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1930 Neutrino postulated Pauli

1934 Neutrino name and interaction theory Fermi

1938 Solar neutrino flux calculation Bethe

1946 ldea of neutrino chlorine detector Pontecorvo

1956 Neutrino observation Reines & Cowan
1957 ldea of neutrino oscillation Pontecorvo

1958 Neutrino are Left-Handed Goldhaber

1962 There are (at least) 2 neutrino species: n_,, n, Lederman, Schwartz & Steinberger
1968 Solar neutrino deficit Davis

1973 Neutral Current neutrino interactions observed Gargamelle

975 Tau lepton and the third neutrino Perl

1986 Solar deficit again: maybe atmospheric? Kamiokande

1987 Neutrino from SNI1987A Kamiokande, IMB
1989 There are only 3 light neutrino families LEP Collaborations

1991 Still solar deficit Gallex, SAGE

1998 Atmospheric neutrino oscillation Super-Kamiokande
2002 Solar neutrino oscillation confirmed SNO, KamLand

2004 Atmospheric oscillation confirmed at accelerator K2K
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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 = 4-10'4

with Na = 6.023-1028 g'; d = 12000 km; p = 5.5 g/cm?3
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Neutrino interactions: V-e

Process " Total Cross section

’ y o 3 ’ G 25 E
Vo +e — [ +1V E L1043 2
p 1 ~ . 1.7-10 (Kmhv>cm
l,..l + é)— _> ll + é)- G }-:S ‘ e v )3 4 -4

e o 25" Gy —1) +=—sm” G5

4 3

V.+e DV, e “r %(_z sin® 6, +1) +4sin*6,

' S \2 4 e
\2sin” G —1) +?Sln4 By

’ 3 ’ X G s
Vi Te —F¥ e £

V, Fe ¥, e Gy's

47

1' o=y \2 ey
{?(2 sin” 6, —1J +4sin* 8;,1

-— —_ -

Marco Delmastro Experimental Particle Physics



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

Wy B V,+p >[N Vurp>Vutp
; _ v + (—\‘/('—)
IN/L Ml Vo _ Vo

1
n

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

Threshold is different for
different neutrino
flavors...

Paolo Lipari, Maurizio Lusignoli,

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

1  http://arxiv.org/abs/hep-ph/94 11341

1-25 | 1 1 1 L 1 1 1 L 1 1 1 L | i
. A > CCFRR [15] .
% - 0 BNL 7—feet [16] I
¢ 1.00 — o ANL 12—feet [17] —
> - O ANL 12—feet [18] ]
5 - :
o 075 — o —
T 060 |- . o
& - + : Total CC ]
. B il
o - T T % o(DIS) -
G 0.25 &q — — —ofgel} ]
© /% ' &:} — == gf1m)
e . e
0.00 1 1 1 11 ll'l.l 1 1 1 11 lll-r--“--\_l‘_-‘—f"-i—dul.lj
10-1 109 101 1072
E, {GeV})
E<<m o(vn)=c(vp)=~
E 2
iy
9.75-10 cm?
OMeV
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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 cross sections comparison

10-3%

10-36

Events /10" neutrinos/ 1000 g/cm2/ £,y

e
& oq0-38
g close to thresholds...
2
2
- (S —mﬂ)
O'~
A)
2
10'1’2 Slab =2meE+me

£,(GeV)

Figure 5. Energy dependence of various neutrino reactions and corresponding event rates. (f,,n =11
reactions on nucleons, f,,n = A/Z for reactions on electrons.)
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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>°H+e"+Vv, p+e +p>2H+v,
‘ 99.75 % 0.25 %

l

‘H+p>°He+y

85% | ~15% ~10°9% [hep-neutrinos]

1 1 » ‘He + p > “He +e' + v,
“He + °He > “He + 2p “He + “He >~ 'Be + y

| |

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

[‘Be-neutrinos]

l

Li+p> o+ B> %Be +et+V,

[*B-neutrinos]

Marco Delmastro Experimental Particle Physics



Neutrinos from the Sun

Callium _(Chlorine P00 0

1012

101

1010

(cm? 1)

10°®

108

107

106

108

Neutrino Flux

104

103

102

10

0.1 — 03 1 3 10

- Neutrino Energy (MeV)
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The “solar electron neutrino™ problem

Total Rates: Solar Standard Model vs. Experiment

[Bahcall+ Serenelli, 2005]

e-Neutrinos

Ev >

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

Marco Delmastro

58 M CNO Uncertainties

Experimental Particle Physics

disappear!
Ev > 5 MeV Ey > 0.2 MeV Ev > 5 MeV o ) '
7 : / 7 o
/ 1 126+9 / +O.16% Ev > 5 MeV
y% 10+8 }g 777 -7 Z l.Oo.mg
= 71.0:518 _
% é };,_:_‘.'};::_‘:‘-.;_‘:;2.-4:
0.48+0.07
0.41+0.01 67+5
£56+0.23 0.3040.02
SAGE
SuperK irl\llou
Kamiokand
C] 1{20 amiokanae Ga DZO
Theory M ‘Be W PP, pep Experiments m
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Neutrino oscillation

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

T — Uy,
so that at birth it is 2 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

|

S T O
o
S
N
S
(V)
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Probability of neutrino oscillation

(tu, xu)
M U V‘i c
< @ >
i Ut imVaY. X
g 5 IAMTH. U*Ml i im".tV.
S
m“—iﬂ
2
B B L
PUa — U3 LE) = bap—4) Re(UxUpUaiUp;) sin®(Amg; 4E)
i>7
L
( + 2 Z Sm (U;UpiUa;Uj;) sin(Amg; 5 E)
1>

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

Marco Delmastro Experimental Particle Physics 15



(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 smé
| =sin@ cosé

m* —m?
P(I—>1')=2cos’ @sin* @—2cos” 8 sin” O cos J2E ‘L

2 2 2
m’, —m,;

m? —m?
=2cos’ @ sin’ @ [l—cos J2E L |=4cos? 0 sin® @ sin?| —2
m> —m?
—=sin% 20 sin’| —Z ‘L
4F

Marco Delmastro Experimental Particle Physics
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(Simplified) probability of neutrino oscillation

... and calculate!

mi—m . Am’[eV’] L _ Am’[eV’] L[m]
AE 4x10°E[MeV]hc 4x10°E[MeV]197x10°[eV]x10™°[m]
2 2 2 2
1oy Am’ [V’ IL[m] _ . Am’ [eV*]L[km]
E[MeV] E[GeV]

Being able to observe oscillations implies phase variation ~ |.
Given L and E, accessible range is thus Am? [eV?] > E[GeV] / L[km]

Sorgente E L Am? [eV?]
Reattori 1 - 10 MeV 10 m - 100 km
Acceleratori 0.1-106GeV 10 m - 100 km
Atmosferici 1-10 GeV 10 - 10000 km

Solari 0.1 - 10 MeV 1.5%x10'! m

Marco Delmastro Experimental Particle Physics 17



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]

k Rungliga_
venska VeteisKapsakademion
Juarden 8 oktobyr2002 bestitat
att med det
NOBELPRIS
som detta dir tillerfdnmes don som inom

fiysikers onuritede ajort den viktigaste | Masatoshi
* upptiickaon clla-uppfinningo | Koshiba
el v Judfient gemmensanmt Belona [Kamiokande]
Raymond Davis )
T o Masatoshi Rpshib
fon “Danbgturide [HSALSe ot astro-
fisikerd, sirskilr for detektion ar
' k{wnis'm' Hoitriner
Riccardo
Giacconi

[X-Ray Sources]
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The Homestake experiment

The
Homestake Mine

ca.
2500 m

GenerallHomestake Vine
Development

Yates Ross

.2 Shaft SHEL
shaft f A Oro Hondo
Mill g g -2 A\ aIf exhaust Ellison-air

o1 Crushed
Cz'-)ge ore bins
3200 3950' Ore
4100 pocket

No.5 shaft
_ exhaust air intake
—

4850'

exhaust
borehole



The Homestake experiment

Marco Delmastro Experimental Particle Physics

20



t

The Homestake experimen

21
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The Homestake experiment

Marco Delmastro 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 |
Th | I TO ARGON = |
e | COLLECTION SYSTEM |
Chlorine | — %g@a |
- FLOWMETER |
Experiment 1 P, I |
| 77K I |
I I
B L o i Wmmm— _l- R S, (T, i, IS, —"“—_————_(immmm R W— —— — —; -\_l- S — —]
| FLOGOED WITH WATER TJANK _CHAMBER CONDENSER |
| FOR A FAST NEUTROW -40°C |
l \
o | 1) |
= P RTRTRTETION |
ik A / |
| PUMP ROOM 390,000 |
| | LITER TANK |
| |
| iy |
| TUBE ‘
| | su&;uém\ EDUCTORS }
|
l PUMPS i b, L |
el PN ) R | 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]

= | e N .
B sl Average of 108 runs 1a2
T w
2 | =
E | 1 1 1 18 %
REd E 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 b 14 . | Al 2 T
“H '}'}“"11{ 3
- ' o
:E 00 - J| l“ — o
1870 1875 1550 1885 1eaD 1965
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%
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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
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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 Py
01:6:|::::|::::i:::i::8::5::|::::|::::i:::i:::Ol:(:):i:::h::::|::::|:::O:lé:i:::i:::h::::ﬂ::‘i0
= . = » . » COSeSun
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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 to.wiew 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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Other solar neutrino experiments

[Homestake]

Exp: ~ 2.6 SNU
BS05: ~ 8.1 SNU

[Gallex, GNO, Sage]

Exp: ~ 70 SNU
BS05: ~ 126 SNU

8B v-flux
[Kamikande, SNOJ /Ve only
Exp: ~ 2.4 SNU

BS05: ~ 5.7 SNU

[PDG 2008]

370157 Ar
(SNU)

71Ga—>71Ge
(SNU)

8B v flux

(10%m—2s71)

Homestake

(CLEVELAND 98)[20] 2.56 +0.16 +0.16
GALLEX

(HAMPEL 99)[21] —
GNO

(ALTMANN 05)[22] —
GNO-+GALLEX

+4.3
77.5+6.2753

629725 +£25

(ALTMANN 05)[22] — 69.3+4.1+3.6 —

SAGE

(ABDURASHLI. . .02)[23] —
Kamiokande

(FUKUDA 96)[24] —
Super-Kamiokande

(HOSAKA 05)[25] —
SNO (pure D20)

(AHMAD 02)[4] —

SNO (NaCl in D20O)
(AHARMIM 05)[11] —

+5.34+3.7
70'8—5.2—3.2

2.80 4 0.19 & 0.33F
2.35 + 0.02 & 0.08T

1767008 +0.09%
2397023 + 0.12f

+0.44+4-0.46 %
5'0970.4370.43

+0.08
1.68 £ 0.06 500t
2.35 4+ 0.22 + 0.15f
+0.38
4.94 +0.21153%

BS05(0OP) SSM [13] 8.1+1.3
Seismic model [18§] 764+1.1

126 + 10
123.4 £ 8.2

5.69(1.00 + 0.16)
5.31+0.6

Marco Delmastro Experimental Particle Physics
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The SNO experiment

Marco Delmastro

Experimental Particle Physics

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
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e .
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>
= 103 = Frejus, Baksan,
. Homestake
2
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I | | |
2000 4000 6000 8000
Depth Underground (ft)
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Kapuskasing

oTlmmms

ault Ste, Marie
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QwWe Souncl<>
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< ,
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e,

Cornwall®
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More than 2 km below ground
Background: < 100 p/day
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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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The SNO experiment
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The SNO experiment

Z 2
2 1-%8:12%
_ons 7
% '///: .
poc = 1.76700° (stat.) "0 0o (syst.) x 10°cm™2s™! “ T
Pes = 2.3970753 (stat.)T 15 (syst.) x 10°ecm™2s~!
dne = 5.09f8:i§ (stat.)f8:i§ (syst.) X 10 cm—2s~!
0.30+0.02
- SNO SNO
SN Occ
C SNO
= All v
. D,0

= 1.761002 (stat.) 70 0g (Syst.)

P(v,r) = 341700 (stat.) 7048 (syst.)

0, (10°cm?s7)

W R, U YN N 0

IIII|IIII|IIII|IIII|,I’
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Helium bags Decay tube Hadron stop

Muon detectors

Target Horn / Reflector \/_//4//1444 /K - decay %

14 |
! ]
v
LEP/LHC B — == : Pion / Kaon
oGansa > Proton ! ! . 7 to
beam || : 2 Gran
| i 2 / Z Sasso
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protons - i
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N s 43.35m:
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PS : Proton Synchrotron ' 1092m  18.2m | 5m 67m | 5m
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TPC as neutrino detectors

Why LAr for neutrino detectors?

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
® Excellent insulator, very weakly
EP Internal Report 77-8 electronegative: free electrons produced
16 May 1977 ] . . . .
by ionization drift long distances
® Produces many electron-ion pairs:
measurement of energy deposited in
THE LIQUID-ARGON TIME PROJECTION CHAMBER: |IqUId;
A NEW CONCEPT FOR NEUTRINO DETECTORS ® Good scintillator: measurement of energy
A of luminous flash produced by event,
event localization
® Available in sufficient quantity
Argon CF;Br
ABSTRACT
It appears possible to realize a Liquid-Argon Time Projection Nuclear collision length 53.2 49.5 cm
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- Absorpt:ion length 80.9 73.5 em
nological problem. Preliminary investigations seem to indicate that
this would be feasible with simple techniques. In this case a multi- dE/dx minimum 2.11 2.3 Mev/cm
hundred-ton neutrino detector with good vertex detection capabilities ’ * *
could be realized. . .
Radiation length 14 11 cm
Density 1.40 | 1.50 g/cm?
http://cds.cern.ch/record/| | 7852/files/ CERN-EP-INT-77-8.pdf
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|CARUS (Imaging Cosmic And Rare Underground Signals)

N, Phase separator
30 m3 LN, Vessels
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48 kW ftotal cryo-power

Two identical modules 4 wire chambers:

3.6 x3.9x19.6 =275 m3each

o _ 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)
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ICARUS
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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

1(p)
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7(p)
8()
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10(p)
11(p)

E
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OPERA (Oscillation Project with Emulsion-tRacking Apparatus)

Marco Delmastro Experimental Particle Physics
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Sk Wiow (Wertical profaction)
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Dark matter astronomical evidence

- » = e
- - - - . » .
- . -
S
e -
. . ’ . .
. . -
. . o - . e . . .
. : . . ~
‘e > ® - . . - ®
s -~ ) . . . < ! - . . .
. ., - e o 3 . . %
L - 4 - s - . -
. o . J . - - : * .
po ) : o J . . - . - ¥ . > %
- - . - - .
- . . . . . ' .o .
I . s . ¥ P - . > . .
. .
L ., - .
® . » - . ® . L)
- » - - .
. . X . L . A . " S . . P
.. - - . . o . g ~ . .
. . » ¢ at® e - . . . . . .~
. - - ¢ ) .-
A : 3'E .-
. S . . " : — . .
. . > .
- 4 . . N
.
. - e g . -
. . . o
. 200- -
.
. = . -
: .
. .
. . e .. .
. = 4 Y .
.
.
-t -
.
.
. < g
. .
- . -
- s ®
“w s -
s % : D
e &0 . . = x 2 P i .
. \ .
: L e 1
. . .
' 20000 i s 100000
- - lv - b Y . -
. L -
- -
> It % : ) .. ‘dlsta“ce "om ce“ler [II hl ars] £y
. < - " Rod 4 b o T ) ‘v ‘. : . s
. L - s R PSR Pgpe & X | ) . - > ~ - LE 3 .
- e e . e .b § Y-
. 1 . ‘" . * X v . . . 3 * s *
- - o . ) ® - M
4 . et . ® » . s ' -
. ™ .. * ’ . .
. . TR o i . : A e
. . ° ~ .S ! = . S -
. - ™ .
. e - » - -
. .
. o .
. » e ® - - -
.
4 ‘ - . =
. » . . ¢ ; -
. * - . . .
5
. ot J
- . .
. .
™ . .
e . oe . ™
P v | .
N . . -

Experimental Particle Physics

Marco Delmastro



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 ...

Marco Delmastro Experimental Particle Physics 56



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

Marco Delmastro Experimental Particle Physics



Dark matter detection overview

Phonons

Al20z: CRESST- ' Absorber
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Dark matter detection

View into I
Exam ple: CDMS CDMS Experiment
[Soudan Underground Lab)] '
5 towers each with 6 Ge/Si detectors
operated at T = 20 mK ...
Double readout:
Temperature change (Phonons)
Charge readout (lonization)
Idea:
1.5
WIMPs (and neutrons) scatter off nuclei g
Most background noise sources (y,e) scatter off electrons é ;
Different response to nuclear recoils than to electron recoils ‘}\é) = 4
15 1.5 g 1 :Lj;t'.ft"f‘:‘i:‘;';':t: R

12 Electron recoils (ER)

M—-,v

0.5

Charge/Phonons

Nuclear recoils (NR)
0% WW - &

0 _ _ ‘ | sosccscomasal 0 ‘ ‘
] n 40 0 80 100 0 20 40 6 80 100 0 20 40 60 80 lm
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Recoil Energy [keV]

Recoil Energy [keV]
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Did anyone observe signs of dark matter?

® Currently (2015) 3 experiments claim evidence for potential DM signals
v" DAMA/LIBRA (Gran Sasso)

* 9.30 for annual modulation of single-hit events

— 2-6 keV energy, (0.0112 == 0.0012) counts/kg/keV/day amplitude; (144 = 7) days phase; (0.998 = 0.002)
years period

v CoGeNT (Soudan Underground Lab)

* ~ 20 DM excess, annual modulation

v CDMS-Il (SNOLAB)

3 unexplained low-energy events in Si-detector sample

v" After detector upgrade, CRESST-II no longer finds previously claimed excess

® All claimed excesses cluster in mass region of tens of GeV with cross
sections between 1042 and 10-3 ¢cm?

® All other direct detection searches have set exclusion limits on the dark
matter-nucleus cross section that contradict the claims listed above

Marco Delmastro Experimental Particle Physics



Did anyone observe signs of dark matter?

loumml
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WIMP—nucleon cross section [cm
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Did anyone observe signs of dark matter?
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WIMP-nucleon cross section [pb]

Coherent Neutrino Scattering on CaWoO,

1 2

3 4 5 6780910
WIMP mass [GeV/c]
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WIMP-nucleon cross section [cm
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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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