,,, = 4.5 x10% years ~ 232Th: T,,, = 14 x10° years

e Ratio 10%:1 in ordinary rock: ~10% decay / kg / day

e Long decay chain down to 296Pb and 298Pb, respectively

e Multiplies by ~10 the activity once the chain is in equilibrium

e Alpha and beta emitter (“contained” inside the rock)
e Range of particles: Alpha = 20 microns, beta < 1 mm
e But some gamma’s, + beta bremmstrahlung ...

e Neutrons from U fission + alpha reactions with Al, F, Pb, ...

e Radon: 10° produced per kg/day

e Can escape the rock! Travels in air at sonic speed! Deposits 219Pb
daughters down to ~20 nm below the surface of all materials!
Difficult to get rid with a T,, of 22 years, + diffusion inside solids!

July 2013 ISAPP 2013: Direct Dark Matter Searches 32



Example of gamma background in Ge detector

lo T TNy ‘ T A v l Ll L L) ' Ll LA ' LA LA l LA A 4

| U U 40K
10 | Th U Th Sans ecran de Plomb
U Th

m Red: natural background in a

« normal » environment
(Undergraduate students work

there...)
10

m Green: ~5 cm lead shield
(large Z), reduction x ~10

m Blue: EDELWEISS-II in LSM,
before the rejection of
electron recoils. 1

Reduction 3x104 at ~50 keV
(Pb shield, material selection)

10 ﬂwﬂ’%l”-; "

Avec ecran de Plomb o

—
o

L
!

Coups par kilogramme, par jour et par keV

0 1

m Further reduction >10% after .. . . . oo TN
500 1000 1500 2000 2500 3000

o L 0
nuclear recoil identification Energie (keV)
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XENON S1/S2 discrimination

m Different scintillation (S1) and ionisation (S2) yields for nuclear / electronic recoils
m PMT array for (x,y), drift time for z : fiducial volume

= Xenon 100: 170 kg LXe, 34 kg fiducial, 30 cm drift, 98(top)+80(bottom) PM’s

m Trigger on 3 PM coincidence: bad energy resolution, but excellent noise suppression
m 10 keV nuclear recoil: S1 ~5P.E. S2 ~ 800 P.E. (from ~30 ionization e°)

) () [ f ' S1 S2
— Xet+e : '
proportiona E l WIMP
l+xe Gas Xe I 2 e
>
Xe,* ‘ W|MPV drift time
+e B
S1 S2
Xe" 4¢—— Xe™+Xe ‘
A R
l +Xe drift time
Xe,
178nm /\ 170mm S2/S1 << (S2/S1
Triplet (27ns) Singlet (3ns) |

2Xe 2Xe

July 2013 ISAPP 2013: Direct Dark Matter Searches 4



Heat-scintillation: CRESST

m 300 g CaWOQO, Crystals with
Tungsten film thermometer

m Light detector = thin Si wafer
+ same type of thermometer

m 3 targets in same detector
A=16, 40 and 184
Q = 0.10, 0.06 and 0.04

light detector

(_A_\

phonon detector

A

reflecting
+«— Scintillating

<

>

<

>

b

?
Wl

“

‘\

housing

~ W thermometer

™~ Light absorber

- CaWO, target

" W thermometer

Reflecting scintillating housing
to increase light yield

BONUS: tags 210Po — a+206Pb
two body decay
206pPph recoil ~ W recoil

July 2013

ISAPP 2013: Direct Dark Matter Searches 13



Nuclear recoil / gamma discrimination

m  With good resolution on both ionization & heat, very clear discrimination
based on the different ionization yields for nuclear recoils (WIMP or
neutron scattering) and electronic recoils (,y decays)

e discrimination of dominant background
e Stable and reliable rejection performances

1.5 ...'IIIIIIIIIIIIIIIIII 1_5 1-IIIIIIIIIIIIIIIIII

s 5 EDELWEISS ID
3

8 1 1 ’-..‘:{,: ¢ .A.

€ BT LR s e
= N LS R FA B
T 5 " %..: g 8 o iNmens
N o5 H- Nuclear recoils _ 0.5 | "'__ ) .NL_ch_.ea.r recoils _|
/ ®Co S AmBe

0 Ll 1 1 I ek =01 l | l Ll 1 1 0 L1 .l 1 l Lokl l Ll 1 1 I Ll 1 1l

0 50 100 150 200 O 50 100 150 200
Recoil Energy (keV) Recoil Energy (keV)
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DARK MATTER
STATUS AND PERSPECTIVES

NICOLAO FORNENGO

Department of Physics (Theory Division) — University of Torino
and Istituto Nazionale di Fisica Nucleare (INFN) — Torino

Italy
UNIVERSITA' fornengo @to.infn.it /D
DEGLI STUDI nicolao.fornengo@unito.it Tori

DI TORINO (/=

www.to.infn.it/~fornengo I N F N
www.astroparticle.to.infn.it L/

ALMA UNIVERSITAS
TAURINENSIS

Giornate di studio sul Piano Triennale INFN
Centro “Le Ciminiere”, Catania — 3.12.2015



Annual modulation: DAMA, 9.20 with 1.33 ton x yr, 15 cgcles

- .
Model Indegendent Annual Modulation Result || Model Independent Annual Modulation Result
DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr
single-hit residuals rate vs fime in 2-6 keV EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 | | | DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr
S s T '}3_)::"‘_:( ey wA T Er Dw:ﬁ*“ _‘;g;;;‘-‘;m =" || continuous line: t,=152.5d, T=1.0y EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
3 096 ! Y i i SRS 1 | A=(0.0110£0.0012) cpd/kg/keV * No modulation above 6 keV - -
3 oo x2/dof =70.4/86 9.20C.L. * No modulation in the whole energy spectrum R =5, +5, codeft 1, )]+ Z_sinfft -1, )]= 5, + , 004!)(' -t )J
2 002 Absence of modulation? No » No modulation in the 2-6 keV multiple-hit i [ | >} —
—0.04 x3/dof=154/87 P(A=0) = 1.3x10° T il - |
jw‘ ,( i ! i i Fit with all the parameters free: — ' s
e SRSEIRSEUNEENEE S L iy Ll A=(0.0112£0.0012) cpd/kg/keV 3 Fo o
% o st ;O's-é]éfn d - T=(0.998:0.002) y R(x)-so+s,,cos[m(t—t,,)] i : ?..} 1—
o hereT=2x/w=1 yr and t,= 152.5 day o -}
Eil Principal mode Comparison between single hit residual rate (red points) and multiple L w
R 2737x10% d = 1y hit residual rate (green points); Clear modulation in the single hit events; o !
f | 2.6 keV No modulation in the residual rate of the multiple hit events z 0.05 - Nooe IEOUSe T S e T
§ x, A=-(0.000520.0004) cpd/kg/keV sl AE = 0.5 keV bins e ki s
a7 | é o2 »’ Multiple hits events = . e ) L +H+1'+, + pc
5 ,_§ I Dark Matter particle “switched off 2-6 keV '§ 0 ettt Ty
g ‘ e1akev| | B — 3 —o——% ' % 20,025 -
a il » 9. b —— _H_’_., 2
" L ) i - -0.05 - L 1 ! L ! ! 1 ! 1
regeacan| | E-0Rf ‘ ‘ ‘ L ‘ ‘ 0 2 4 6 8 10 12 14 16 18 20
250 30 30 w0 50 %00 ) %00 o Energy (keV)
This result offers an additional strong support for the presence of DM nit:les]i’rhr'\e“l."I . .
e e e e e No systematics or side processes able to
procedures or from background 0 o = |
— quantitatively account for the measured modulation
The data favor the presence of a modulated behaviour with all the proper g, dmpiitude and fo simultaneously satisfy the manygy

features for DM particles in the galactic halo at more than 9o C.L.

From Bellis talk at TAUP 2015, http://taup2015 to.infn.it

Compatible with: DM scattering on nuclei (5-100) GeV WIMPs
DM scattcring on electrons (0.3-6) KeV ALPs



Light WIMPs window
CRESST
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collider searches

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 10



t those in cosmic rays of various kinds

lhe :j) absolute rates
~~ regions of high DM density

ii) discrimination against other sources
~~ low background; clear signatures
"

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |1



Heavy Elements:
0.03%

Neutrinos:
0.3%

NB:in general
0% £ Qcpm !

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Qcpm = 0.233 £ 0.013] on large scales

Dark Energy:
70%

@ [For comparison: decaying DM directly proportional to density]

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 2



M/Ly (Mo/Loy)

1000

100

10

N N @ Dwarf Galaxics
AN \ \ Sextans (post-2005)
— » o UMal N — @ Dvarf Galaxics
- N N N E
Z N AN AN AN 1 (pre-2005)
- JBoo ~ N N . ]
B N N N « OUMi a
» ®Com N N N N |
B o CVnll e Her N N ODra N
\ N N
B N\ N N\ \/. thl N N N
OAndXIV{ N N
® LeolV OALeoT N N N
| AN N AN AN |
= N DAndIX ~[OSex~ B
= N AN N .
- AN N AN Dce\t —
- N [3 N N 7 —
ar =
B S C‘\DLe\ol{ \\M 8 x 10" Mg _
[ N N N N “1 >
N N N 30 kpe=
= N N T AndIN , 100,000 light years
N N N ~
N N N
~ ~ ~ ~ OFor
= . S Wko>. + J~D~Simon,M.~Geha, Ap] 670,313 (2007)
— 8Scl > o o o A
- ~ ~ ~ .
- ~ ~ ~ |
- =~ ~ = ~ = =
] M= 10" Mg |
- (0}
I 1 1 l 1 1 1 | 1 1 | 1 1 1
-6 -8 -10 -12 -1
MV

Indirect detection of dark matter - |3



Y
Fig.: Bergstrom, NJP 09

Msubhalo contributes very roughly the same
e.g. Diemand, Kuhlen & Madau, Ap) '07

—=> important to include realistic value for Mcs !
- depends on uncertain form of microhalo profile (Cv ...) and dN/dM
~ (large extrapolations necessary!)

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |6
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ds2

A

>

angular information
~mo rather uncertain «orozaton
Torsten Bringmann, University of Hamburg

() A’(ﬁ l.o.s

0y v 7 3 Vel
IFOPIY S1C
=5

de(¥)p?(r)

particle physics

~ (00)ann: total annihilation cross section

My :WIMP mass (50 GeV < m,, < 5TeV)
B¢ :branching ratio into channel f

Nf : number of photons per ann.

—

<

high accuracy
spectral information

Indirect detection of dark matter - 19



Local DM densit

“4‘\.5‘&" n Vi,f\"d Dl TR ATk - ASY I X P W OB S ——
¢ standard value: ¢ (aia (ESA mission, launch |1/13)
_— GeV will collect position and
,0© Y 03 — 0.4 o 5 8
cm3 radial velocities of ~10° stars
0.30 £ 0.05

Wydrow, Pim & Dubinski, Ap) ’08

0.39 £ 0.03
Catena & Ullio, JCAP’10

043 +£0.11 £0.10
Salucci et al, A&A ’10

=> will settle the issue...!

H Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 21



Bringmann & Weniger (2012)
T T

;\ i Internal
Bremsstrahlung

xXx — [y, WW—y
O(aem)

1 0.10 020
x=E/m,

2.00

@ Primary photons

nany < direct annihilation to photons
- & model-independent < model-dependent imoling gun’
- difficult to distinguish from astro BG spectral features near £, = m,,

I

—) good constraining potential =) discovery potential

ati
n

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 22



formation

Extragalactic background DM clumps

/___,""' . . a

- - DM contribution from all z Galactic center ¢ easy discrimination
- background dlfﬁcult. to’model < brightest DM source in sky (once found)
- substructure evolution? Q |a|~ge background contributions Q bright enough?

Indirect detection of dark matter - 37

UH
'.1 Torsten Bringmann, University of Hamburg




ike for photons

(for the same target) usually
velocity

distribution

v interactions

o ' : wr ) f Detector -
21 Torsten Bringmann, University of Hamburg Fiz.from LEdsi® Indirect detection of dark matter - 71




hadronje
shower
signatures

O(km) long
muon tracks

o -0.7
@, ~0.7°(E, /TeV)

neutrino astronomy!
/r/

=

 fluxes: need HUGE volumes!

O(10m) cascades,
v, v, heutral current

- down-going: atmospheric neutrinos
~ ~ up-going: also induced by cosmic rays
. (hitting the atmosphere the far side of the earth)

~> look for excesses in any given direction
',1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 72




pectral information tends to get washed out

|

l amounts of matter and antimatter

N
\

"\ Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 8|




- fie J/J istribution
alaxy for £ < 10° TeV

,

: J/| Ov ogeneItIeS
cribed by diffusion equation

(’M 0 0
813 - V. (DV = 'U;)w + (9 bloss¢ 3_K8p¢ = ({source
: P ycon 'g) energy Sources
e . losses | :
Diffusion coefficient, diffusive (primary &
often D x B(E/q)° : reacceleration rcay)
convection A
UH K xv2p*/D

.1 Torsten Bringmann, University of Hamburg Indlrect detection of dark matter - 83



- Strong, Moskalenko, ...

DRAGON

Evoli, Gaggero, Grasso & Maccione

€.8. Donato, Fornengo, Maurin, Salati, Taillet, ...

full parameter space
- © only 2D possible
© simplified gas distribution, energy losses = R = 20kpc

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 84



TOA
P

@

3
TP
—
o
-

~

[m-2 5! sr-! GeV?]

T. Bringmann & P. Salati (2006)

10° ¢

10-!
10-2 3

1073 |

SECONDARY SPECTRUM

ROPAGATION UNCERTAINTY BAND

Solar Minimum with ¢, = 500 MV
Scan with B/C compatible data and ALL &

T T —TT T g
BESS 95+97 BESS 98 AMS 98 CAPRICE 98 ]

"1 Torsten Bringmann, University of Hamburg

1 10 100 1000

TIoA  [GeV]
TB & Salati, PRD ’07

104

BESSpolar 2004
Abe et al., PRL '08

PAMELA 2008
Adriani et al, PRL’10

=> very nice test for
underlying diffusion model!

Indirect detection of dark matter - 86
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w &
T T
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e
-

o Muller & Tang 1987 T

A TS93

IIIIII

= MASS 1989 -
L 2] P
*

T

3
s
1

® CAPRICE94
I O AMS98
A HEAT00

0.02 - 1
% Clem & Evenson 2007 .

& HEAT94+95 %

Positron fraction ¢(e*) / (o(e*)+ ¢(e'))
g
—

Adpriani et al., Nature 09

® PAMELA

1 10 100
Energy (GeV)
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— —_— :
—=— Fermi 2011 i
—e— PAMELA 2010 i
c —&— AMS 2007
8 —a— HEAT 1997 ++_ ]
&
= §
§ 107 3 % 7
g | *+N.*‘W :
L " R | ! N N T |
10 10°
Energy (GeV)

» LAT position
-- allowed e*
— forbidden e

90° longitude

0°longitude

270°longitude

B ann. University of Hamburg

Positron fraction

L ° PAMELA 4

i
° AMS-02

A Fermi

I 10 10
e* energy [GeV]
Aguilar et al.,PRL’13
S.Ting:

“Over the coming months, AMS
will be able to tell us conclusively
whether these positrons are a
signal for dark matter, or whether
they have some other origin”

Indirect detection of dark matter - 92



3 2 2a-Tap-1
E”¢ [ Geviem™s’sr'] 2

-

%

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)
TTTTTT T T T T T T T TTTTH

* CAPRICE94 © Fermi09
5 © HESS 08

2
T ‘IIII

signal fraction

& —

I
-3
T

g

! distance [kpc]

’ propagation uncertainties:

< secondaries ~ 2-4
< primaries ~5

=> need for local primary source(s) to

describe data well above ~10 GeV

Indirect detection of dark matter - 94



50001

20001
1000
I,

83]
500F

200+

100

P'09 ¢ old SNRs Blasi, PRL 09 ¢ and further
Blasi & Serpico, PRL 09 proposals...

Positrons are certainly not the best
messengers for DM searches!

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 95
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Antiprotons

solar mod &&——— .

(m2s7'sr'Gev™)

TOA
P

D

—_Sccondarics (bacl(groud) ™)

T T T T T T T

DM signal for mpy, =90

PAMELA bounds - EINASTO profile - annihilating DM

|

|

: i
PAMELA data (+) |

|

|

|

Bounds from full PAMELA
- energy sPcctrum

<OannV> [cmss'1]
—
o
N
[e)]

-—

<
N
~

-

<
N
[o+]

FPAMELA

T5 (GeV)

-

<
n
©

1 10 100

1 s 1ol s L1111
10 100 1000

mpy [GeV]

No evidence for deviation from astroplﬁgsical secondaries

Set stringent bounds on DM Properties

Uncertainties from nuclear Phgslcs and galaxg transPort



AMS-02 Pbar/

Kounine, AMS days at CERN, APril 2015

1072

¢ PAMELA 2012
¢ AMS-022015

0&
~
&
4 Shaiadlabileiinii : f;‘,‘f,‘;:filmons Evoli, Gaggero, Grasso, arXiv:1504.05175
Propagation x107*
s Primary slopes 3 T LR | T LI
- Solar modulation o AMS—02
10~ 1 5 10 50 100
Kinetic energy T [GeV]
Giesen et al., JCAP 1509 (2015) 02%
0 1 1 L1 111 II 1 1 1
10 10° ol
Kinetic Energy [GeV] = ©
’, ’ ’ ’ ’ ’ S N
In addition AMS is brlngmg very detailed B I AMS-02 plp data
[ (A A ~ 3 P2 d W R R A [ B/C best fit in sample

Information on cosmic rays nuc el (e.g. B/C) which
will allow shapinﬁ the CR transport models
(DRAGON, Ga Frop, Usine, non Public codes)

This is relevant for both DM signals and its T

baCkgrOU nds T [GeVin]
KaPPI, Reinert, Winkler, JCAP 1510 (2015) 0%4

— — — pIp best fit in sample

[I propagation uncertainties
nuclear uncertainties

1075

|
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Positrons

e*/(e*+e)

30 ban

I I IIIIII| I I Illllll 1 I IIIIIIJ I
Il

- f { PWN oo -
Posntron fraction ) S

TO0T —
AMS-02 ———
PAMELA +——<—

FERMI +——%—
AMS-01 +——&—

HEAT —&—

CAPRICE
AMSO02 Prel. =—tt—

T Illllll
;
| lIlIIll

10" &

e*l(e*+e)

102

1 | | 11 III 1 1 1 111 III | 1 | 11 III 1
10" 10% 108
E [GeV]
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10—25

Gamma rays mpASR A
~ — % — iy :

= - 99 ;

Fermi/LAT : ) %

, < O
Galactic center s 0
Very interesting target, but difficult 'O' GC “excess”
Potential hints, under hot discussion | Calore et alhmRe> (30¥i)) 063005
10 10°

kermann et al.
e etal.

IGRB intensity  “FEE R

10

lsotrol:)ic gamma ray background \’\*\N\’\'\N
Relevant for ex’cragalactic DM f gL -

388y

T,
Complex tp sePerate a DM sxgnal from Bringman ct a[_,Q,?gNgm 0250
astrophgslcal sources By (MeV) L &\

= 4-year Pass 7 Limit

10-221 j 6-year Pass 8 Limit Dwa r.Fs

Median Expected

DwarF galaxies =) e —
One of the best targets (DM dominated) %

Recentlg, new dwarfs have been discovered
(DES): great Potentialitg




Gamma rays GeV TeV

o ngher energles (grouncb >300 Gve :
Probe TeV+ DM § ‘
Targets s
Galacltic center 2 ol /
DM clumps '; f .E.S.S.- 100 hrs
ds Fhs gzﬁaxxes 2101;\\J
Ga axg Clusters § 10-135_ LAT - 10 yrs (Extragalactic) W
Magjc, HESS, Hawc, LHAASO, CTAW‘........' o cTacimone—__—~

102 10° 10* 10° 108 107 10®
Photon Energy (MeV)

o GeV —TeV energies (sl:)ace) or even higlﬂer

Probe GeV-TEV DM
lmProvecl energy and angular resolution
DAMPE (2 GeV - 10 TeV), GAMMA400, HERD (UP to PeV), e

e | ower energies (space): MeV — GeV

Probe subGeV DM or the low—-energg tail of WIMP DM
AstroGam, PANGU, ...
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Exercise #4

* Find the web sites of AGILE and Fermi/LAT

* Check the status of future gamma-ray detectors
(CALET, DAMPE, Gamma-400, HERD)



Phot

~
\\

I Mb—

1 kb

Cross section (barns/atom)

Il bH—

10 mb

S

(b) Lead (£ = 82)

o —experimental Gy

on Interactions

10 eV

I MeV
Photon Energy

1 GeV

100 GeV
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Detector Project
Y ray

charged-particle
anticoincidence

particle-
tracking
detectors STt

calori mcter/
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Gamma-ray astrophysics above 100 MeV

Picture of the day, Feb. 28, 2011, NASA-HEASARC
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FLECTROMAGNETIC SHOWERS
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log N

Fig. 4.6. The total number of particles N in a shower initiated by an
electron of energy Eg, as a function of depth n, measured in radiation
lengths; F, is the critical energy of the material, (From Leighton, 1959,
p. 693, after Rossi & Greisen, 1941.)
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Astrofisica Nucleare e Subnucleare
Hadronic showers



Hadronic showers

et T, production
absorber M is a one way
__ street:

0 e- all energy
) T, n VW / deposited via
M
T F
____________ ,Q\ —~ € e EM processes

—

—
probability: \\ﬁ‘\?i -
| -exp(z/A) i - feyy = fraction of hadron

i I energy deposited via
A EM processes

Electromagnetic— ionization, excitation (ex)

— photo effect, scattering (y)
Hadronic — jonization (T, p)

— invisible energy (binding, recoil)

54



Hadronic shower

1 Hadronic interaction Cross section il

e TOTEM

best COMPETE ¢t fits
GT 114~ 1.52Ins +0.130In?s

o

, =0,+0

inel

o,~10mb o, ~A"

GTot = Gtot (p p ) A2/3

where: o, (pp) increases with Js

tot
1 Hadronic interaction length

int

longitudinal and transverse
shower profile

A = 1 Ap z(35 o/ sz) AR IS A.. characterizes both

int

o, n ) o,A”"N,
N(x) = N(0)e "

Rule of thumb argument: the geometric cross section goes as the square of the size of
the nucleus, a2, and since the nuclear radius scales as a, ~ A3, the nuclear mean free
path in gm/cm?2 units scales as A3,

D. Bortoletto Lecture 5




Nuclear
evaporation

Hadronic shower

Hadronic interaction:

Elastic:
p + Nucleus — p + Nucleus
Inelastic:
p + Nucleus —
at + 77 + 7Y +... + Nucleus*

Fission

Nucleus* — Nucleus A + n, p, a, ...

— Nucleus B + 5p,n,, ...
— Nuclear fission

Courtesy of H. C. Schoultz Coulon

— J

lonization loss

"
lonization loss

Intranuclear casbade
(Spallation 1022 s)

Intranuclear cascade
(Spallation 1022 s)

Inter- and

Intranuclear cascade N
Internuclear cascade

J




Comparison hadronic vs EM showers

20

—
(&)

10,

altitude above sea level [km]

250 GeV ] 250 GeV
proton photon
+5 5 0

lateral shower width [km]

lateral shower width [km]

+5

Simulated air showers
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W. Riegler/CERN

Calorimetry

TRACKING CALORIMETERS MUONS ~¥
velocity 1 gnetic  hadroni
measurement

FELECTRONS L

"HOTONS

HARGED |_ o |

11ADRONS
NEUTRAI
| |ADRONS 4
(¢.g. neutrons)| ‘%— ! h
MUONS ) R _T__‘__‘_‘_,-ﬁ/ ) *
100 - 200 50100 200 - 400 200 - 400
i - Typical dimensions [em]
; : Trock
lowg Mg lhighy e
I 1 1 1 1 1 1 1
im m 3m 4m 5m 6m 7m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
----- Photon
(
Silicon
Tracker
A Electromagnetic §
1 )ﬂ]“ Calorimeter g
Hadron Superconducting 5
Calorimeter Solenoid H
Iron return yoke interspersed :
Transverse slice with Muon chambers
through CMS s

27



Calorimetry: Energy Measurement by total
Absorption of Particles

"'(JIOH'O[ - #?
1
M Eo Touisobion, Excldion L Skop I:S' M is W dolok Wunber 05 e',l‘ PO(H
> = or pPhotess , en N=cE, ¢
v - N = Pois S he.
._e../ EO A:‘ = = & 20‘!0"4 —’yw = L A W k oeEhe, S% CS)
< gt av A W R il
E° N W T
n
7 Eo <<
e v w1y '<:-\§ < 2 choged Tracks = L Only Electrons and High Energy Photons
— show EM cascades at current GeV-TeV level
; Energies.

v , e . - Strongly interacting particles like Pions,
The €* in b Clovimeby ionite ond exil b Peliiel Kaons, produce hadonic showers in a
Tonizokon s € ,I* peirs in lle Nolewiel similar fashion to the EM cascade
—>Hadronic calorimetry
Exdildis. 8 Pholwa i~ ¥ Neluiel
Hemulj U Lol Numler o) y. T Pors o
/A Lolel Nunber o} Pholes 81’ves 29

pov hcle vy .
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Bremsstrahlung + Pair Production > EM Shower

EG(/mhagul(c Showev - EN Golovirelev

W. Riegler/CERN
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Detectors for Particle Physics

Calorimetry

D. Bortoletto




\What is a calorimeter ?

* In nuclear and particle physics calorimetry
refers to the detection of particles through

Hadronic

. . Calorimeter
total absorption in a block of matter QN
— The measurement process is Hlectiomagnetic AN
destructive for almost all particle = SN
— The exception are muons (and Photon | \\
neutrinos) — identify muons easily since = Muon\
they penetrate a substantial amount of N V=0T
matter ) I B
: : 4 o Charge
In the absorption, almost all particle’s LS ot %S5 Hadron
energy is eventually converted to heat — X ";:C",Mg i
calorimeter 3.8T 111011
. . Magnetic Field
Calorimeters are essential to measure

neutral particles



Electromagnetic shower

1 Dominant processes at high energies (E > few MeV) :

1 Photons: Pair production 1 Electrons: Bremsstrahlung

After traversing x=X, the electron
has only 1/e=37% of its initial energy

u= attenuation coefficient

X, = radiation length in [cm] or [g/cm?] ABSORBER

183
47N, Z°r} lnﬁ

D. Bortoletto Lecture 5




Analytic shower Model

1 Simplified model [Heitler]: shower
development governed by X,

— e loses [1 - 1/e] = 63% of energy in 1
X, (Brems.)

— the mean free path of a y is 9/7 X, (pair

pmd-)_ Sketch of simple
1 Assume: shower development

— E > E_ : no energy loss by
ionization/excitation
1 Simple shower model:
— N(t)=2t particles after t =x/X, each
with energy E(t)=E,/2!
— Stops if E (t) < E.=Ej2tmax
— Location of shower maximum at

ln(E | Ec)
In2 E

c

o« |In| —




Longitudinal shower distribution

Depth [Xo]
0 5 15 20 25 30

5000 MeV
Parameterization

\d—E =E t%" "
dt

- = o Energy deposit of electrons as a function of depthina -
/o 1 GeV block of copper; integrals normalized to same value
i \v [EGS4* calculation]
i / >e~-\ 10 GeV Depth of shower maximum increases |

2 * logarithmically with energy

tmax o In(Eo/E.)

»
o
o

dE/dt [MeV/Xy)
Energy deposit per cm [%)]

N
o
=)

Electrons in
EGS (MC)

c"": *"Q:!_n‘: ——tt g

30 40 50
Depth [cm]

1000 MeV

——10GeV Y Differences between electrons and photons

<14.8%> =8.6%
o~ 10 GeV e~ generated showers

<21.0%> + 6.4%
Some photons penetrating (almost) the
entire slab without interacting (peak at 0)

Evcnts per bin (a.u.)

E,
=]n| = +C C,.,=-0.5 for photons

C ——1 for electrons

|\ . _‘ 1 maX

0 10 20 30 40 50
Energy fraction deposited in first 5 X, (%)

0

britoletto Lecture 5



Lateral development of EM shower

1 Opening angle:
— bremsstrahlung and pair production

1 Assuming the approximate range of
electrons to be X, yields <6>= 21.2
MeV/E,~>lateral extension: R =<6>X,

C




Calorimetry: Energy Measurement by total
Absorption of Particles
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W. Riegler/CERN

Liquid Nobel Gases
(Nobel Liquids)

Scintillating Crystals,
Plastic Scintillators
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Calorimetry

Calorimeters can be classified into:

Electromagnetic Calorimeters,
to measure electrons and photons through their EM interactions.

Hadron Calorimeters,
Used to measure hadrons through their strong and EM interactions.

The construction can be classified into:

Homogeneous Calorimeters,
that are built of only one type of material that performs both tasks, energy degradation
and signal generation.

Sampling Calorimeters,

that consist of alternating layers of an absorber, a dense material used to degrade the
energy of the incident particle, and an active medium that provides the detectable
signal.

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, NO. 4, October 2003

W. Riegler/CERN
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EM Calorimeter configurations

1 Total absorption .
_ _ If W is the mean energy
— Electrons and photons stop in calorimeter required to produce a
Scintillation proportional to energy of electron signal (eg an e-ion pair in
Usually non-organic scintillator (BGO, PbWO, )or |a noble liquid or a
liquid Xe ‘visible’ photon in a
Advantage: Excellent energy resolution crystal)

1 see all charged particles in the shower (but for
shower leakage) =»best statistical precision

1 Uniform response =»good linearity

Disadvantages:
1 cost and limited segmentation

1 Examples:

Si photodiode — B factories: small
/ or PMT photon energies
' — CMS ECAL which
was optimized for
H—vyy

13




EM Calorimeter configurations

1 Sampling Calorimeter

— One material to induce showering
(high Z)

— Another to detect particles (typically by
counting number of charged tracks)

— Many layers sandwiched together
— Resolution « E-12

Advantages

— Depth segmentation
— Spatial segmentation 1 Sampling fraction

1 Disadvantages: E

— Only part of shower seen, less precise 1. ampling = visible

E, .
i Examples deposited

— ATLAS ECAL
— Most HCALs

D. Bortoletto Lecture 5




Crystals for Homogeneous EM Calorimetry

In crystals the light emission is related to the crystal structure of
the material. Incident charged particles create electron-hole pairs
and photons are emitted when electrons return to the valence
band.

The incident electron or photon is completely absorbed and the
produced amount of light, which is reflected through the
transparent crystal, is measured by photomultipliers or solid state
photon detectors.

-z o M"J.Sb’l.hg lke 'P".ol(hs‘
—t= ::-?-,* o, T by He collinem
- ‘\:4‘: »’,:_ ’ ’,,” OI L(L ei h,"u‘ /LOV\ [&/‘704

past ol i Nolwial,
(~

W. Riegler/CERN 36



Crystals for Homogeneous EM Calorimetry

Nal(Tl) CsI(TI) Csl BGO PbWO,

Density (g/cm?) 3.67 4.53 4.53 7.13 8.28

ﬁ, (cm) 2.59 1.85 1.85 1.12 0.89

Ry (cm) 4.5 3.8 3.8 2.4 2.2

Decay time (ns) 250 1000 10 300 S

slow component 36 15

Emission peak (nm) 410 565 305 410 440

slow component 480
Light yield yMeV 4x10% 5x10% 4x10% 8 x10° 1.5x 107
Photoelectron yield | 0.4 0.1 0.15 0.01
(relative to Nal)

Rad. hardness (Gy) 1 10 10° 1 10°
Barbar@PEPIl, KTeV@Tev L3@LEP, CMS@LHC,
10ms atron, 25us 25ns bunch
interaction High rate, bunch crossing,
rate, good light Good crossing, high
yield, good S/N resolution Low radiation

radiation dose
dose

W. Riegler/CERN
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Noble Liquids for Homogeneous EM Calorimetry

Ar Kr Xe

z 18 36 S8 —— |
A 40 84 131 e S 4y

X, (cm) 14 47 238 . ,qg‘?@’jg TF
Ry (cm) 72 47 42 Pl
Density (g/cm?) 1.4 25 30 ey 0
[onization energy (eV/pair) 233 205 156 L;[,*
Critical energy € (MeV) 41.7 215 145 v

Drift velocity at saturation (mm/us) 10 5 3

When a charge particle traverses these materials, about half the lost energy is
converted into ionization and half into scintillation.

The best energy resolution would obviously be obtained by collecting both the
charge and light signal. This is however rarely done because of the technical
difficulties to extract light and charge in the same instrument.

Krypton is preferred in homogeneous detectors due to small radiation length and

therefore compact detectors. Liquid Argon is frequently used due to low cost and
high purity in sampling calorimeters (see later).

W. Riegler/CERN
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Sampling Calorimeters
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Energy resolution of sampling calorimeters is in general worse than that of homogeneous
calorimeters, owing to the sampling fluctuations — the fluctuation of ratio of energy
deposited in the active and passive material.

The resolution is typically in the range 5-20%/Sqrt[E(GeV)] for EM calorimeters. On the other
hand they are relatively easy to segment longitudinally and laterally and therefore they
usually offer better space resolution and particle identification than homogeneous
calorimeters.

The active medium can be scintillators (organic), solid state detectors, gas detectors or
liquids.

Sampling Fraction = Energy deposited in Active/Energy deposited in passive material.

W. Riegler/CERN
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Hadron Calorimeters are Large because A is large

Superconducting
Magnet Coil

Hadron
Calorimeter

Muon Detection
Chambers

Luminosity
Monitors

Fig. 1 - The ALEPH Detector

Because part of the energy is ‘invisible’
(nuclear excitation, slow nucleons), the
resolution of hadron calorimeters is
typically worse than in EM calorimeters 20-
100%/Sqrt[E(GeV)] .

W. Riegler/CERN

Hadron Calorimeters are large and heavy
because the hadronic interaction length A,
the ‘strong interaction equivalent’ to the
EM radiation length X,, is large (5-10
times larger than X,)

Resistive plate chambers
MDT chambers

toroid
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HE Gamma-ray Astrophysics
The EGRET legacy
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The HE sky from EGRET

EGRET All-Sky Map Above 100 MeV




EGRET Gamma-ray Sources

Third EGRET Catalog
E > 100 MeV

7

+90

A LMC
m Pulsars

® Solar Flare \

€ Active Galactic Nuclei
® Unidentified EGRET Sources

® 3
.Y PR
+180 o — R
® a
<@
* . ° e ®
<& o
®

N ¢

N

SN

——

-90



Challenge #1

* Need simultaneous multiwavelength data to study variability and emission

processes
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Challenge # 2

Need more exposure and optimal timing (and radio monitoring) to discover
more gamma-ray PSRs.

CRAB PSR B1509-58 VELA PSR B1706-44 PSR B1951432 GEMINGA PSR B1055-52
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Challenge # 3

* Need fast timing for gamma-ray detection (improving EGRET deadtime, 100 msec

— 100 microsec or less).

Prompt Emission (GRB 930131)
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Delayed Emission (GRB 940217)
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Challenge # 4

Need arcminute positioning of gamma-ray sources (improving EGRET
error box radii by a factor of 2-10).
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Challenge #5

Need improvements in Spectral Resolution fo check for DM signals
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