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Plan of the course

* The Cherenkov effect, theory and phenomenology
- Timing and counting particles

+ The AUGER WCD as an example

+ Identifying particles

- Threshold Cherenkov counters
. NA9, BELLE

- Ring Imaging Cherenkov detectors (RICH, DIRC)
- DELPHI, LHCb, BaBar

- Measuring charge
© AMS, CREAM

VHE gamma rays
+ HESS, MAGIC, VERITAS..

Neutrino detectors
- SK, Amanda, Antares, Icecube
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PHYSICS

COHERENT VISIBLE RADIATION OF FAST ELECTRONS PASSING
THROUGH MATTER

By I. FRANK and Igs TAMM, Corresponding Member of the Academy

In 1934 P. A. Cerenkov has discovered a peculiar phenomenon, whicd
he has since investigated in detail (}). All liquids and solids if bombard-
ed by fast electrons, such as f-electrons or Compton electrons produced
by y-rays, do emit a peculiar visible radistion, quite different from the
eventual ordinary flourescence. This radiation is partially polarized, the
electric oscillation vector being parallel to the electron beam, and its
intensity can be reduced neither by temperature nor by addition to the
liquid bombarded of quenching substances. The peculiarity of these carac-
teristics was scrutinized by Wawilow (?) who suggested that this radiation
must be connected with the «Bremsung» of fast electrons. Since then a
new and undoubtedly the most peculiar characteristic of the phenomenon
was discovered, namely, its highly pronounced asymmetry, the intensity
of light emitted in the direction of the motion of electrons being many
times larger than in the backward direction. It follows that the substance
bombarded radiates coherently for the space of at least one wave-
length of the visible light.

This peculiar radiation can evidently not be explained by any common
mechanism such as the interaction of the fast electron with individual
atom or as radiative scattering of electrons on atomic nuclei* On the
other hand, the phenomenon can be explained both qualitatively and
quantitatively il one takes in account the fact that an electron
moving in a medium does radiate light even if itis
moving uniformly provided that its velocity is grea-
ter than the velocity of light in the medium.

We shall consider an electron moving with constant velocity ¢ along
the z axis through a medium characterized by its index of refrac-
tion n. The field of the electron may be considered as the result of
superposition of spherigal waves of retarded potential, which are being
continually emitted by the moving electron and are propagated with the

velocity % It is easy to see that all these consecutive waves emitted

—

. * The intensity of visible light emitted by the last named process is about 40t
times smaller than the intensity observed.
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@ The Nobel Prize in Physics 1958
Pavel A. Cherenkov, Il ja M. Frank, Igor ¥. Tamm

The Nobel Prize in
Physics 1958

Igor Yevgenyevich

11" ja Mikhailovich

Pavel Alekseyevich
Cherenkov Frank Tamm

The Nobel Prize in Physics 1958 was awarded jointly to Pavel Alekseyevich
Cherenkov, IlI” ja Mikhailovich Frank and Igor Yevgenyevich Tamm “for the
discovery and the interpretation of the Cherenkov effect”.

Photos: Copyright € The Nobel Foundation
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i, 1. Arrangement of apparatus.

All the results obtained are in good agreement with

I. M. Frank and I. E. Tamm's theory of the coherent
radiation of electrons moving in a medium.® '

P. A. CERENKOV

The Physical Institute of the Academy of Sciences of US.5.R.,
Moscow,
June 15, 1937.

1 Eerenkov. C. R. Ac. 5ci. U.S.5.R. 8, 451 (1934).

£ (;lerenkuv, C. R. Ac. Sci, USSR, 12 (3), 413 (1936).

4 f;".rf:renkov. C. R. Ac. Sci. U.S.8.E. 14, 102 (1937).

f Cerenkov, C. K. Ac. 5ci. TI.5.5.R, 14, 105 (1937).

8 'Wawilow, C. R, Ac. Sei. U.S5.R. 8, 457 (1934).

¢ Frank and Tamm, C. R. Ac. Sci, U.5.5.R. 14, 109 {1937).

7 Bull. Ac. Sci. U.S.5. K. No. 7, 919 (1933).

8 E. Brumberg and 5. Wawilow, C., R, Ac. Sci. TI.5.5.R. 3, 405 (1934}

Fi1i. 2. Photographs showing asymmetry of luminescence. (a) water.
7 =1.337; (b) benzene, # =1.513.

P.A. Cerenkov Letter to the editor Phys.Rev 53 (1937) 378
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Theory of the Cherenkov effect

+ Dielectric medium electrons polarized by a moving
charged particle.

Q\![Oc o e
0,‘\;0 o o

+ De-exitation give rise to a coherent radiation.
+ Same basic process as energy loss (Bethe, Fermi).
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The Cherenkov effect

When a charged particle moves faster than the phase speed of
light in a medium, electrons interacting with the particle can
emit coherent photons while conserving energy and momentum.

This process can be viewed as a decay.

+ It is actually not the particle that emits light, but the bounded

(dielectric) electrons of the immediately surrounding medium.

Emission is coherent because in phase with the particle velocity.

. Pavel A. Cerenkov and Vavilov discovered the radiation in 1934,

Igor Tamm and Ilya Frank explained it in 1937.
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The theory of the Cherenkov effect

Ig. Tamm and Il. Frank

The energy emitted per unit length dx travelled by the particle per unit of
angular frequency dw is:

dE — q—2u(w)w (1 - ﬁ)dmw

A n?

provided that 5 = 2 > ﬁ . Here p(w) and n(w) are the frequency-dependent

permeability and index of refraction of the medium, ¢ is the electric charge of
the particle, v is the speed of the particle, and c is the speed of light in vacuum.

Consequences:
e the yield of photons is flat versus these photons energy (hv).
e the yield of photons is o« A% = prominent at small wavelengths (UV)

e the spectrum is continuous # fluorescence
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The Cherenkov effect

The total amount of energy radiated per unit length is:

62

oot Vs

This integral is done over the frequencies w for which the particle’s speed v
is greater than speed of light of the media —=. The integral is non-divergent

n{w)

because at high frequencies the refractive index becomes less than unity.

dE_q2

dr 41 [~ e

1

dr A7 [~ e
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The Cherenkov effect

» Cerenkov radiation consist of a shock wave
» Similar to Doppler effect or Mach shock waves

10
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The Cherenkov effect

» Cerenkov radiation consist of a shock wave
+ Similar to Doppler effect or Mach shock waves

C

—dt

"

vdt

A\

vdt
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The Cherenkov effect

» Cerenkov radiation consist of a shock wave
+ Similar to Doppler effect or Mach shock waves

Pointing vector

rk
N
A

NC

vdt
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Cherenkov effect

- Relevant formulae:

The emission angle wrt particle direction:

1
O — arccos (ﬁ)

The threshold velocity:

it nBs > 1.

1
Bin = —
T

thus the threshold momentum:;:

Pth — MBthYih —
K n® —1

witho=n—-1<«1

m
V26

13



Cherenkov effect

- Relevant formulae:
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The number of photons produced per unit length and
unit of photon energy by a particle with charge Ze:

d*N aZ> 5
JEdr | he Sl

B aZ? | 1
- he ( @%%E))

— 370Z%sin® OceV tem !

or equivalently:

d*N 2raZ? |,
ndr e smfe

14
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Cherenkov effect

- Dispersive material: e
3 \%f‘
' :
.. 7 A
Important for timing of SN /Y,
~ 6 N Y

neutrino telescopes

Particle velocity v = PBe

In dispersive media (where dn/dw # 0) one has to take into account the fact
that photons propagate with the group velocity. Tamm showed that in that
case O¢c + 1 # 90° with 7 the cone 1/2 opening angle given by:

cotn

d
- (wtan 0¢)

&

d
tan O¢c + S2wn(w) d_n cot ¢
W

Wo
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Radiators

* Adapt refractive index to the momentum range.

Medium n—1 ih Oc Photons/m
He (stp) 3.5-107° 120 0.48° 3
Cs (stp) 4.1-10* 35 1.64° 40
Silica aerogel | 0.025 — 0.075 | 4.6 —2.7 | 12.7—21.5° | 2400 — 6600
Water 0.33 1.52 41.2° 2.1-10%
Glass 0.46 —0.75 | 1.37—1.22 | 46.8 —55.1° | 2.6 —3.3- 10"

Silica aerogel:
S10, "foam" with
nano-size strucure << \

16
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Cherenkov angle vs mass and momentum

B, (mrad)
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Dielectrics

+ Simple model for dielectric materials

18
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Cherenkov not only optical

- Radio-wave Cherenkov emission (also called Askarian effect)
by EM showers in dense dielectric materials
(ice, salt, sand, lunar regolith ...)

» Coherent Cherenkov like emission for A > shower size ~ X,

a

E™ dAN/AE [GeV/cm ™ /sr/s]

07 “B ’""f
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20
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cascades are
deteclable over 1his region



TIMING AND COUNTING:
THE AUGER DETECTOR EXAMPLE
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Counting particles or timing measurements

*+ Example : the Auger Water Cherenkov Tanks
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Thin pancake (few tens ns ) of particles traveling at speed v ~ c.
Spacing is 1.5 km = few 10 ns relative timing to achieve 0.1° angular
resolution for vertical showers. Acheivable with GPS + flash ADCs.

23
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From EAS footprint and LDF
to primary CR energy estimator

LY IDSE:”"':"" e - :
I8 | ] Event # 787469
- O ® © & © | _
_ ' .\_ 38 triggered tanks
_-":2 29 @ . . . O 5(1000) - @ Zenlith.ang!eﬂuﬁﬂ: -
— _102L I Preliminary ene 2r gy |
2 9281 . . . = F estimate ~ 10 eV -
g O @ S F l\‘ =
£ 271 £ G :
:; 206 = {h) . . . :é‘ : \1-‘- I I
s |1 34 tanks = 0 ﬂ“‘ T
i o= .
25 0=060° ‘N N X X X 'f‘-'*i*l. |
ol E=1020%V - T f e . -
“ar @ ® ® o -
| | | 1 | | I 1 o S an liny ] SR
28 30 32 34 36 38 40 42 500 1000 1500 2000 2500 3000 3500 4000

. . core distance (m)
X-Coordinate (km)

Idea from Hillas 1970 (pioneered by Haverah Park and Agasa)

- energy estimator: signal @ fixed (large) core distance S(R)

» small shower-to-shower fluctuations, depends on primary E only
+ Determination of particle density -> LDF -> S(R)

- Largest uncertainty: converting estimator to energy (see later)



Communlcatlon
antenna

Electronics Central DAQ

40 MHz FADC
Local trigger

Trigger Seuil Trigger TOT

Coups d’ADC Coups d’ADC

Light
diffusing

| - Seuil

12 tons of water

Seuil

L H’_l L

=
Self-cal i bration . Temps (25ns/bin) Temps (25ns/bin)
. Coincidence 3 PMT > 1.75 VEM Coincidence 2 _PMT >0.2 VEM sur 13 bins
1 VEM — average Slgnal from sur une periode de 120 bins de 25ns

vertical through going muons.
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Installing the world
k largest particle detector

Installing electrioncs
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Pierre Auger Observatory
surface detectors

27
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From EAS longitudinal profile
to primary CR energy

The Hybrid "image” of the same shower, pioneered by Auger,

increases as well the accuracy of the profile measurement.
fluorescent detectors

surface-detectorg—=—— ___ — 2 ===

—_— e ———

" | Event & 787469 Sz, - g
.._\ 38 triggered tanks ' & 5 =] o
xx_k Zeﬂ!ih.anqle ~ 60 i’ EuE__,
-1‘ ::::'n;i:ivm Jg’e‘:’ g mé_
‘:- | l: el
"1 %= s« Calibration of SD energy .t
506 o0 15003000 3500”3008 3500 4000 estimator through FD o .

core distance (m)
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Improving measurements

Fluorescence vs Hybrid techniques :

Hybrid SD only FD only
Angular 0.2° 1-2° 3-5°
resolution (0.5° stereo)
Aper"rur'e Independent on Independent on  Dependent on

E, mass, E, mass, E, mass,

models. models. models,

spectral shape.

Ener'gy Independent on  Dependent on Independent on

mass, models.

mass, models.

mass, models.

Shower plan

-
Fly eye waith hits
on photomutipliers

@@
/)

Impact paln&.._

Cerankov surface detactors

20
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Width of distribution RMS(X,,

Atmospheric depth [gem™]

From EAS longitudinal profile
to primary CR mass composition
Average depth of shower maximum <X, >

100
== | | Sonas :_IHI
8= Los Momoos 3
318
118
412
500
10
8
1000 .
P,

E

E

oXx < 20g/cm?
&5_\'5 == 15:.."';["“:3

( Eca = [dX 9%

0 10 20 30 40 S50 ®0

dEidX [PeViigem ™1

rTE,."rE ~ 8%
ﬂﬁ}rs = 22 ::ﬂ

)at a certain £

ax

sensitive to primary composition

= T T 71 I

16— —lron
14 — Nitrogen

Energy deposit [PeV/g/cm?]

Depth [g/cm’]

Xomaz ln(Eo)(MC Sim.)
31
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From EAS longitudinal profile

to primary CR mass
U(-\-mr;,r) ~ 20 g/CmE

© [ e data ]
o 250 Fly's Eye E o f  AMS=20:2 Gatat) grom? Sk
= c L IMC € a5l
: o o @ Il AMS = I'D'_".lu‘,rnt.ﬁnl":m* %m_ —
T: 200 + 7“21_ 20 — R
T ¢ * ; = 10F "
J L H [ ] mc+ays.
2 . + s | Auger < s
llln- "|I . i : u,..t.. ..-......-.....-.....;.. P ........um
id | a .J Ky vl I 10 10 1
2 ’ FT_ \ zaife E feV]
E a; i : R—
s A -. -
100 5 |- +
_(ir_ u:ul.u.?—r*-Jul...l...luu.l..I... + |
50 / -80 -60 -40 -20 O 20 40 60 80
F AXmax/\2 [g/cm?]
e —
0 —"IE T EEFEEEE LT R TP |
0 200 400 600 800 1000 120
Atmospheric Depth in g/cm?

PROGRESS:

Fly's Eye showed experimental access to X, ,, through fluorescence

High precision now possible through higher resolution + stereo and hybrid
measurements (around 20-25 g/cm?) NB.: < Xyaz >proton — < Xmaz >iron™ 150 g/cm?
Delicate issues: great care in event selection (possible biases)

Important drawback: strong need for models in the interpretation

32
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Atmospheric depth [gem™]

From EAS longitudinal profile

to primary CR energy

PROGRESS:
Calorimetric measurement of E with :

Oy !mu
=8 Los Leones :;El}

-8~ Los Morados |
118
L 114
L 112

500

110

1000

Height [km]

O X < 20;{;/[?11;2
Asys = 15g/cm*

(Xmax )
g

1500
T2

|.]]IIlll]]l[ll]]llll.]]!ll.l“]

0 10 20 30 40 50 60

dE/dX [PeV/igem™]

( Eew=Jax &

rTE/E ~ 8%
Asys ~ 22 %

Fly's Eye

Fluorescence technique

Validated by Fly's Eye

Largest uncertainty: fluorescence
yield,

Atmosphere, "missing” energy

No hadronic model dependence

300 EeV
E resolution = 25%

250 |

(5]
(=]
Lag *
pr - P
@ - ’ 'Y
200 F 4 4
t 1 F o
" " #
o s il .,
T ¥ x
a 2 L] [
- | o ‘L " =
- 50 [ '+ :
<= L ! | .
E . i
3 A
< 100} G

. -

so | 50 Joule !
_ .

0 AT T MPULPITIR BRI SRR 1
0 200 400 &00 BOC 1000 120 33
Atmospheric Depth in g/cm?




—

w
o
2
T
w
o
<

..--"'"'_Fr’

h

view eac

-
.\\\..& L

L B ., N
..‘.. ﬁ.'ﬁun __f_.,.& .Y.. <
.,.. : _.- - | F

AL.._.. M‘,_....._.._.tﬂ._ .._u..ﬂf._..fq, Y
.q.._n ...., ,.F__.. v r?__

w ....-.._... ...{...:L.#._‘

W .‘.ﬁ_-
.I._._

FD at 4 sites
16 telescopes 30°x30° fi_eld-fof

i

&8 /////]]IL

each:

pe 1.4°x1.4° p

w 440 PMTs / 'Elteleséc')

(Photonis XP 3062)

[



Pierre Auger Observatory
fluorescence detectors




Pierre Auger Observatory
fluorescence detectors




IDENTIFYING PARTICLES
MEASURING PARTICLE VELOCITY
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Threshold Cherenkov counters

Hundredth of examples on fix target experiments,
where different threshold cherenkov can be used to
separate particle masses over a large range of
momentum and over large solid angles.

+ for example NA9:

38
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Thr'eshkold Cherenkov

hamb o w2
§hamore ysm  F4 co L MEE

cible & dards

NAO9:

‘saleve’ i

Couverture Zone Taille Radiateur Valfaurs des
RS angulaire sensible des n—1= seuils w/K/p
horizontale (cm?) cellules (f}ev,’c)
(valeurs approximatives)
K<1,5
F1,E2 + (10— 34)° 160% 106 160x 10 NE 110 ] ,
F3,F4 ' 1232— 60)° 160 252 160x 15 NE 110 K/P<2)5
CA +(10—32)° 2% 150x 130 65x% 30 aérogel 0,6/2/3,8
B 0,030
C0 +320 2% 300 100 12x 14 néopentane 2,6/9,1/17
B 25% 28 0,0015
Cl +9° 109x 143 14% 18 azote 5,6/20/38
h . 3x107%
C2 +17° 150 300 23%x 25 néon 12/42/79

i 6x10-3
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pva |l
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Threshold Cherenkov
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- NA9:

Threshold Cherenkov
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- NA9:

Threshold Cherenkov

Region 4

Région 3

Région 2

Région 1
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Threshold detectors

* A more recent example BELLE at KEKB
» CP violation in B mesons at e+e- collider.
» Current design: threshold aerogel Cherenkov counters

to help discriminate = from K

. NI ”|
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H\-‘- ||“
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H“" = 1 7 !
‘ % Ll s =itl |
e e
i : X
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Threshold detectors

* A more recent example BELLE at KEKB

5 aerogel tiles

n=1.028 Barrel ACC n=1.013 TOFTSC inside a boxed
60mod i - -
- n=1.020 n=1.015 n=1.010 lined with
- 240mod. 240mod. 360mod. white reflector
o ) Sws ,wmmmmrm;mmﬁwﬂ;mw_ S . 5 Endcap ACC
_ ""' A9 iu[...]. #_t_%‘?_%i@_@é’«& Wl
WAL TN &4 CC@eee |, 1030
3" FM-PMT 5 228mod.
2 5" FM-PMT o
2" FM-PMT -
i %,
N
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Threshold detectors

+ A more recent example BELLE at KEKB

Finemesh PMT

120 mm

i

Aluminum container

g’// Goretex

& | Finemesh PMT

(0.2mm thick)

Aerogel

b) B=1.5 Tesla

3000
= Approx . 200 3 5 GeVlc p
20 photoelectrons
, 2000
per Pion detected ] 3.5GeVie Tt
at 3.5 GeV/c 1500¢

* More than 3c 1000}
separation

500

0

0 200 400 600 800 1000
D ch
p below and n above Threshold
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IDENTIFYING PARTICLES

MEASURING THE CHERENKOV ANGLE:
DIFFERENTIAL, RICH, DIRC,

46
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Differential Cherenkov Counters

» Used along beam lines to discriminate masses.
* Mesons beams (7*, K*), hyperon beams eftc...

+ Example: CEDAR at CERN

ental Astroparticle Physics ESIPAP

F.Montanet Experim

DFFESENTIAL :

With a Gas radiator

| CEDAR - W CEDAR - N
Velocity resolution AR 5 ¢ ll'J_'FI 10 °
Radiator gas Nz He
length L 5.8 m 5.8 m
pressure P 1.6 = 8 bar 10 - 14 bar
C angle 8 30.8 mrad 25,8 mrad
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RICH detectors

Ring Imaging Cherenkov detectors

First used on a fix target experiment, the OMEGA spectrometer at CERN (J.
Séguinot & T. Ypsilantis)

Major breakthrough with the DELPHI RICH
Liquid and gas fluorocarbon radiators (2 detectors in //)
Optimized fir 7 / K/ p separation up to 30 GeV/c

F.Montanet Experimental Astroparticle Physics ESIPAP

evants

—0.4

- ST R KR
-0a

3 physics Liguid—gas RICH physics
oo 40
2
(=
v
ERICH DATAMEC 1z ERICH DATA/ME
msenentd 10— 13 Gav /o raerta 3.5—6.0 Ga, s
AL

150 |

10 |

o oy
ok
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RICH detectors

* Ring Imaging Cherenkov detectors: measure both 0. and N,

particla
detector surface sphetical e
Charankov
gt \ I
ol
. C, E, gas radtisior
UY phoion deiacior
radiating medinm \ //
particle Hyit / / C.E radistor

%ﬁ = tan(0) Al /

where Abc = (A0¢c)//Npnh +C

For 1.4m long CF4 gas radiator at
stp and Np = 75cm™1,

”—\—f —1.6-10-°
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RICH also for astropaticles

Ealloon Experiment: CAFPRICE Experiment
RICH detector

YRR

Winzs "l'\_— Ethane pas

+:&l_f

TMAE:
(tetrakis(dimethylamino)
ethylene)

CaF1k-Eigh
purily gas

CLERT

spherical mimor

S0 mm

Casm ray c
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LHCb RICH

LHCb Experiment

I ! y MI b .. I'l.
5m SPDIPS oy

'.a‘.

® & B B B B i@ EEE R BE OB OBOE o B 8 % ®F 8 ® @

—5m —

[0m

» Precision measurement of B-Decays and search for signals beyond standard model.

» Two RICH detectors covering the particle momentum range 1= 100 GeV/c using
aerogel, C4F,; and CF, gas radiators.
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LHCb RICH

LHCb-RICH Design

RICH1: Aerogel L=5cm p:2=210 GeV/c
n=1.03 (nominal at 540 nm)
C4Fip L=85cm p: <70 GeVic
n=1.0014 (nominal at 400 nm)
Upstream of LHCb Magnet
Acceptance: 252250 mrad (vertical)
300 mrad (horizontal)
Gas vessel: 2X3X1 m?

RICH2: CF, L=1% cm p: <100 GeV/e
n =1.0005 (nominal at 400 nm)
Downstream of LHCh Magnet
Acceptance: 152100 mrad (vertical)
120 mrad (herizontal)
Gas vessel : 100 m?

8 [mrad]

400 g

300 s 0o

200)
RICH-2
10 .
[J i i i i '] T i = - _:I.‘-T i i '
0 50 100 150

Momentum [GeV/e]

200
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LHCb RICH

LHCh- RICH1 SCHEMATIC
RICH1 OPTICS

\ Magnetic Shield
\ Gas Enclosure

Beam Pipea

Flat Mirror

Photodetectors _

Readout Electronics
= Spherical Mirror tilted
to keep photodetectors outside acceptance
(tilt=0.3 rad)
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LHCb RICH

RICH1 Photos

RICH1-HPDs

¥10¢

LY I T E

Ny
-
A
-
i
a
-

RICH1 mirrors

dVdISH so1sAyq orontedonsy [eiuowitiodxy JOUBIUOIA ]
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LHCb RICH

YVacuum Based Photodetectors

Hﬂwalh:de Anoda

1.L Electrical

Hﬂ%wﬁ\wm
NN o N\

mpmdr

Photomuiipliar tube (PMT)

Schematic of a photomultiplier tube coupled to a scintillator, 1 |

=,
.‘ \ R‘.-".-
=
Loy ™ Phehacathade
'I}II [=20k¥)

WACLILUM

‘= 72 mm

.
0
[
%

S20 photocathode
- 20 kV

N

Silicon detector of HPD

electrodes

T

PMTs

MAPMT

» PMTs Commercially produced: more info in
www.sales.hamamatsu.com

HPD
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g

Counts

Fod

E0Q

100

i

LHCb RICH

Features of HPD

| p.e. peok
i

;
k

Pedastal

& Eyperimental dala
— Fitting curve

.
7
<

1
200 oo

ADC channel number

Signal pulse height spectrum of a 61-pixel HPD
llluminated with Cherenkov photons

» Band gap in Silicon = 3.16eV,;

SINGLE—PE PEAK POSMON (a—)

8000

HPD-GAIN ve HIGH-VOLTAGE

ool -

ool

L]

T
s

12 14 18 18
LK (KV)

20

el

Typical Max Gain = 20 keV / 3.16 eV = 5000 (approx)
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LHCb RICH

LHCb-RICH2 SCHEMATIC irror Support Panel

RICH2 Optics Top View pherical Mirror

#,.--'f-_ 1’:!-
Perects L e Support Structure
Nﬁul eciar h-
*lane | 1
L% L
i
MiFeon
1 I i | l
CF4 gas .. H-:‘_"” J
Spherizal_ | "'li}hu&
sirror > il : ~
X ‘ o e X zh‘..“h\h
Beam Axis-—>

Flat Mirr:ilur

‘H"h.

* Plane Mirrors to reduce the length of RICH2 \ =
* Spherical mirror tilted to keep photodetectors Central Tube ' |
outside acceptance.(tilt=0.39 rad) Photon funnel+Shielding
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LHCb RICH

LHCb- RICH2 STRUCTURE

1 ntrance Window

N A AR ¥ (PMI foam between two
: | ' carbon fibre epoxy Skins)

RICH2
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LHCb RICH

LHCb: Hits on the RICH from Simulation

6l -

10

v (cm)
L=

=20 -

-40 |-

=G0
[ T T N TN TN N T T N TN S N T S SO N B |
=G0 =40 =20 0 20 40 a0

¥ (cm)
Red: From particles from Primary and Secondary Vertex

Blue: From secondaries and background processes (sometimes with
no reconstructed track)
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Effici uncyﬂ-‘ %

LHCb RICH

LHCB-RICH pattern recognition

Efficiency for identification
and probability for misidentification
vs Particle momentum

0o eyttt et st ra sy tyaty L.,
- - +* d-""+‘+.1 i'
- "l “r ]
BO™ JE g o
60— . |
L K— K Pr:96.96L 0.06 % J
F m= K, Pr: 471 0,02 % .
40— —
L 4
L ++++ il
2“ ‘++_ "
r o bt T
L R A i
’ﬂ"-p.,:'-l-;,..,,“-h""“" aty* e
u+l L I 1 I I
20 40 B0 &0 100
Momantum [ GeVie

Particle Momentum |Gev/c)—=

From simulations

. mp = 537 GeV. e
20000 o, = 13.8MeV/ie
C -
1500
1000+ N
mg= 342 GeV/e”
i c:[EL_'= 24.0 MeVie
500+ t
i

53 535 54 545 55
B, mass [GeVie]

i |

BO.D.K* B%.=>D. 1)
(signal) (background

After using RICH, background at 10%
level from 10 times level
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A strange idea: the DIRC

+ Detector of Internally Reflected Cherenkov light
»+ DIRC used at BaBar
» Turned out to be successful and robust for = - K separation.

= B g, ﬁ,—F'I‘-.-'IT + Base
e ---H,_H ~11,000
SR, PMT's

Furified \Water : s H‘x\
i "
. 7 ; Fe S
17.25 mm Thickness Light  ~ &,
.~ (35.00 mm Width) Zah Caicher W
Bar Box d vy
Track i o LA
Trajectory — A L %
Wedge - s A
}p# L -~ \
- |- PMT Surface— I
Mirror s o - ||

yTs | / . ey
X = 7 - ; _\r“- Window

rm mm— =10mm

f Standoff Box —//

1.1/ m

4.80m —|

4 x1.225 m
Synthetic Fused Silica
Bars glued end-to-end
I Adam er al. ¢ Nuclear Instruments and Methods in Physics Research A 5338 (2005 ) 281-357
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A strange idea: the DIRC

+ Detector of Internally Reflected Cherenkov light
 DIRC used at BaBar

* Turned out to be successful and robust for = - K separation.

Material 1s actually synthetic fused silica (Spectrosil)

Cross section 17.25 mm x 35.0 mm.

Four 1.225 m long bars glued together with Epotek 301-2
optical epoxy to make one 4.9 m long DIRC bar.

99.9%.0.1%

98.9%.0.2%

transmission per meter at 442 nm

transmission per meter at 325 nm
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cs ESIPAP

ental Astroparticle Physi
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A strange idea: the DIRC

Detector of Internally Reflected Cherenkov light
Reconstruction

* Arrival time 1s used to reduce background

* Eliminating the photons outside of a £300 ns window
around the trigger time yields a very clean signal
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A strange idea: the DIRC

+ Improving the DIRC concept: super-BELLE ?

Focal plane

fuc &
Detector y —

Calibration Fiber

i -|. o 1 of - :
:: : . y
Fused Silica bar #:‘"__ .
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IDENTIFYING PARTICLES
CHARGE MEASUREMENT
OF PRIMARY CR
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How to characterize the primary particle?

e Mass

e Electric charge
e \Velocity

e Lorentz Facteur
e Momentum

e Kinetic energy

m

Ze

v = Bc

v = E/mc?
p = mcpy

T = mc2(y —1)
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How to characterize the primary particle?

Detector

Observable

Link with the particule

Magnetic spectrometer Rigidity & Sign of Z pc/Ze

Time of flight Velocity/c I5;

Proportionnal counters

Scintillators Ionisation dE/dx = Z2f(B)

Ionisation chamber

Cerenkov effect

C photons density

dN/dx = Z?g(3)

Transition radiation

Nomber of photons X

N = Z?h()

Calorimeter

Deposited energie

me?(y — 1)
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Two important radiations
for particle identification

Two effects of the polarization induced by charged par-
ticles in dielectric medium

Proportionnal to Z2

o Cerenkov radiation : si v > ¢/n
Sensitive to g =v/c

e Transition radiation : at the interface of #* dielectric
media
Sensitive to v = E/(mc?)
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Cherenkov imaging (RICH) and charge measurement

" Incident
N, ~ sin°0_.Z? rticl
ph ¢ particie : A
/ 1:;:?2: F.Esnrp*lnn Absorbed

Honeycomb support plate photons

Silica Aerogel radiater 4 A ~1.08

Y

RICH Chr:m:nle;ﬂ-.-r. I E.'u"nnlr'n.c.l

phn‘h:-ni. gap ~10em

principle — o L

PMT array

Backsplashed

particle
AMS 2 " | B Ol{ZIr=3 up 1‘:'.: Zl=l!6 || :
Prototype AR et L}
— He 7] CG'F?j___Lg '* H-
i35EEE, 2

2s] 5(Z)=0.3 up to Z=26 | |
Sl
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~1.3m

E+

p (He,...)

~470 Kg [ ~360 W

Trigger, ToF, dE/dx

MELITTEOM
DETECTON

PAMELA

* 51, 52, §3; double layers, x-y

* plastic scintillator (Bmm)

* ToF resolution ~300 ps ($1-3 ToF >3 ns)
* lepton-hadron separation <1 GeV/c

« 51.52.53 (low rate) [ $2.53 (high rate)

Sign of charge,
rigidity, dE/dx

Electron energy, |*16.3X0/0.6L
dE/dx, lepton-

hadron separation |, Self trigger > 300 GeV / 600 cm? sr

* Permanent magnet, 0.43 T

*«21.5cm?sr

* 6 planes double-sided silicon strip
detectors (300 pm)

* 3 pm resolution in bending view » MDR
~800 GV (6 plane) ~500 GV (5 plane)

» 44 Si-x / W/ Si-y planes (380)

« dEJE ~5.5 % (10 - 300 GeV)

- 36 *He counters

- *He(n,p)T; E, = 780 keV
-1 cm thick poly + Cd moderator
- 200 ps collection
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AMS-2 On Board ISS

Mission Number: STS-134
Launch: May 19, 2011
Orbiter: Endeavour
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Space spectrometers

AMS-1 PAMELA AMS-2
(June 1998) (June 2006 - ...) (May 2011 - )
Spectrometer
heceptance 0.82 m? sr 20.5 cm? sr 0.82 m?sr
Aimant permanent Nd Fe B Aimant permanent Nd Fe B Aimant permanent Nd Fe B
015 T 048 T 015 T
Spectrometer BL2=0,15 T m? BLZ2=0,10 Tm? BL2=0,15 T m?
6 plans (Si) 6 plans (Si) 6 plans (Si)
Time of Flight yes yes yes
Cherenkov Aerogel - Ring Imaging Ch.
(threshold)
Transition rad - yes yes
Neutrons det. - 3He -
Anticoincidence - yes yes
- 16,3 X, 16 X,

Calorimeter

W+22 plans (Si)

Pb+fibers sc.
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A precision, multipurpose spectrometer up to TeV

TRD
Identify e*, e- EOE

2014

ger
“ \ =i
- » - e & B
EERNETE ¢ 0y 07 s o0 LS

Magnet
+Z

. Montanet Experimental Astroparticle Physics ESIPAP

| Z, P are measured independently by the &
Tracker, RICH, TOF and ECAL
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AMS charge identification

AMS: Multiple Independent Measurements

of the Charge (|Z|)

——-—--F-———-'-'-'_-

i
__._--
— -

_— e
—_
-

_ e

AZ (cu)
0.30

0.33

0.16

0.12

0.16
0.32
0.30

Carbon (Z=6)
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Full coverage of anti-matter & CR physics

2014

_ . S =
e~ | P | He,liBe,.Fe € | PD| HeC
| |
TRD .2 2's v v v v
v v
v v
E 4 w, v v
ﬁ TOF v ’ & v v ! L2
%’{I‘racker

nta] Astr

Q
=]
: RICH
o
>
1)
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Q

" ECAL

ol =

f

o

Physics
example

Cosmic Ray Physics

Dark matter

Antimatter’




AMS Nuclel Measurement on ISS

Entries
= _H
108 He
w1l |
6 : C
::gs ; Be 5 N O
104
103

102 Cl Ar :
e

Q

F.Montanet Experimental Astropartic_l{ P@
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CREAM

Ultra Long Duration Balloon

ULDB Proj., Adv.Sp.Res33,1633(2004) :
NASA project to develop
- Flight of < 100 days
v -f? - Payload < 2 tons
| f'j_ B | - Alt 33000 meter
R - CREAM n° 1: 2006 (2005/LDB)

FFFFFF

Experimental Astroparticle Physics ESIF AP

McMurdo
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CREAM

Cosmic Ray Energetics and Mass

Objectives :
CR composition and spectrum of the

different elements
(from TeV to ~500 TeV)

Acceptance : 2,2 m? sr

Energy measurement:

- Calorimeter 20 X, (W + scint. fibres)
- Transition Radiation Detector
Identification :

- TRD

- Cherenkov detector "CHERCAM"
similar to AMS-2

TROA

Cherenkoy

TH D2
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CREAM experiment

Plastic Scimilla_tor

Adiabatic ' N e
lightguide
4 ——— L Vo |
PMT e e s | iy
2
S0/51

Carbon Target

Calorimeter

At TeV energies, the interaction of CR in the calorimeter induces many
backscattered secondary particles that one have to veto.

The "CHERCAM" cherenkov solves this problem by measuring accurately the
time of any through going particle as well as achieving a precise charge
measurement (£ 0,3 e)
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Counts
sqrt(Scintillator Signal)
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CREAM experiment

12¢ 12
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ATMOSPHERIC GAMMA-RAY
SHOWERS BY CHERENKOV
TELESCOPES
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Simulations de
M. de Naurois

10y
300 GeV

¥10¢

10 protons
300 GeV
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Electromagnetic showers
(e* or y primary)

Dominating phenomena

™

* Radiation processes:
- Bremsstrahlung of e*

- Pair production (>MeV) pairs e*e- __ In the coulombian

field of nuclei

. Mul’rilsle sca’r’rerinlg
(small angular deflexions) of e*

* Energy losses by e*
- par ionisation
- excitation des atomes
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Optical photon emission by showers

Showers charged particles emit light:

- Cherenkov light : very collimated along the shower axis (Cherenkov

angle at 1 Atm. # 1°) threshold depending on the altitude : at ground
22 MeV for et et 4.5 GeV for p*

(20 photons per m per p=1 charged particle at 1 atm)
Essentially used for gamma-ray astronomy

- Nitrogen fluorescence: isotropic emission
(= 4 photons per electron per m)

Essentially used at UHE > 10%8eV.

This light detected by ground telescopes gives us very rich
information on the 3D development of the showers. It givea
quasi calorimetric reliable measurement of the energy.

.. but optical detectors can only work during moonless clear sky
nights (# 10% duty cycle).
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Cherenkov light from VHE gamma rays showers

Shower front ~ conical at energies >
TeV, very well defined in time (few
hanoseconds) ... Particle

.. ground enlightened area of

150 m radius at 1800m asl for TeV
showers.

Any large acceptance telescope in this
area receive enough photons
— effective detection area ~ 105 m?

With an array of such telescopes, 3D
reconstruction of showers
(stereoscopy) — total number of
Cherenkov photons as an energy
estimator).

Detection of
high-energy
gamma rays

using Cherenkov
telescopes
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Showers Cherenkov light

Longitudinal profile: similar fo the particle density profile with a slight
shift towards ground of 0.3 X, due to the variation of the Cherenkov
threshold with altitude.

Transverse profile: much narrower than that of charged particles
(or # 10 to 15 m at 10 km altitude), threshold effect + energy of
particles decreasing further away from axis.

The Cherenkov « photosphere »

(origin of photons distribution of EM showers)
can be approximated

by a 3D gaussian distribution,

with axial symmetry for EM showers.

The measurement of the
transverse standard deviation o+

allows distinguishing narrow EM showers /
from much wider hadronic showers, |
(transverse momentum of nuclear interactions > QED radiative
processes).

' Shower
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Cherenkov transverse profiles:
EM versus hadronic showers

« OFF » data: showers detected
by 3 or 4 telescopes in a zone
without ~ sources

— o distribution for hadronic
showers

« ON » data : showers detected
by 3 or 4 telescopes in the
direction of the ~ source

PKS2155-304 (a blazar).

« ON-OFF » distribution :
— o distribution for v showers
as seen by 3 or 4 telescopes.

Nb events
=

g

.::

JRE '|""|""|""|""|"-II“|-|||
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VHE gamma-ray observation

+ ACT, detection principle:

- Imagers : WHIPPLE, CANGARQOO, HEGRA,CAT
Hess, Magic, Veritas

- Samplers :ASGAT, THEMISTOCLE,
HEGRA-AIROBICC, CELESTE, SOLAR2"

-

(0

Source

Y T
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Gamma-ray astronomy above 100 GeV

Atmospheric Cerenkov Detectors (ACTs)

- Limited field of view instruments (5° de diameétre pour H.E.S.S.),
= must follow the source apparent displacement on the sky.

- Can follow only one source at the time.
- Only work at clear sky moonless nights.

- Great y-hadron discriminating power — most of the TeV sources
discoveries.

Surface detectors (charged particles and v secondaries at ground level)
- Large field of view (~ steradian) instrument

- High duty cycle

- Low 7 - hadron discrimination power — limited sensitivity.
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Imagers

Form the shower image 1n the
focal plane

ACT

Samplers

Arrival time + amplitudes on a
large number of stations

Wy



ACTs in tereoscopic mode
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Former ACT
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ACTs:
Lowering the energy threshold
Sky background ~ 102 photons m=2 sr-1 s-1

Signal Acol T 24 epsilon Acol €
X —— X
VSKy bg  Aco At AQ ¢ At A

Increase the photons collection area # reflector area A

Increase the photon detection efficiency e (mirror reflectivity, light
funnels, PMTs quantum efficiency)

The coincidence time gate At should not exceed by much the Cherenkov
characteristic time (\tau \approx 3 ns) — isochrones mirror, fast triggering

The solid angle AS) within which the photon signal is integrated should not
exceed much the angular size of the shower (),

— small pixels, triggering by fraction of the field of view or using nearby
pixel patterns.

94



2014

cs ESIPAP

ticle Physi

opar

ental Astr

et Experim

F.Montan

Current ACTs

Reflector

Observatory # of telescopes T Site
CANGAROO III 4 10 Australia
HESSI 4 — 4+1 12 (28) Namibia
MAGIC 1-2 17 Canaries
VERITAS 2— 4 12 Arizona
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Imaging telescopes: the cameras

Experiment # pixels Pixels size Field of view
CANGAROO III 552 0.115° 3°
HESSI 960 0.16° 5°
MAGIC 396+180 0.08°-0.12° 4°
VERITAS 499 0.15° 3.5°
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v R
b W,
<R

"—""-".-'-... n
.
=

Imaging telescopes: high resolution cameras

First VERITAS Camera

-....L_‘

499 plxels 0. 1 5 degree dlameter 7
3.5 degree FoV

VERITAS MAGIC
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Imaging telescopes: high resolution cameras
(H.E.S.S.)

960 phototubes equipped
with light funnels
(Winston cones).

On board trigger electronics
(partially overlapping sectors)

On board continuous analog
memory and fast (Ghz)
sampling

(Analog Ring Sampler) +
integrated signal 12 ns — ADC
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An effective detector monitoring:

muon rings

Muons through the mirror produce a
perfect ring image whose light content is
completely computable.

Comparing measured signals with
estimations \Rightarrow global efficiency
incluing effects such as::

- near atmosphere absorption;
- mirror reflectivity;

- light collection;

- PMTs quantum efficiency .

The detector monitoring is then
automatically taken into account in the data
analysis.

XS S5 52558

Lovv s lyvas bl alorsalss
Sk SNSE 51Nk 51TSR Shiskl SR
Il WY
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Stereoscopic ACTs

Each showers is seen by many telescopes

Very high hadron shower rejection
factor

(> 1000)

axial symmetry + narrow 3D width
+ punctual source pointing

Much improved angular resolution
wrt 1 telescope

(# 4" avec 4 télescopes)

Better energy resolution
(#15%)
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Stereoscopic ACTs

Direct measurement of the origine of the gamma-ray in the field of view
(important for extended sources)

Direct measurement of the ground impact point (important for the
determination of the energy)
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Obs. Time (Hours)

Sensitivity to gamma-ray sources: H.E.S.S.

506 & at least 10 events

4]

—
o

1 20° zenith angle,

b I-I-I-I-I1 -

P

d
Lo
T TT I-I|T||

............................................................................................................

—
-
T II-HII1-

d
TR 1T

1 Crab in ~30 s
0.1 Crab in ~20 m
0.01 Crab in ~25 h

Ll Lol Ll 1l
10°  10° 10 1 10
Flux (Crab Units)

More than hundred TeV-sources

0.5° offset from camera center;
| assuming Crab-like spectrum,
based on measured background levels

Extended sources capability e.g.

Vela Junior (2° in diameter)

5 —— . 121

101

-47

-47.5

[ (R —-Il '_.|
-134.5 -134 -133.5 -133 -132.5 -132 -131.5
RA (hours)

M. Lemoine-Goumard 2006
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Galactic Plane Survey with H.E.S.S.

« =~2800 hr of observations of the inner Galaxy (2004-2012)

- ~100 sources above the H.E.S.5.-| sensitivity ~1% of Crab

- Large variety of source types & ~1/3 of unidentified sources

- b5resolved shell-type SNRs

RX J1713 Vela Junior RCW 86 SN 1006
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Energy threshold

The threshold depends on the zenith angle

_.| @ No Cuts H.E.S.S. ;

mAlCuls| =S

Typicaly 120 GeV
at the zenith for H.E.S.S.

and comparable stereoscopic systems.

MAGIC IT (2 identical large telescopes)

down to 50 GeV.

Starting now: H.E.S.S. IT

- 50 GeV with a very large telescope T e T

- 20 GeV expected in « mono » T B TP
with HESS T large telescope & R Al g

and a second level trigger.

Energy Threshold ( TeV)
I

=

c‘

T
e

=
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Sensibilités des télescopes d'imagerie actuels

-
Bl

-
DI
| IIIIIIII| IIIIIIII| IIIIIIII|

-
L

Minimum integral flux, ©,_ I_’n::rrFE s')
— —
=) =)

14

10

Integral flux sensitivity for dN/dE > E** point-like source, © = 0 to 30°

.................................................................................................................

= |, =

10 10° 10 10

Sensitivity, achieved so far, with standard analisys Energy (GeV)
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Down to 20 et 50 GeV with H.E.S.5. IT

HESS Phase N : addibonal wary large cengal bala 500pe

Ewvent Classes :

1. EaneD :
VLCT

2. 580 :
VLET+ LCT
ar LCT+ LCT

Very Large Chemnikow Telesoope

MAMN Deasign: conventional alt-az mount

Very Large Cherenkov Telescope:

Reflector : 28 m @ (=~ 600 m?)

Focal distance = 35 m
Camera: 2.5m @ (= 3t)
2048 PMTs (0.07° /pixel)
FoV :3° @

Trigger rate 2-20 kHz
Faster analogue memories needed

Optimize data flow: 2"9 level trigger
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The FERMI, MAGIC ,H.E.S.S.IT and CTA era

-
-
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-
=y
-
iy
L]

10-11_ Fermi e

= 1072

[ ]

=

=

&

A

b 107183 -

CTA 1% Crab
10_1‘1 | ilIIIIIIl ] IllIIIII ] IIlilll; | I 0 ¥ hmn
10 100 1000 104 105

E (GeV)
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Toward a large array of ATCs : CTA

Goal : a milli-Crabe sensitivity at the TeV
This could be achieved with 20 to 30 imaging telescopes (HESS-I type)

The sensitivity is not only increased because of the covered area, but also
due to improved stereoscopic quality (improved hadron rejection factors
and angular résolution) : 56% of the showers seen by at least 4 tel with 16
in total, up to 2/3 with 36 tel.

Internationnal consortium HESS-MAGIC-VERITAS, 2 sites one north one
south: CTA = Cherenkov Telescope Array.
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A (once favoured) alternative solution:
sampling arrays

To lower threshold, benefit of the very large
mirror area from solar power plants
~ 2000 - 6000 m?

Need to split the beam from the
different heliostats

— Secondary optics

One PMT per heliostat.
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CELESTE (France)

53 x54 m?

STACEE (USA)
64 x 40 m2

CACTUS (Barstow, California)

“Hybrid” secondary -- heliostats share PMTs.

«——— CACTUS (USA)
160 x 40 m2
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Large field of view gamma-ray detectors

+ Detect the shower particle reaching ground (at high

altitude) (scintillateurs, RPCs or water Cherenkov

detectors)

* Large duty cyc
» Large solid ang
+ Well suited to

e~ 900/0
e ~ steradian
ook for unpredictable transient

phenomena (ex: gamma-ray burst)

* ... BUT small sensitivity (~0.5 Crabe) because of rather

poor hadron shower rejection factor and limited

angular resolution (0.5° to 1°) ; (measured from timing in
different detectors).

+ ... as well as rather high threshold (~ 1 TeV)
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Large field of view gamma-ray shower detectors

4300m asl Tibet i ol

Scintillator array

497 detectors
— 0.5m2 each
— 5mm lead on each

5.3x10* m? (phys. area)
680 Hz trigger rate
0.9° resolution

Scintillators

Tibet Il

o e

Milagro

+ 2600m asl e

+ Water Cherenkov Detector '2'_" i

+ 898 detectors .
— 450(t)/273(b) in pond
— 175 water tanks

« 3.4x10* m? (phys. area)

- 1700 Hz trigger rate B A I T

. 0.5° resolution « water pool »

*+ 90% proton rejection

Milagro

K =) ] - T P (e Dz

Fa'

I North

s (water cherenkov detectors)

Jj
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99 m

Detector layout

— b E E N

- O
] O
£ O
~ O
] O
O] O
N N i N .
— T8 m
111 m

Laver (~92% active surface) of
Resistive Plate Chambers (RPC),

sensitivity (< 3)

ARGO-Yang Ba Jing (2006)

time resolution ~1 ns
space resolution = strip

RPC
—= ELEGTRONI
12| e
CLUSTER |:| o |:| /
b PAD
[ae — =}
T : - = Lk
= [ SN\ 2]
10 Pads ® St“pg £ ‘
1CLUSTER=12RPC (56 62 cm?) (6.7 x 62 cm?) | ¥
(~43 m?) for each RPC  for each Pad b

4300 m asl — high altitude

5800 m? fully instrumented area
10,000 m? total area

dense sampling of shower
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Hadronic background rejection by MILAGRO

Cherenkov light in the deeper PMTs — hadrons
(cf. muons that traverses completely the pool).
Hadronic showers: irregular light distribution — less PMTs hit but larger

signal each

EM showers: more reqular light distribution — many more PMTs hit with

small signal each PMT.

Protons
eife: |
R
- 111 I—
it

Gammas

Retain 50% y and 9% protons
Not angular resolution — inherent rejection

10 F

L S Sl O FF e Gl Dl o e W0 Pl e

e, Gamma MC

”R\ﬂnl

-1 ] | 2 3 4 5 & T

< il

NBofiowe(>2 Pex)
PE o ( Botiom )

('_

Proton
rejection
factor
~ 10
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Nouvelle et futur génération de détecteurs

F(ESE) (em™ sec”)

| EL)

i

I

11

o

gamma au sol

(a) 50 hours, >10 events
(b) after one year of scan

HESSIVERITAS
CATWHIPPLE

[ 1 HEGRA
CELESTE/STACEE
EE MAGIC
1 GLAST
EE EGRET )
MILAGRO 18]
o i 10 T o e

E. (GeV)
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NEUTRINO TELESCOPES
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The cosmic neutrino spectum,
from MeV to EeV

* MeV-GeV: Solar neutrinos solaires & super Novee,

atmospheric neutrinos: various detectors but mostly a
water cherenkov domain with SuperKamiokande

- GeV-TeV: Cherenkov in natural water or ice, neutrinos

atmospheric neutrinos and beyond.
ICECUBE, ANTARES.

- TeV-PeV: the same but extended to 1 km3 size.

ICECUBE so far the only one.

- EeV: arrays foreseen for UHECR detection proved to be

very efficient for UHEv's. Observe quasi horizontal or
upgoing showers. AUGER.
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Neutrino cross sections

- v-matter cross sections:

Cross section (10'38cm2)

HERA
].OS% T TTTTIIT T TTTITIT T ||||||| T ||||||| T TITTTT T TTTITIT T |||-/|| T ||||||| T ||||||| T ||||||| T ||||||| T IIIItEt EXtrapolatiOn
F : IA uncertainty at UHE
107 .
: VN CC f"’I x 2.4
10 - — ¥NCC T =
1055 -~ VYNCN ]
—— YNCN
1042_ / e
103L o _
z o Ve oW 5
102 -
10 ;— _;
g s VN CC (QE+Res) -
1 g - YN CC (QE+Res) =
e 3
7’_/' _ 7
10 _1_ | |||||||| |-".|.-||||||| [ 1 ||||||| | ||||||| [ 1 ||||||| [ 1 ||||||| 11 ||||||| [ 1 ||||||| [ 1 ||||||| [ 1 ||||||| | ||||||| | AN
1 10 10° 10° 10" 10° 10° 10’ 10° 100 10° 1w 10"
E (GeV)
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Neutrino detectors

. super heavy weight category !

ex. the WBB of CERN :

avee .

1013 400 GeV protons per extraction
= ¢,~ 10°vcem? <E >=20 GeV

G, = 0.6x1038 (B/GeV) em? Ge V-
N,=6.02 x 1023 mol-!

With a 100 tons detector, one gets:

Nevt - Nnucl X (I)v X GV,N

o(VN) ~0.6x107%" x & | em
1 GeV

= 6.02 x1023 x108 x10° x 0.6x10-38 x20

= 7,2 events / extraction
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GeV detection with SuperKamiokande

Atmospheric neutrino flux:

¢~2cm7sisr "
N = ——
— X ocn

Interaction probability: P(X)=1-exp (—j =1—-exp (— n CTX)

A n=p N,
Interaction length A: A~ (6 x10% x107° )_1 ~1.7 10" cm

L 13
thus : P(L)~(—jx6 10
Im

Number of events per day in a detector of volume V=SxL
N=¢ QS P(L)
~(2.10°m2sr s )x (47 5r)x (8.10*5)x 6.10 " xV

~1.2x107" events/day /m" of water
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Super Kamiokande

Super-Kamiokande, détecteur souterrain au Ja«p@ﬁ” E WWWW%
50000 tonnes d'eau, 12000 PM de @ 50cm it SN

FFI'F

j

-Lr

o 2 Ot

ne a9 TE'Q'!G-?J\a'{\t

i

9 % % w09 9

| i i
AR A RS I AR I
¢ 9.0 @ .9 .9 .4

,v @i% i

,j ,;ng,@ en%v ﬁrypeg @@Téﬁcw”?

ﬁ‘@

¥

32 ;22 5%%&1’ Frcf Volu PePer e
jConcenTmc Cylmdr'lcnl Sﬁqpe
jj11146 PMTs for Inner De’rec’ror
‘ ;j1885”’ I?MTS for Ouj'*’er' @efe&tor



I o .ll.-..._...n..l
e Ny - ﬂ.-.
rlar ol gl W v g 4

A g W
H...-. e Ty S ey
At = Ty
= n__.._l-_ tl.

2006

IN

The |

B -..._.l.-l....._

o g 0 e - BT
; e e e e B

g i -
N L -...r._..-..._... i T L e

Iesearch],

ae Ln e LR e .
F r.l.lr..__..l-_ B iy b S
gl Wi

TR 1 B Sl R
.-IJ...I_..lr PR R

T By
e
F

I'.:_3l..-

TR R

..._f-.-._._-.-... _-..._-..-.1 i e e I T

ey ] o By e e
o L |
.m-. rJI”H-.r -_l..-..r i B4 84 g T i i TS K
. e [ B el s e P
o " e P e e u"

i
W e e e N L L
" k|

for Losmi

ol e A e PR e O
e B e
1 el e e i e
B i
s [
11 P
Bl ol O R e e e R m
R T B e B -
i
b=

1
L o ol il i - D
| R T R e e

i ﬁ.“ H._-"-. B B ot e b o o o o i e
{ ._-_ﬂu.._"n..:_. !

ot b

--_J'I
3
L s

- ._..J.T ke L) A I ——
L RS SR

]

el

1
o

Q
)

<

-]

e

ol

C o R
SFE &

-

o

Q.

s |

N

Kamicks Dbserditooy, 10
e

Y

PR L Rk s

s
e

i

TRl

TERLL
wet




2014

F.Montanet Experimental Astroparticle

Physics ESIPAP

o D - L )
. o i - il
= - - PR 5 = e
=¥ -ul--q "l A P !
e =W s o S e S
g R T
PP T o™ T s
ey o - Rl e
PBPhia® 2% xh g e
-] q-p f.'r a4 "~ }
iy W o . RSPl TR :
e T 0" T S AR
IF P T R )
prRY _ 2T B IR
| e R e R G S R
Ir‘l"" — T 'frt‘ -__h’.-.-'-"_' ‘4-".} .
_p-i" ,f?‘_fﬂ"; L T
| [} e X RN 2 Y
s+ ovt _ 9 e I 1o
Ml S A A
 ERERRSTE L RN ST
f==°° s » T L - AN s
: > P PRN s N~
= E XS N 29T P N
- ? - "‘1‘1 - -
L] . »
z »




e e

1 A 5 4 du ] .r... L ﬂ_..f n-_.. _,.n- _,.au. LS _,T. ;'. .t ﬂt..
PR O LR R\ @ B \B AR 10| R

_ SRR R\R O B\ (B 10\ 80 00 (00| e

& AL o A A SN SR ST B AV AT SRU S T

Lee e
Bee e b

L L ST _._:__n.

Super Kamiokande

EEEEEET




M2R PSA -- 2008-2009

Francgois Montanet LPSC/UJF

Event patterns in Super-Kamiokande

Fully Contained (FC) event Partially Contained (PC) event
A . . y .
«.l_ ) = Allvisible particles are . © = At least 1 charged particle
, , contained in the detector al escapes from detector
- both Vis Ve A s = v, CC (97%)
via NC or CC interaction e = 7
. - =, p* = Typically E,=10 GeV
= Typically E, = 1 GeV .

= Particle ID

Upward-going muons (Up-mu)

Thmuwg-ming

= Entering muon from below

= v, CConly

= E,= 10 GeV( stopping ),

. 100 GeV( through-going)

Super-Kamiokande covers E, = 100 MeV ~ over 1 TeV
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Francois Montanet LPSC/UJF

Atmospheric neutrinos

Atmosphere :
. ~1000 g/cm?
+ ~20 km
* 11 nuclear Ay

v dominated by :
Tt = ,u.+ + vy
— et + U, + v
T = W T Yy

— e + Vl” ‘+“ L_;{
Kinematics :

(Ey) = 0.213E,

= <Ey”> : (B <E§“> = 1 i [ |

1 GeV sea level neutrino fux:
& 5% 2cm—2s —*sr—*

> = 2y, for 1ue

130



M2R PSA -- 2008-2009

Francois Montanet LPSC/UJF

cosmic ray
proton
I'II
\

Atmospheric neutrinos

atmosphere

« Flavor ratio

“H _”’ ~ 2 for B, < qq GeV

Ve T~ Ve

> 2 for E, > qq GeV

- top down symmetry
for B, > qq GeV

Distance traveled : L, = 10 to 13000 km

131



M2R PSA -- 2008-2009
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Survival probability

p=1GeV/c , sin?20 =1

_ 12000

Am?2 =3 x 1073 (eV/c?)? i
'E 8000

f 6000

4000

F*auru 2000

-

0oL . ] -
-1 -0.5 0 0.5
cos b
. Psurv
l
0.8 -

1000 2000 iﬂﬂ]ﬂ 4DI}U EDDU 0.6 |
0.4
. 0.2 e
Half of upgoing v, e R
are lost. e
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LPSC/UJF

Half of v, disappeared !

Multi-GeV e-like '

£
¥
3
=200 -
<
o
e,
=
—
=
0

Multi-GeV -like + PC

: +%$¢-
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Matrix of PMTs:
“Optical Modules”

Y
L [

Muon trace:
Direction: from precise timing
<0,-0,>=0.7°/ E%6(TeV)

it

3 i i Fo
k v 4 —8 !
.-_-l—_p_ — B PR & & s 5

1

————
— e —— i —f—

Muon energy: very rough lower limit using EM energy
losses (prair production, small showers etc...) along the
muon track.

Y
-

b = e
o L

Cherenkov
cone

i."_:_,ﬂ.-i.-l.-

1‘

Detector interaction

e

F.Montanet Experimental Astroparticle
Physics ESIPAP




M2R PSA -- 2008-2009

Francois Montanet LPSC/UJF

Neutrino cross sections

- v-matter cross sections:

Cross section (10'38cm2)

108

107

10°

HERA

% T TTTTIIT T TTTITIT T ||||||| T ||||||| T TITTTT T TTTITIT T |||-/|| T ||||||| T ||||||| T ||||||| T ||||||| T IIIItEt EXtrapolatiOn
- A uncertainty at UHE
? VN CC ff]: x 2.4
- — YNCC g N
- -~ VYNCN ]
—— YNCN
7 W
A VN CC (QE+Res) ;
=T - YN CC (QE+Res) -

A —
- | 3

[ 1 ||||||| |-".|.-| |||||| [ 1 ||||||| | ||||||| [ 1 ||||||| [ 1 ||||||| 11 ||||||| [ 1 ||||||| [ 1 ||||||| [ 1 ||||||| | ||||||| | AN
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E (GeV)
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Range (m of water)

M2R PSA -- 2008-2009

Francois Montanet LPSC/UJF

Particle Ranges

10 4 =
10 ()E_
s
10~ E —
|()4=_,
-
10 - E \)& E
“)2 3 L =
z em :
10
Lhad
I 1 lIlIll|j 1 llllllll L 1111 I 1 llllllll 1 ll]llul 1 llllll‘ 1 lllllul 1 llllllll 1 lllllul L 11111
2 3 4 5 6 7 8 9 10 11 12
| 10 10 10 10 10 10 10 10 10 10 10 10
s 7
l"(_u.t.cm.h:ul)((;e\ )
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M2R PSA -- 2008-2009
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10 T reey | :
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E —~ g™ 10°*
E ]
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o1 F o 10
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Earth opacity

I“—I!

10-1®

Francois Montanet LPSC/UJF

v, absorbed via cc, or regenerated via nc

lu--'l.b .lu--l.l. \ -
. 10* 10° 10t 10° 10° 10* 10? 10 10° 10°
v, regenerated via cc because t—v, before E.{CeV)

interacting or significant energy loss.

F1G. 2 Muoen soitrine plus antinesirinoe flux { black line), the offect of its attenoat oo for
@ = (" {rd line) and tau oeutrine plus antinest rino apward lux for the mmeinitial Qux and

| {Blue line) for a) E=Y Mux b £~ flux ] AGNSS and 4] AGN_AMS.

the same nadir angle
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~
il

Effective/\‘('
Surface ‘

Detection principles

The effective target volume is « the muon range

détecteur de u

Effective Volume >> Detection Volume

N
N
RN

Vetr (Eu) = Aeff(Eu) ° Ru (Eu)

R, =2km @1TeV

R, =10km @ 100 TeV

R, =50km @ 1EeV
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PeV v, in TceCube

</

a(l)i(E’Z):_aPIOSS(E Z) E t ZJ J—>1 E' E, Z)(I)-(E',Z)dE'
Min(Rp,hcos0) 0z oz OEOz
0 1
AN, eopev. —2n Sj 0,(E, z(cos 0)) .. (E) Pt \ip (Ru,z(cos 9)) d(cos 0)
S dE ) 0z mp

Target volume accounting for E >1 PeV range and an v initial energy of 1EeV
~ 10" tons of ice.

< 50 km R /

E,>100 GeV effective target
volume for an initial v energy
of 10 TeV

Target volume for upgoing >1EeV v
without attenuation in earth
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Neutrino Telescope Projects

ANTARES La-Seyne-sur-Mer, France BAIKAL: |
NEMO Catania, Italy, KM3NET ? Lake Baikal, Siberia &

M2R PSA -- 2008-20(

DUMAND, Hawaii

NESTOR : Pylos, Greece (cancelled 1995)

Francois Montanet LPSC/UJF

AMANDA, ICECUBE =
South Pole, Antarctica == S .
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Francg

AMANDA

South Pole: glacial ice

1993 First strings AMANDA A
1998 AMANDA B10 ~ 300 Optical Modules

2000 ~ 700 Optical Modules

— ICECUBE 8000 Optical Modules

AMANDA
v > 50GeV

L]
iy (HEEETY A
, —mm HTLIH:' R A\

Depth

— S e
———

AMANDA asof 19938
Eiffd Tower as comp avison
(true scaling)

e iy [ - . e — .

|

zoomed in on
AMANDA-A (rop) room od I on ane
AMANDA-BI0 (bottom ) optica module (OM)
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& lceCube

A&
e K—Bﬂsne e
Arnundsen Scott Y i = Counting House .
South Pole Station AMANDA

(NSF)
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AMANDA: Drill

Holes In 1ice with Hot Water

" 1

U
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Reconstruction d'événement dans Amanda



The lceCube detector

instrumenting | km?> of ice _

Counting House

IcéTop :
Surface air shower array
Frozen tanks - 2DOMs

Inice :
80 strings each with 60 digital

optical modules (DOM) | \

AMANDA

|25m spacing between strings
| /m between DOMs

Detect v of all flavors
E range : 10" to 10%%eV




Future in v telescopes: ANTARES

1996 Started

1996 - 2000 Site exploration and demonstrator line
2001 - 2004 Construction of 10 line detector, area ~0.1km? on Toulon site
future 1 km? in Mediterranean
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ANTARES 0.1km2 Detector

13 strings
12 m between storeys

~60V

Compeass,
tilt meter

2500m

C

Electro-optic
submarine cable

O
O I @
I @ o @I &
300m T T L ¢ 5 g
active - D i @ O D . .
T - & © & P Electronics containers
L Z B T g3 Readout cables
~100m 1 2 L 7 ,/

y -
- _——""" Junction box
anchor— “’
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Mean EW/Ev
ratio versus Ev

Principe de détection

= 0.9

038

0.7

0.6

04

03

0.2

0.1

Production energy of u’s
reaching the detector

Energy of all u’s
as produced

C LI LI [ r 1T rrJrrr1
-
-
-
j— —
-
- -
. -
- -
— _—
- . o i
s - ! .
- t.—ll'; - r +‘
g M 1 il
- 0 1
- .-.";‘—VLIJL ]
™ . ll _d L 4
o " Ve .« - " -]'rjtll;l-; -
' fasg o MWy ==
- i ettt S -
B .
- _—
-
o J
EJMU"JHIH‘W
-
-
- -
- -
— -
- -
- -
b
e y —
-
— -
- -
-
-
- -
:__ .......... =
= 3
> ™
- - -
— —
- -
-
P T T T T T T B | PR S TN TN A N Y N N W1
3 4 5 6 7 8

log,(E (GeV))

Energy of u’s as
they reach the
detector
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Energy measurement

e A

2 2 0 2

ltE{EL'-"tIfEL'-TUt} lcﬂEurﬂll'Eutruc}
: . 15 e T = : 15 e T 3
f ¥ 271100Tev] € F 1Pev:
| b Y= PP I A P
i ng ] “:u.u.-- IR R YT
| | -2 0 2 -2 0 2
'f % ICE{EH"thvUt} ]_[ﬁEurﬂ:ll'Eutru:}
100 GeV p 10 TeV p AE/E = 3 (<10TeV)
(Seuls les photons atteignant un PM sont dessinés) = 2 ( > 10TeV)

I1 est possible de couper sur I'énergie du muon (par ex. a 1 PeV) et ainsi de
rejeter les muons de neutrinos atmosphériques de basse ¢nergie.
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Vi

6x10'5 eV (6 PeV)
~1000 DOM:s hit
~ 20 km

E~dE/dx ,e>|TeV

E res.: Alog(E)~0.3
ang res :0.8-2 deg

Ve

E=375TeV
“sphenical” shell

poor angular resolution
E res : Alog(E)~0.1-0.2

A%

T

E= 10 PeV
2 bangs separated by

~ 50*(E./PeV)

very low background
pointing capability
good E measurement
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F.Montanet Experimental Astroparticle Physics ESIPAP

ICECUBE atmospheric flux

Atmospheric neutrino flux and diffuse limit

* high-energy atmospheric & 10
9 9 P "lﬁ 10 S Super—Kv
v, [ve-spectrum as seen P - o
by 1C-40 & IC-79/DC o 1072 4 " E;gjgg vy
llceCube’i1:12) & [ " %, JUS Ve
°© I . AMANDA v,
2 10F o Ny % o_unfolding _
o diffuse v, limitfromIC-59 &, F % : /‘: orward folding
.. - -4 =40 Vv
(90% C.L.) (preliminary) 107 % =
g o A forward folding
: 107 o
e predicted prompt - 4 1C-79/DC v, Tl
atmospheric v-fluxes 1 ﬂj;_
(charmed meson decay) S o X "N
[Enberg et al.’08] m_?;_ D"”Dfp ]
? e Mgy B8 _
o theoretical limit on 10 'T‘ IC-59 |
diffuse astrophysical v,'s E | | | | | | Ve
1 Ol 111 L 1 11 L 11 1 L 1 1 1 1 1 18l L 11 1 1 11 1 L 1 1 1
[Waxman&Bahcall '98] 10 1 0 1 o 9 A 5 6 7

log . (E, [GeV])
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F.Montanet Experimental Astroparticle Physics ESIPAP

ICECUBE atmospheric flux

Steady point-source search

PRELIMINARY es

C!I-I]{:IJI:.‘:HES-
C59 events =4
C79 events a8
43
3E:I
- :-l}c\.=
IC-40+59+79 point source results N
. sace ] e e 18
o hottest spot: p ~ 10~*7 (pre-trial) IS AN
e post-trial: p ~ 56.8% L e T FREL_—J.M'“‘?-F“:T o | [ Hos
.':"' .3:,' T oo
- no significant excess so far! T M 153
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F.Montanet Experimental Astroparticle Physics ESIPAP

ICECUBE atmospheric flux

Extremely-high energy analysis

Follow-up studies of background events:
energy, orientation,...
=» Are there more contained events?

Distance to source (vertical) [m)

| —  Best cascade fit —  Reversed orientation -+ 4 Exp. uutul

o0l |

200 ~EL1

-

—200r I

afF |
—400r -

—400 —200 0 200
Distance to source (horizontal, along axis) [m]

il

1.0£0.2 PeV  «pen

1.1£0.2 PeV  «gmier
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TCECUBE atmospheric flux

Extremely-high energy analysis

e Study for cosmogenic neutrino fluxes in IC-79+86

* optimized cuts on zenith angle and “brightness” (NPE: number of photo-electons)

-» two “background” events above NPE threshold

—
=
-4

E? &(E) [GeV em™ sec! s
S

e
=

—_—
-

Preliminary £ |

ANITA-II2000)

P 2009) v, limit 23 7
RICEi 6]

p—

IC79786

Cosmogenic v models
Emngel ot al,
bootera ef al, (FRIL)
----- Ahlers et al. (max)

--------- Achlers et al. {hesth

& Yoshida et al.

3
|[lg| “[EnerngGEW

10

E —e— data
— —— Background sum
wes - o atmospheric i
E e atmospheric v conventional
2L atmospheric v prompt
10°g —— GZK v Yoshida et al.
— GZK v Ahlers et al.
zZ 10k — GZK v Kotera et al. P __
= = _— E3¢{vt+vﬂ+vt}=3.ﬁxlll [GeVsr™ em? 51]
- -
g 1= ﬂ_l_l
..: = | —
.E 1075 —_
= —
.

1033..—1::'_'_._|___

107 ,_ L

i

m_;.a. TR i B~ ITENNE ERNTE AU Y
4.5 5 55 6 6.5 7 7.5

log,, NPE
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Premiers résultats d' Antares 12 lignes
(sur 120 jours actifs)

Elevation

=104

g — data

5 [ MC atm. p
a10°R - MC truth
T — MC atm. v
o

102 " MC truth
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Neutrinos UHE : Gerbes Horizontales

“down-going” v : "young" Hadronic showers: "old"
i1 e.m. component at ground muons dominate at ground

nnnzol'l!ﬂ s
V i
Vv : “new’”’ showers hadrons: “old” showers
3000 g/ cm? Shower front 1000 g/sz Shower front \3000 g/cm2 Shower core
hard muons

EM shower

[
o
C I
® 8 =
-
® s 5 8 ®
Signal is: Background is:

Few events per year Thousands events per year
EM rich, curved and thick front EM poor, muon rich, flat and thin front

Broad signals Prompt signal 157
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10

AUGER limits

L o RICE (4.8 year)

. === Anita-1l (28.5 days)
| m— Auger Comb. (6 yr)
| e\ & B

[ == p,Fermi-LAT bound

mmw AGNY

16
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