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“Invisible” particles?

168: SLAC 1974: Brookhaven & SLAC

X

DM WIMP, Axion, ...

invisible .. but can “appear”in particle
in particle v detectors at accelerators as
detectors at e missing transverse energy and
momentum

accelerators

electron neutr ino

©83: CERN 2012: CERN

Can they be directly
How do they int Z H

Higgs boson
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Charged

Neutrino interactions Current

Neutral
Current

| \/ e \/ |
| |
Neutron detection only via weak interaction ... A \ 70
| — I
' W A4
Possible reactions: /\ /\
Charged Current Neutral Current N P e
Reactions: Reactions:
Ve+n — € +p Vet+e — Vete
Vetp — e +n vpte  — vute
Vyt+mn — u +p v-+e — v.+e
V,u + p — M+ +n Remark:
Neutral Current vN-interactions not
Vs +n — T “+ P usable due to small energy transfer
Ur+p — ™ +n
Neutrino nucleon x-Section:
[examples]
— 10 GeV neutrinos: o = 7-107%® cm2/nucleon

— — — — i — 408 g1 o = - 3
Ve+€ — T —|—V7- with Na = 6.023-10° g'; d =10 m; p = 7.6 g/cm

Interaction probability for 10 m Fe-target: R = &-Na [mol'/g]-d-p = 3.2- 1010

Solar neutrinos [100 keV]: o = 7-10"*° cm?/nucleon
Interaction probability for earth: R = -Na [mol'/g]-d-p = 4-107'4

with Na = 6.023-102 g'; d = 12000 km; p = 5.5 g/cm?

IMarco peimastro Experimental Farticie Fnysics



Marco

Neutrino interactions: V-e

Process "~ Total Cross section
’ ' Ex o K G 25 E
Voo =l ¥ E 10743 2
7 ,l g = 1.7-10 ( ] OMeV> cm
l,_.’ +e_ _> l' +€)- G :S 9 \2 4 - .4
e e ‘ sin’ @, —1] +—sin* &,
4 ’ 3
Vbg a¥obe 3 %(”sm 6, +1) +4sin* 6,
i 7N G 2 ' 5 \2 4 RN
V1€ — V;z Te A |2sin° 8, 1] +—sin* G,
iy 17 3
| i +e — l."u + e s

1' o \2 i
{?(2 sin’ 6, —1J +4sin* 6’;;1
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Neutrino interactions: V-nucleon

® Interaction happens with whole nucleon

v Nucleon can at best undergo an isospin transition in case of charged
current (quasi-elastic scattering)

v In case of neutral current, scattering is perfectly elastic

v B P v, +p—> U'+n  Vuy+trp—o>Vvutp
: ~ v + (—\/('-)

1
n

g
2
2_
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Neutrino interactions: quasi-elastic V-nucleon

S
1 L L L'l

= CCFRR [15]
0 BNL 7—feet [16]

2 ANL 12—feet [17] —]

O ANL 12—feet [18]

Total CC
o(DIS})
— — — olgel}
- == gf1m)

S
1 1 1 lllll-r_-“--ﬁ""—f'-lv—dql_ll.lj

Threshold is different for
different neutrino
flavors...

Paolo Lipari, Maurizio Lusignoli,

3 Francesca Sartogo,“The neutrino cross
3 section and upward going muons”

: http://arxiv.org/abs/hep-ph/94 11341
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109
E, {GeV})

o(vn)=o(vp)=~

10!

E

102

cm?

9.75-107

OMeV

Experimental Particle Physics

E> 1 GeV

O /E ~ constant



A neutrino interaction...

ICARUS

CERN v-beam

Marco Delmastro Experimental Particle Physics



Another neutrino interaction...
50 cm

ICARUS

65 cm

Marco Delmastro Experimental Particle Physics



Neutrino interaction inclusive cross section

ANL, PRD 19, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)

IHEP-ITEP, SUNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)
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Neutrinos from the Sun

[pp-neutrinos] [pep-neutrinos]
p+p>2H+e"+v, p+e +p>2H+v,
‘ 99.75 % 0.25 %

!

‘H+p>SHe+y

85% | ~15% ~10°9% [hep-neutrinos]

1 1 » SHe + p > “He +e* + v,
*He + °*He > “He + 2p *He + “He >~ 'Be + Y

, |

| 15.07 % 0.02 % |
‘Be+e > Li+y+V, ‘Be+p>B+y

["Be-neutrinos]

l

TLi+p> &+« °B > %Be’ + e* + Vv,

[®B-neutrinos]

Marco Delmastro Experimental Particle Physics
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Neutrinos from the Sun

‘Gallium ! Chlorine | SuperK, SN?

1012
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1010

(cm? 1)

10°¢

108
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108

Neutrino Flux

104

103

102

10

0.1 — 03 1 3 10

- Neutrino Energy (MeV)

Marco Delmastro Experimental Particle Physics

13



The “solar electron neutrino™ problem

Total Rates: Solar Standard Model vs. Experiment

E\v >

SNU: v-ineractions/10% target atoms/sec

Marco Delmastro

Experimental Particle Physics

[Bahcall+ Serenelli, 2005] e-Neutrinos
disappear!
Ev > 5 MeV Ev > 0.2 MeV Ev > 5 MeV | m— ——
% / // Ev > 5 MeV
: P 126t9 / : +O.16/
% 101‘8 }g 777 7 g 1 O‘““g
| _ons 7
% % % 7 0.88+0.06
0.48+0.07 7 69:t5
0.41+0.01 6715
256+0.23 0.30+0.02
SAGE GALLEX
SuperK GNO i’l“lou
¢ H20 Kamiokande Ga D20
Theory M ‘Be W PP, pep Experiments m
58 M CNO Uncertainties

{
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Neutrino oscillation

Imagine we send a neutrino on a long journey. Suppose neutrino is created in the pion decay

T — UV,
so that at birth it is a muon neutrino. Imagine that this neutrino interacts via W exchange in a

distant detector, turning into a charged lepton. If neutrinos have masses and leptons mix, then this
charged lepton need not be a muon, but could be, say, a tau.

® Neutrinos have masses => there is some spectrum of neutrino mass eigenstates V; w/ mass m,;

® Leptons mix = neutrinos of definite flavor, V., V|, and v, are not mass eigenstates V..

|Va Z |Vz U

|

9 ®
5
S
[\
S
(%)
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Probability of neutrino oscillation

(tu, xu)
n \Z £
» ° -
Ea ) _imY.tV. X
q 5 IAMTH. U*Ml , im".tV.
1
m“—iﬂ
2
L
PUo = U3; L,E) = bap —4Z§Re( UﬂzUaJUIBJ)Sln2(Am3]4E)
i>j
L
+ 2
2 g Sm (Ug:UpiUa;Up;) sin(Amy; )
i>]

For full calculation see for instance Boris Kayser “Neutrino Oscillation Physics” http://arxiv.org/abs/1206.4325

Marco Delmastro Experimental Particle Physics 16



(Simplified) probability of neutrino oscillation

Let’s forget the imaginary part of U (assume neutrinos and antineutrinos
behave the same) and suppose only 2 flavors...

1 = cosf sméb
| =sin@ cosé

m? —m?
P(I —>1")=2cos” @sin’ @ —2cos” 8 sin” & cos JZE 3 )

B gD 2. .

2
mk

m? —m m
=2coszﬁsin29[1—c0s 12E kL]=4coszt9$in2¢9 sinz( ]

2 2
m:—m
—=sin% 20 sin’| —Z 2 7
4E

4FE

Marco Delmastro Experimental Particle Physics
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Nobel Prize 2002

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering contributions
to astrophysics, in particular for the detection of cosmic neutrinos" and
the other half to Riccardo Giacconi "for pioneering contributions to
astrophysics, which have led to the discovery of cosmic X-ray sources".

Raymond
Davis Jr.

[Homestake]

3 Rungliga_
venska VeteisKapsakademion
Juardent 8 oktobyr 2002 bestitat
alt med det
NOBELPRIS
som detta dir tillerKdnes don somt inom

‘/_1/.\‘1/\':7:\'('/”1{1:(& jort den viktigaste | Masatoshi
upptidken cllo-uppfinningor Koshiba
pted enat Judlftent qemensanit belona [Kamiokande]
‘!\’w////uuﬂj WLy /i
T o Masatoshi Rpshiba
for “Dangtiride [HSATSE oMt astio-
fysikerd, sirskilr for detektion ar
: k{v.u’mis'kd neutine
Riccardo
Giacconi

[X-Ray Sources]

Marco Delmastro Experimental Particle Physics 18



The Homestake experiment

(GenerallHomestake Mine
Development
Yates Ross

2 Shaft Shaft

shaft ; 3 Oro Hondo

Mill o o fg_\!_N air exhaust Ellison air No 5 shaft
1 o1 \ Crushed } i .. exhaust air intake
Cage) wrdSios e
3200’
4100
ca.
2500 m 4850
The
H v
Homestake Mine

exhaust

borehole



The Homestake experiment

Marco Delmastro Experimental Particle Physics
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t

The Homestake experimen

A\

\

21
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The Homestake

Marco Delmastro

experiment

Experimental Particle Physics
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The Homestake experiment

Lifetime: 35 days

/
37C| + Ve > 37Ar + e

Detection of 37Ar via e™-capture [*’Ar(e,ve)*’Cl]; T = 35 days

results in Auger-electron @ 2.82 keV which after
extraction is detected in proportional counter

Neutrino capture:

Experimental details:

- 615 tons of CoCls
- Threshold: 814-keV threshold

- Bubble He gas through to extract Ar
[every 2-3 month]

- Artrapped in cold trap

- Proportional Counter filled with
Ar gas (7% methane)

- Important: 3’Cl is 24% abundant.

Marco Delmastro Experimental Particle Physics

ANODE

CENTERNIRE—T] | |

o QUARTZ
~— SHRLL

MERCURY FILLED
COLUMN PROVIDES
HIGH VOLTAGE
BLECTRICAL CONTACT

HIGH VOLTAGE
FEED-THROUGH | (L

S8TOPCOCK— [ ]

| Ll H— QUARTZ

B I 5PACER
CATHODE-_| 4

. ARGON GAS IN
+""ACTIVE REGION

PROVIDES
TENSION ON
CENTERWIRE

g _~SPRING

SIGNAL

J\" ( YEED-THROUGH
|

TAPER JOINT
FOR MOUNTING
ON PROCESSING
APPARATUS
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The

Marco Delmastro

Homestake experiment

P e N S e e e e by
' PROCESSING _ROOM |
' BY-PASS VALVE |
| I TO ARGON = |
The | COLLECTION SYSTEM |
Chlorine | — %g@a |
: FLOWMETER
Experiment | MoLECULAR |
I CH:::g‘L SIEVE TRAP I
| 77K I |
I I
B L o i Wmm— _l- R S, (T, i, IS, —"“—_————> (mimm—m R — —— — —; -\_l- S — —]
| FLOGOED WITH WATER JANK _CHAMBER CONDENSER |
| FOR A FAST NEUTROW -40°C |
l HIEL \
o | 1) |
= P RTRTRTETION |
ik g / |
| PUMP ROOM 390,000 |
| | LITER TANK |
| |
| . ez '
| 4 TUBE ‘
| | su&;uém\ EDUCTORS }
|
l .7oom“ps i \ u '
[ R [ e ik l i _
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The Homestake experiment

Marco Delmastro

Some very approximate numbers ...

615 tons Co2Cls (Tetrachloroethelene)
About 5 x 102° Chlorine Atoms (3’Cl) 6 Atoms/Molecule

Prediction: 8 x 10736 v-reactions/atom/sec
i.e.: about 60 3’Ar-atoms/month:
but: half-life = 35 days > 30 atoms/month

Expect: 60 atoms every 2 month out of
ca. 10%° Tetrachloroethelene molecules 57 Ar-Extraction
Efficiency: ~ 95%

After 25 years:

S7Ar-Detection
. Efficiency: ~ 45%
Expectation: ~ 5000 37Ar-Atoms expected /

Observation: ~ 2200 3’Ar-Atoms produced

[875 counted; 776 after background subtraction]

Experimental Particle Physics
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The Homestake experiment

2.82 keV
I I I B r"‘Tj?‘q =1 | |
e RTZF
| ﬁlrﬂlT EHAFE _I'r -‘-"II H
20— "'-..“II y =
BACKGROUND / 1'1||| RON CaTHODE oo
0= 29 DAYS ! \ -

ARGON FROM TANK
IO 3% pAYs h

COUNTS

s Il.l.lllul I.llurllllu |I||-||I|| |.||- .Il L i 58 iij il i i

ARGON FROM TAME
To| 71 DAYS -

Pulse height Spectra from

gl ||JJJL1 HJIJ;HIHL JJlullTI Waes beisssspunn st gl b 1w first runs [1968]

50 &0 TO 80 90 100
CHAaMNMEL MNUMEER
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The Homestake experiment

Result of 25 years of running

[after implementation of rise time counting]

‘; | ———r— ———r— .
B sl Average of 108 runs 1a2
T w0
o | =
E T 1 ' 18 %
® 10F . 14 | o
‘E 2] i r | . ‘E'
b L H 1 114 E
C L i [ ] i C
e il I c

£ 08 | £ 256 SNU
.E - I . | ek
I ' c
:E 00 - J| l“ — o
1870 1875 1550 1885 168D 1865
Year
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Super-Kamiokande

Superkamiokande Detector Electronics
trailers

—
Tho .;a--. < e /
detezled by //

pholo sensors

that ine the T\
lanh and \

frarclated intca

dgtal image \\

Catching Neutrinos

About once avery 80 minukes, a neutrino in‘eracts ir the detector
chamber, generatng Cherenkoy radlaton. This optical eguivalent of
& sonic boom crestes a cone of light that is registerad on the
photomullipliers that line the tank. Characteastic ring patterns tell
physicists what kind of neutrinos inksracted and in which diraction
ey were headed

ACCESS
Contal wnnzl
roon (2 k)
1L o T
—— e Y I{“}\" P ,__/f‘ °
= ol Y :

=== = \
125 million gallen |
1ark of ultra-pure \ \
WA

Mountains tilter ou: other signals ———]
that mask neutrine detection

/ \ A lew Neulrings interact
withn the huge tank ol supes
2% pure water, generalirg a
aell

é(}‘ cons of light
e ’

o & .

= S8 /'/

2 e 9 g
g A
2 o

Mt. Ikena Y ~ : ama

Usisseity of Hawsl | mede 000%

Marco Delmastro
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Water tank
1.6 km below ground

50 Million liter
ultra-pure water

1 Neutrino-interaction
every 1.5 hours

Neutrino detection
via Cherenkov light

28



Super-Kamiokande
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Super-Kamiokande

Marco Delmastro

Mounting of
Photomultiplier Tubes

Total: 11,146 20" pmts
1,885 8" pmts

Experimental Particle Physics
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Super-Kamiokande

SK-I: 8B Solar Neutrino Flux

C N I I I I I I I I I I I I I I I I I I I
O

S T ‘ \ 5-20 MeV

©c | [May 31st, 1996 — July 15, 2001]

S

c 2

o | Ve+e_>Ve+e[E81

Lﬁ [comparably high x-sec. due to Z-exchange]

1_# ¢ oy # bt I + baatd : b :

cHE T Pyrpeey G
01:6:|::::|::::i:::i::8::5::|::::|::::i:::i:::Ol:(:):i:::h::::|::::|:::O:lé:i:::i:::h::::ﬂ::‘i0
= . = » . » COSeSun

Marco Delmastro
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Super-Kamiokande

The sun seen
through the earth
IN neutrino light




Muon event
[603 MeV]

Observation of
clean Cherenkov ring
with sharp edges

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs



Flight direction

close towiew direction
g

Electron event
[492 MeV]

Observation of
Cherenkov ring
with fuzzy edge

[from e.m. shower]

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs
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Solar neutrino
[12.5 MeV]

Unusually nice,
well-defined

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs
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Nobel Prize 2015

The Nobel Prize in Physics 2015 was
awarded jointly to Takaaki Kajita and
Arthur B. McDonald "for the discovery
of neutrino oscillations, which shows
that neutrinos have mass."

Takaaki Kajita

Marco Delmastro

Arthur B. McDonald

Experimen

NEUTRINER FRAN

KOSMISK STRALNING
|
KOSMISK v
STRALNING \ ATMOSE '/
. e B SFdg 4

SUPER-
KAMIOKANDE

NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
Sun center.

SNO

SUPER-
KAMIOKANDE
KAMIOKA, JAPAN

1000 m SKYDDANDE
BERG

»

TJERENKOV-
STRALNING

) Johan Jarnestad/The Royal Swedish Academy of Sciences

SUDBURY NEUTRINO OBSERVATORY (SNO)
ONTARIO, CANADA

PROTECTING ROCK |

Both electron neutrinos
alone and all three types of

neutrinos together give sig-
nals in the heavy water tank.

<
=
an| |-
*,
yonneutrino
|

o) — )
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The SNO experiment

Marco Delmastro

o

Experimental Particle Physics

ced W
@

Rock

Control room

12 m diameter
acrylic vessel

Support structure
for 9500 PMTs

1700 tonnes
light water

1000 tonnes
heavy water

5300 tonnes
light water
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The SNO experiment

Marco Delmastro Experimental Particle Physics
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The SNO experiment

10 3
] Canada
] Kapuskasing
106‘5 Thunder Bay pliacathon Timmins
. S cRouyn-nNoranda
d Oy al-Dor
N 5
e 10 |
8 3 . ault Ste, Marie CSudburycpl\om‘%
r.“ ol \ -
é | LZ . Huntsville ., O&W
x 10" 3 d Cornwall™
E : @ereen Bay gSoun s garrie /A
g ) ran Sasso
=
= 103—. Frejus, Baksan,
- Homestake
2
1073 Sudbury More than 2 km below ground
; Background: < 100 p/day

I | | |
2000 4000 6000 8000
Depth Underground (ft)

Marco Delmastro Experimental Particle Physics
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The SNO experiment

@ REPRDS
&

« Measurement of v, energy spectrum — )
« Weak directionality: 1— 0.340cos6 \‘@ @

@ X + d % p + n +V X Vy Y  6.25-MeV vy @@

’ AN
« Measure total B v flux from the sun \_’ /‘/,@ f/v

* 6(Ve)=0(v,)=0o(v,) \A®—'

@ vV, Te =V, Te-

« Low Statistics X o\ /P Eigﬁienkov
* 29=0(vg)+0.154 (v, tv,) e — L,
« Strong directionality: .VX

0, <187 (1, =10 MeV)
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The SNO experiment

0.04

0.02

Probability

O
0—1 0

p—

Analysis
strateqy:

Determine size of

CC, ES and NC signals
via a fit of the data to
probability distributions

Marco Delmastro
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Simulation
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n 3 neutrino
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The SNO experiment

aaaaaaaaaaaaaa
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[
N\
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-

Events per 0.05 wide bin
o0
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o
-
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N
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1]l

O
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Experimental Particle Physics
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o data

reconstructed
neutrino
direction

W.r.t. sun



The SNO experiment

1. O+0 16

-0.16

1. O+0 18

-0.16

MY

O.88:t0.06
¢cc = 1. 76+8 82 (stat. )+8 83 (syst.) x 10°cm™2s™!

Pes = 2.3970753 (stat.)T 15 (syst.) x 10°ecm™2s~!

¢ne = 5. O9+8 ?é (stat. )+8 jg (syst.) X 10 cm—2s~!
O BOiO 02

8 - SNO SNO
7 f_ ¢Es ¢cc -
- All v
z 6 [~=. Dzo
fﬁm 5
@g > = 1.761002 (stat.) 70 0g (Syst.)
89 32_ P(v,r) = 341700 (stat.) 7048 (syst.)
& 22_ x 10°cm™2s™!
=
, B Ve-flux too low!
' T illations!
0 | 5 ! i s ¢ Oscillations!
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Helium bags Decay tube Hadron stop Muon detectors
Target Horn / Reflector \4//4/4444 /K - decay % / 2y
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LEP/LHC _ — > g : Pion / Kaon
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TPC as neutrino detectors

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

EP Internal Report 77-8
16 May 1977

THE LIQUID-ARGON TIME PROJECTION CHAMBER:

A NEW CONCEPT FOR NEUTRINO DETECTORS

C. Rubbia

ABSTRACT

It appears possible to realize a Liquid-Argon Time Projection
Chamber (LAPC) which gives an ultimate volume sensitivity of 1 mm® and
a drift length as long as 30 cm. Purity of the argon is the main tech-
nological problem. Preliminary investigations seem to indicate that
this would be feasible with simple techniques. In this case a multi-

hundred-ton neutrino detector with good vertex detection capabilities

could be realized.

http://cds.cern.ch/record/| | 7852/files/CERN-EP-INT-77-8.pdf

Why LAr for neutrino detectors?

® Excellent insulator, very weakly

electronegative: free electrons produced
by ionization drift long distances

® Produces many electron-ion pairs:
measurement of energy deposited in
liquid;

[ ]

Good scintillator: measurement of energy
of luminous flash produced by event,
event localization

® Available in sufficient quantity

Argon CF3Br
Nuclear collision length | 53.2 49.5 cm
Absorption length 80.9 | 73.5 cm
dE/dx, minimum 2.11 | 2.3 MeV/cm
Radiation length 14 11 cm
Density 1.40 |1.50 g/cm?

Marco Delmastro Experimental Particle Physics
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|[CARUS (Imaging Cosmic And Rare Underground Signals)
LNG

Hall B @

N, Phase separator

30 m3 LN, Vessels

......

Ny

"/ |

mmm i
NN NP

samE /

WA
\A\YA )

N, liquefiers: 12 u;u'l‘s -

/ I [ [ [ [} 71

48 kW ftotal cryo-power

Two identical modules 4 wiFé chambers:

3.6 x3.9x19.6 =275 m3each

s j 2 chambers per module
Liquid Ar active mass: = 476 t

3 readout wire planes per chamber, wires at

Drift length = 1.5 m (1 ms) 0,+60°
HV=-75kV E=0.5kV/cm ~ 54000 wires, 3 mm pitch, 3 mm plane spacing
v-drift = 1.55 mm/ps 20+54 PMTs , 8" @, for scintillation light detection:

VUV sensitive (128nm) with wave shifter (TPB)

Marco Delmastro Experimental Particle Physics



ICARUS

AN

— m.i.p. ionization |
Time ' - \\: 6000 e/mm

e s 7
2N ‘~ RN ;_- -1 '\F"{ ' I 4 '.* .4'
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S G | A Drift direction Earin ~ 900 V/cm
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ICARUS
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6 protons and 1 pion which decays at rest

muon: 7.1 = 1.3 [GeV/c]

http://icarus.Ings.infn.it/photos/NeutrinoEventsGallery/
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Particle identification based on
dE/dx dependence:
® Reconstr. 3D track segments: dx
® charge dep. on track segment: d&

Track
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10(p)
11(p)

E
[MeV]
185£16
192416
142412
9448
2642
141212
123£10

range
[cm]
15
20
17
12
4
23
6
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OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
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Dark Matter: astronomical evidence and candidates

o r‘otational uelﬁcitv
(km/s) g
- ; measured.

W% so00 100000
| distance from center [light years) -

X i SuperWIMPs
DM WIMP, Axion, ... " B -8 B -2 10* 10’ 10" 10"

Dark Matter Mass [GeV/c?]
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WIMP detection: cryogenic experiments

WIMPs = Weakly interacting massive particles ...

Dark matter particles; must be neutral, i.e. must neither interact via electromagnetic nor strong

interactions; WIMPs must be heavy, i.e. non-relativistic (cold dark matter) in order to allow for
galaxy formation ...

Assumed mass range: 10 GeV - 10 TeV

Mass limits dependent on cross section ...
[e.g.: Oyp = 1.6 - 107 pb yields mwivp > 60 GeV]

Detection via elastic xp-scattering ...

Assume WIMP velocity: vy = 300 km/s, i.e. B=1073 ...

Solar system speed w.r.t. to milky way: v = 250 km/s
Velocity of earth moving w.r.t solar system: v = 30 km/s

Maximum energy transfer:

mX>>MK

Q

2 M 2 _
Tfr(nax — 2 mX KC > 52 2MK’U>2< MK = 100 GeV
(my + Mk) > TkMax ~ 100 keV
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How to detect WIMP?

Transferred energy of recoiling nuclei generally much smaller (< 10 %) ...
Need detector that allows nuclei detection below keV range ...

Energy resolution requires: Nexcite > 1
l.e. Eexcite < 1 €V

Remember: Gases -  ionzation energy = 30 eV
Silicon - electron/hole pair creation = 3 eV

Better possibilities:

Phonon excitation:
Maximum phonon energy in Siis 60 meV, roughly 2/3
of the energy required for electron-hole formation goes

into phonon excitation ... ,
Cryogenic detectors:
Superconducting detectors:

In superconductors the energy gap 2A is equivalent to D?teCt low energies |
the band gap in semiconductors; absorption of energy with very good resolution ...
> 2/ (typically 1 meV) can break up a Cooper pair ...
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Cryogenic detectors

Phonon Detectors ... Basic configuration
of cryogenic calorimeter

Assume thermal equilibrium:

Convert absorbed energy
into phonons:

AT =E/C

C: heat capacity of the sample
[specific heat x mass]

E: deposited energy

Optimal detector: low heat capacity Tcmperaturc AbSOI‘bCl’
sensor C(T)

Example 1: Si-detector at room temperature ...

Cspec = 0.7 J/gK;E=1keV;m=1g > AT=2-107°K Resolution:

Not very practical ... n = CT/KT = C/k

Need lower specific heat and mass ...
oo = kT{n = {/(CKT?)

Example 2: Si-detector at low temperature ... Ot = &pny(E/€Pn) = {(KTE)
3. — 2. -15 K- — .
Cspeo“(T/@) ; Cspec = 2-10° K; T=0.1 K; Yields: o < 0.2 eV

E=1keV; m=15 : : Do
Mg > AT = 0.04 K [possiblel] [Si Semiconductor detector: o =20 eV]

:| O = 0o+ OE
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Dark matter detection overview

Phonons
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A Dark Matter detection example: XENON IT

¢  XENONIT

v
v

v
v
v

¢ 2020 excess...

v

Marco Delmastro

Gran Sasso (Italy) underground lab

3.2 tonnes of ultra-pure liquefied xenon, 2.0 t of which serve as a
target for particle interaction

Signal = light + ionisation free electrons from a Xe
Detector = Photomultipliers + TPC
Possible fake = B-decays from Tritium contamination in Xe

Excess of 53 events over 232 expected observed...
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A Dark Matter detection example: XENON IT

(a) Tritium
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(d) Solar axion vs. tritium background
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Limits and projected sensitivities
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Spin-Independent limits and sensitivities, from “Direct Detection of WIMP Dark Matter: Concepts and Status” by
Marc Schumann ( )- For Spin-Dependent sensitivities see full review paper.
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Finding new particles that constitute dark matter would be a major
breakthrough in physics. As extraordinary new findings require extraordi-
nary evidence, the hurdles are high. Various unusual experimental results of
the last decade have been interpreted in terms of dark matter, but all of them
could also be the result of a misunderstood background or other effects.

M. Klasen, M. Pohl, G. Sigl
Indirect and direct search for dark matter
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