Detection of high-energy particles from the Universe:
basic concepts, methods, and challenges
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Space Shuttle
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spaceflight is ongoing...

Falcon Heavy
(2020)
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MNASA goal
for 2040:
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Space elevator:
“a few dollars
per kg”
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Past/current space
experiments costs >10$/g
The cost of the launch has
implications in the detector
performancesldesign
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Cost per kilogram of payload delivered to low Earth orbit
(Logarithmic scale; inflation adjusted to year 2000)




eeememen =340 km

Balloons? Not really cheaper now ...

International Space Station
shown for reference

was an option for past experiments
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Atmospheric overburden [g cm'z]

Volume 22 000 m?
Record duration 12 hours

Capacity 50 kg

Solar panels
Price Hundreds of S
thousands of dollars | | 1
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Energy from solar :
panels used to pump :

Volume 532 000 m?
Record duration 54 days
Capacity 3600 kg

Price $2 million-%3 million

|- Parachute

A I A

ISP,

Loy

IIII

A7 S

A s )

|—

Ko A

07777

45 50

S
o

Resists day-night
termperature swings
to remain aloft at
constant altitude.

Stratospheric
winds

. ‘ ‘hh_\.lount Everest

A, Payload

air inand out, altering
density. Rising and
falling, balloon can
remain in place by

surfing opposing winds. :.
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. Troposphere

Altitude [km]
Residual atmosphere is a passive
target: the same of 5 cm of plastic

- Fragmentation effects

Irﬁ km

- Production of secondary particles
(problem for antimatter search)

by comparison Galaxy grammage

—10km

for CR typ. path lenght is ~2 glcm?®
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GALACTIC SOURCES

(some interesting PeVatron)
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Direct measurement of
cosmic rays with a
detector in space are
feasible above this line
(m? acceptance x year)

EXTRA-GALACTIC

Indirect measurements
(next lectures ...)



dN/dE [m~2 sr~! 571 GeV™1]
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dN/dE [m~2 sr~! 571 GeV™1]
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dN/dE [m~2 sr~! 571 GeV™1]
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Cosmic Ray composition:

NUCLEI composition:
- particle charge
particle “Energy”

which “Energy”?

Kinetic Energy: calorimeters
(ATIC, JACEE, RUNJOB)

E/nucleon: TRD, Cherenkov
(CRN-Spacelab, HEAO,
CREAM, TRACER, HESS)

Rigidity (P/Z): Spectrometers
(AMS02, Pamela, Bess)



Energy vs Energy/nucleon vs Rigidity: Measurement + Physics

RIGIDITY: GV (Giga-Volt)
MEASUREMENT: P/Z is the quantity related to the trajectory in magnetic fiel
(easily converted to Momentum knowing the particle charge Z)

PHYSICS:

Different particles with same rigidity follow the same trajectory in magnetic fields

(in the Galaxy, in the Heliosphere, in the Earth magnetic field, in the detector field)
Main effects of propagation in the magnetic field (and the main time dependent
solar modulation effects) would cancel out in <Flux Ratio> vs <Rigidity>

Energy/nucleon: GeV/n (usually average isotopic composition is assumed)
MEASUREMENT: is a quantity related to velocity (ToF, RICH, TRD)
(they measure GeV/M and cannot be converted to Energy if mass is unknown)

PHYSICS:
Fragmentation of nuclei roughly conserve E/n in spallation processes

(when a relativistic CR nuclei during propagation interacts on a proton of ISM)
A+p=>A +A +p E/A~E /A ~EJA

. s —> ..

high energy CNO ISM gas LiBeB




p/He ratio

p/He ratio

Flux ratio vs Rigidity: solar modulation
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Particle identification - a summary:

AMS02: 7.5 Tons - 5x4x3m site == e
B=0.15T in space since 2011 e =
able to identify few antinuclei =

over 150G events (0.5m? sr) TRD —

is shown for PID examples

- Absolute value of charge: VERY SIMPLE 3-4 1B Tri

- Particle Mass: easy for E<M, very difficult for E>>M
(typically evaluated by “velocity” vs Energy)

- Particle Velocity: “easy” at few % (but saturation to 3=1)
(TRD measuring y = E/M to avoid saturation for E>>M)

- Particle direction: VERY SIMPLE

- Particle Momentum: hard to do better than few %, very difficult for P>TV
- Charge sign: (up to now) impossible for R>TV

- Particle Energy: feasible down to few %, but large systematics for E>>TeV



The “easy” measurement: particle CHARGE

Vertices of electromagnetic interactions
are proportional to particle charge z

=> detection processes are typically
based on EM interaction, thus prop to z?




Energy loss: Bohr classical evaluation

Sp——.- - - Momentum transferred to an electron:
/ 1" b Gauss th.
/
f

. 2
1 AP=[Fdi=[eE, Xz % o, =2
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; X - . v 2mebyv

\ \ Energy loss indV =2rntb db dx : n,=pN,Z/A

(AP)zn Jv = 1 477,'Z2€4n db
2m, ¢ (47e,)” myv® °b

2

—dE = dx

1 ze

b_:head on collision (v =2v) AE,=2ymv"  bu=

2
47‘[60 ym,v

b__: This approach assumes electrons “at rest” that is Tcollision << Trevolution

Tcollision = bi(yv) and Trevolution=1/v => b__=yvlv (then integrate over b)

Bohr formula: Full quantum mechanical: Bethe-Block
2 2 4 N 2 3 9 9
_dE:( e ) T Aln( eV ) :> dE_Kzggi [EIHQmec ﬁmﬂ#é(ﬁv)]
Z

& ‘dze, m {Z Cpdx AR 2/12v 2
relativistic rise (E>>M) r r

“minor” corrections

e

projectile
Target material
Z/A quite similar in all materials main material effect from density



Energy loss: Bethe Block - in different materials
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The main effect of target material (due to the density) can be factorized out.
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Energy loss: Bethe Block - in different materials
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The main effect of target material (due to the density) can be factorized out.

MIPs (Minimum lonizing Particles) are “calibration sources” for detectors.

(mainly)



Energy loss: Bethe Block - the Charge measurement

— Beryllium

particle

—— Boron
— Carbon
— Nitrogen
— Oxygen
= Fluorine detector

Neon
=== All elements

[y

L I 1 0 N T L | | Ll | |
1500 2000 2500 3000 300
cluster amph’tudr, DC

Ll

(Analog to Digital Converter)
(from the voltage to a number)

Boron z=5 Neon z=5x2=10
Signal amplitude: 860 ADC channels Signal amplitude: 860x4 = 3440 ADC channels

CdE_ 21 (1 2mec® Py Winax g2 _ (Bv)
odx Ap2 |2 12 2

to measure dE/dx also some tracking to measure dx is necessary...
(and to get a good charge measurement also some value for velocity is needed)

detector:
deposited
Energy to
a voltage

DAQ Data
acquisition
from AV to
a hnumber
(ADC)



Energy loss: Bethe Block - the Velocity measurement
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If charge is known, the energy loss allows a reasonable velocity measurement for y<1
(possible but hard to exploit the relativistic rise for y measurement)
On the other hand correction for this effect is required for precise charge measurements.



Simple spectrometers AE/E (mass for sub-MIPs particles):

Advanced Composition Explorer (1997)
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mass above MIPs? (directly measured) Velocity vs Momentum

Isotopes in light cosmic rays:
Z1 DPrimarieS

cf DSecondaries “o0|"0[%0
S ENIEN

a 12¢|13¢

4- "Be gBerBe

3 6Li

2 3He|*He

11§H FH FH

1 10gg (1= 1.4My) is the
clock of cosmic rays
(propagation times)

o 1 2 3 4 5 6 7 8 9 10

0.6 | ®* AMs-02 (expected)
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Do3t #* Voyager
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spectrometers
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ISOMAX: Balloon (1998)

J+—Magnet Coil

-4—top Time of Flight

mid Drift Chamber

-#——bot Drift Chamber

7  AM AR\ *
=253 )

DETECTOR COMPLEXITY INCREASES

Velocity direct measurement:
Time of Flight
Cherenkov Detector

Momentum measurement: (R = P/z)
Magnet + tracker

, 85
8

;



Velocity measurement using Time Of Flight

ol plastic scintillator: ¢ = 30cm/ns (speed of light)
particle ~ 10000 photons/MeV n = 1.6 (plastic scint. refr. index)
L 1= ns (but N photons) => oT = ns/VN = 50-100 ps

t= tA+LAln/c
t2: tA+LA2n/c
t= (t1+t2)/2 + L n/(2c)
t.= (t3+t4)/2 + L n/(2c)

ToF =t —t,= (t,+t,-t -t )/2

4 1 2
B = Ax/(ToF ¢)

+

some tracking is required

Velocity resolution: Some “self tracking” capability:
AB/B = AToF/ToF =100 ps c/H t-t=(L,-L, Jnfc=AL nic

H=1m => AB/B =3%
Energy up to t,-t,=(L, L n/c=AL n/c

(AX)? = H* + (ALA-ALB)2/4
Position resolution (along the bar)
from time difference = few cm
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Example: AMSO02 - Deuteron flux
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ToF mass templates : Ekin = [0.40-0.45] GeV/n
— T T T T T T L] L] T T L T T L] L] T I T L] T T

w Proton MC Template

= Deuteron MC Template
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F 3GeV/n T i
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il 9GeV/n |
= Preliminar: please refer to =
C forthcoming PRL publication -
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Velocity measurement using Cherenkov Ring Imaging

=

# photons => 72

Example of AMS02 RICH: L =45cm

¥ : _expansion
Iength L

AeroGeln=1.05p =0.95sinB=0.3 d=2.5cm

NaF:n=1.3303 =0.75sinB = 0.65 d=0.5cm
__dp_ s dp _dp _ sin’f

0y=0,——= —=
" dr J12(N,-2) dr  Lny12(N,-2)

_ avg2. O 12x107° ofp T
AMSO02:<N | >=3xz"; B T 025 5 7y s

14F
2%

0.8F

Basic equations:
1) cosO = 1/(nB) [Cherenkov]
2) n sinB = sinB,, [Snell]

A=A,
7"2 Ay

3) N,,~ed2maZ'sin’0

N,,~ed K Z*sin’0

Typically K 500-1000 photons/cm:
Typ. photon coll.eff. 0.01-0.3

A

expansion
vacuum

average ring

o(B)x10° .[Be

o i ring radius  thickness
| F:gtg6+Ltg6v
. 1

some tracking helps a

- lot to find the ring

15175 20 center



Momentum measurement: magnetic spectrometers

Lorentz force

dP
—=zevX
ar zevXB )

Helix trajectory: R=P/z

P, RIGV]

P=e Pl I= 0387

Rigidity resolution:

S Oy :8\/3—/20y
Y® 03B 03BL’

Sagitta: y, - (y,*y,)/2

szp(l—cosg):;—p

MAGNET

ﬁ—Ra ——R
R~ YRT MDR
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For a Tracker with N>>3 layers:

1 _ N\/ 720 O,
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AMSO02: z=1 o‘y=10um MDR =2TV
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Momentum measurement: charge sign identification
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Rigidity measurement
Charge measurements

AR

7
7,
XSS
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////////// 7

0.8 -06-04-02 0 02 04 06 08 1
Charge confusion estimator for p/p

Tracker MDR = 2 TV for Z=1 particles

Charge confusion = probability of wrong
charge sign measurement

<1% up to 300 GeV
<10% up to TeV

Reduction/identification by MC based
multivariate analysis.

10"
102

107

Charge confusion

10*
10°

10°®

il

MC
Data

g™

nf

Sources of charge confusion
1. Large angle scattering;
2. Production of secondaries.

Well reproduced by the Monte Carlo.

Measured directly from data.
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02 2x10? 10°
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Measurement of E/M - TRD detector

Particle crossing an interface.  Radiated energy/crossing:

]_ max
N1 ~y W:§ochoopy E,” = yhw,
- -2 #radiated photons/crossing:
oW 1
. hE-—a hw 137
2 Needs a lot of interfaces!

Without absorption 125 i Myla /l.Smmai‘r‘
g2 y=2x10* :

\

Fleece—Radiator

; N\ | 8
Oscillations i N | Hingle ihterfack Z10*
are due to 1// = ’
interference 200 foils 18
between P s p
successive o ' 19
boundaries %
§ IR RRAH \ ,,,,, 1
g ‘ : : 11 | O 100GeVp* y=107
% ‘ ‘ d O 20GeVe y=39100
3 ‘ Aroane V4 ‘\. L
1 10 100 1000 Ty T T T mEL
x-ray energy how (keV)
#N 100
X-ray photon energy spectra for a radiator consisting of 200 Ph TRD e/p /'
25 pm thick foils of Mylar and for a single surface y A separation . 5
Saturation of number of TRD photons yY>Y,~2000 b E<TeV )
Not easy to perform isotopic separation...
Usually Likelihood technique adopted to do PID R e e TR T T
Energy [GeV]



TRD based Mass measurement at high energy:

_1'"I"'I""I"'!"'I""I"'I".e'Data

N = 20 layers Lo —e MC
= 402 = p Data

electron protons —p MC

Probability
o
o
1 Il|,|,|,|‘

n - n .
Pp=" ‘ U POA)  R=1 ‘ U PI(A)

TRD estimator = -In(P_/(P.+P,))
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: .W*u...
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0O 02040608 1 1214 16 1.8
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5.4< | R | <6.5GV  Erents //F“N TRD

e"...|Mass separation
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Antiprotons in cosmic rays

, ————— ————
i . FiLRL 091121:3 {201} Flat antiproton ratio.
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= i et p 3.49:10 next slides...
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the Mass “of the detector”: Calorimetry
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Radiation lengths
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em cascade
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ECAL classifier elp rejection:
shower shapes are different

hadronic cascade
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Fe: XO:O.l /\I

e’ ix << A i
0 |

em cascade

primary
| nucleus

¥

_' emcascade

electron
primary |
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AMSO02-ECAL: redundancy matters

50,000 fibers, ¢ = 1 mm
Inside 600 kg of lead

pi ei

ECAL energy resolution ~2% at HE
ECAL energy absolute scale tested
during test beams on ground + E/R
MIP ionization used to cross-calibrate
the energy scale in flight

ISS Data

ECAL classifier
°© o oo

electro positrons
- - -

[ I Y T 1 L]
H 00 O i N O N b O o M

M_III|lIlIIIl|IlIIIIIIIIIIIIIIIIIlIIIlIII

o
o
o

Normalized entries
o
(o]
=

sign(R)*TRD LH(e/p)

0.5

/ Large leakage for P

1 15 2 25 3
Eeca/P

tracker

10

Normalized Entries



DAMPE: 31 X (1.6 A) size matters

Electron: Test Beam up to 243 GeV
Astropart. Phys., 95, 6 (2017) MC extrapolated to 5 TeV

- ) Proton: Test Beam up to 400 GeV

The plastic scintillator

detector (PSD) MC extrapolated to 100 TeV

The silicon tracker (STK) 10° 1

The BGO calorimeter (BGO) %‘ 10* e
Q
3

The neutron detector (NUD) E 10° 102

% " Proton energy: b
| MC based
T R
Deposited energy (GeV)
i s00f | MC protons 1 Proton Energy resolution:
ol MC electrons | 100GeV => 10 TeV
ey 2 MC sum 1 253% => 3%
(] L C dl
% W 2000 Flight data ]
W e o _ ]
é 1505 | No redundancy of
ol Z 100f Energy scale (

50 |-

107

. 0".“..." I ] \_.J.JPJ,JL...\J..;"
300 400 500 600 700 800 1000 0 3 10 15 20 25 30 35 40 45 50

(lateral) SumRms [mm] £ = Flast X (SumRms)4 /(8 % 108)



NUCLEON: size does not matter ...

Kinematic Lightweight Energy Method
(KLEM)

if you have a clever idea (and a good MC)

Thin Calorimeter 12 X  350kg 0.2m?sr (2017)

Primary charge
Target :
Si trk
X.
S= N. = E.ln2 —
2 N=2 Eln’(5-5) y
Converter
| X '
i D1,
X D2 ;
log (dN/dn) scint

y Large E => smaller pseudorapldlty

£ 100 TeV
, | 10TeV!: .
0 5 10 15
N =-Intan(6/2)
Projectile | a, GeV | b
D 1651 | 1.36
He 2556 | 1.27 b
C 3514 | 1.18 | Eprimay=0S
S 1163 | 1.14
Fe 4362 | 1.12

dN/d(E, /E,)

00t
00 05

Zenith

C target

7~ beam test @ CERN

1.0

60%-energy resolution

150 GeV
350 GeV

1,0
E./E,

15 20 25 30

Flight data

5.5
Ig(Ed/MIP)
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P & He spectrum
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Cosmic Rays & DARK MATTER

e-and p are produced and accelerated from SNR

Collision of “ordinary” Cosmic Rays produce secondary e*, e, F

Among many possible mechanisms:
CoII|S|ons of Dark Matter W|II produce additional e+, e-, p

B
Pl

¥
Ly i a
P L
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Dark Matter => antimatter exotic source

<ov>
Cross section

flux

DM

# annihilation
channels

energy

Measurement of secondary/primary nuclei is important to
define effects of propagation/interaction in ISM.
This allows a precise evaluation of the antimatter background.



AMSO02 Positrons

rr-r T T T T " "1 """ T"]®w LA B R LR B L
e 370-500 GeV @ | §eof %@ 370-500 GeV b)
— S |

& signal (1] e" signal

€ background € background

a0l p background

lff 1

p background

. . — |-—|-—|_I|| 0"'_
100 200 300 1000 2000 0 02 04 06 08 1 -1 -0.5 0 0.5 .1
Energy[GeV] TRD Estimator A ., Charge confusion Estimator A,
25 LBL] III | ] L] L] LI lll L] L] L] LI III L] L] L] LELEL III i
o A Positron Spectrum - Ez | . . " i
B - _— 1 Ye+l }/S =
Bt £} and 1P, (E)=—=; _Ce+E HCE*Expl E/ES)_
= 20 68% C.L. band __
7)) =
= n
=>'E 15 _ . [msr'$'Gev ™. =~ MINIMAL l\/_IOD_EL: _
N> 62 5'4 6.6 6l8 7'0 7'2 7'4 = - quantltatlve |nf0rmat|0n
2 Source term | 4 about the Positron source
'—1010 ] - minimal assumptions on
B 1| the underlying physics
wl 5 Diffuse term

Evidence for a cutoff energy:
E =810 GeV @ 99.99% (4 0)

: : Energy [GPTV]
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E'D, [GeVZm2sr's]

ec*/(e* +e’)

Positron fraction =

<

AMSO02 Electrons & Positron fraction

=% P L | o L L | oo P EEEE
- - AMS-02 a ' h h
250 Ed PAMELA Al ( ) (8)
- o Fermi-LAT i :
i :_& SgGE : {};H %*ﬂ ;,I | 5 25 _ Positrons
- © CAPRICE § ° {% H’ x - }
[ AMS-01 %, % ‘H M i g .
150 ) pear 0, % % 1 [} &H ; ‘ = -
E é'%%'}%l H %H‘ £ O
- 1 = I
100 |- . } ‘ % Flaly ] 2 |
5 i | k
: R $ -
sof °. ! 35
B i3 Energy [GeV]
. . B R A | PR o
- o . Energy [GeV]I 10 100 1000
1 10 100 1000
0'2: ' N Detailed information on the positron source
C 28.1 million electrons l e.g. “excess” is compatible with Dark Matter
15 1.9 million positrons J. Kopp, Phys. Rev. D 88, 076013 (2013).

L 1.2Tev
Dark Matter
+ Collision of

Dark Matter is just an “intriguing” example,

et el also nearby astrophysical positron sources
B (pulsar) could account for the excess...
05—
N “next point” (1-1.5 TeV, AMS02@2026) will
o: | _ Energy [GeV] help to solve degeneracy ...

1 1o 100 1000
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Electrons + Positrons

250 . .
g Some tension in results:
8 [ EVIDENCE FOR TeV BREAK | DAMPE compatible with Fermi-LAT
T ool CALET compatible with AMS02
"“Z - All of them within 2.5 o considering
ER syst. uncertainties in calorim. E scale
- (indirect detection see next lecture)
100— = CALET2018
L : uncertainty band (stat. + syst.)
- i DAMPE 2017
50 __ o PAMELA e'+e* 2017 5
L Fermi-LAT 2017 (HE+LE) i "f
- . AMS-02 2014 o
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642 PMTs Detector) - Component ) Vela
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1 rlx 2 & PAMELAe+e* 2017
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Some excess in Antiprotons?

Phys. Rev. Lett. 118, 191102 : T

b R2.7 [m—2sr—l S—IGv‘I .?]

B 1 ||I|I|I| 1 IIEIIIII 1 \IIIIIIl 1 III\IIII | IIIIIIFIE__ l ‘%{{t“}.’l
SN | 1 | /7 ™
. = ol A A9 AMS02@2026
10 F ERAE Y ; Sy, ; Can just add a new point
g 1 ¢ £ N ] up to 550-600 GeV
i 1 % :-i’! Secondary Antiprotons {/ Charge confusion is
. FT a0z |14 3 ool tuned with AMS B/C b dominated by gaussian
5| = ezl | & 4' A Reinertand M. Winkler | “spillover” (MDR bulk)
10k \ (= Terian 1 & | JCAPO055 (2018) '
- IS . 17 ~
;’ 1el_|.5[11||I| LI IHII I fll[ll]l |I IHIIII II[I[IFF_ Oi-_
B _ 2P
A
2 TSR 1
_4 11l IIIIIII 111 IIIII [ IIIIII| 1 III\IIII IR R s S NN susiEnBI BiBBE—————————eeBbmmmmmm
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“A Robust Excess in the Cosmic-Ray Antiproton Spectru
Phys. Rev. D 99, 103026 (2019)

“AMS-02 antiprotons are consistent with a secondary | Nkttt
astrophysical origin” arXiv:1906.07119

There is room for DM but...
It is necessary to decrease uncertainty in the background model:
-cross sections knowledge (new measurements in lab) 1027

-propagation models (flux of other secondary cosmic rays) 22 L

-solar modulation models (low energy time dependence) Phys. ey R
' ISM Model I

=> expected signal in | tideut ? 107% ; I

= p ignal in low energy antideuteron” 100 1000

m, (GeV)
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AMS: primary & secondary break
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AMSO02 accuracy & new evidence:
-Both show hardening above 200 GV
-Primary => common behavior
-Secondary => common behavior

-Nitrogen is a mixture

25



Flux x R~ [ m2s™sr (GV)'7]

@), x R*" [ m?ssr1 GV']

AMS: NITROGEN

Primary

Primary Component

In the Solar System:

N/O =0.14 + 0.05

C/O=0.46 £ 0.09

x10°
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Rigidity R [GV]

10 20 102 2x10?
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=> common behavior

Primary + Secondary MIXTURE

Secondary: —> common behavior

In the Cosmic Rays:

N/O = 0.090 = 0.002
(primary component)

C/0=0.91+£0.02



B/C

Spectral Index A

AMS: secondary/primary

0.4 T T ; . .
0.3 bt | o | ] If the hardening in CRs is related to the
""" "%o,% » injected spectra at their source, then
0.2 %""ef./%,. y similar hardening is expected both for
e/' ’ " ey, secondary and primary cosmic rays.
C\\ 1‘7*“ ‘7‘/‘[/
4 e,
0.1 | ®s N ey . :
[ “\xoj;“ii R If the hardening is related to propagation
0.06 F %h i properties in the Galaxy then a stronger
‘o5 | Anindication for s I hardeni i ted for th d
0.05 Kolmogorov turbulence model 6= -1/3? ] ar enlng 1S eXpeC e_ or € Se(.:on ary
0.04 1 1  with respect to the primary cosmic rays.
0.03 aaal e | ra sl L
10 10° 10°
Momentum/Charge [GV]

- 5) ' s LifC ] [ b s Li/O .
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b, i PgdyRevy  § |~ iRgdiyRev),
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An hardening of 0.13+0.03 at 200 GV is observed combining the six secondary/primary ratios
This observation favors the flux hardening as an universal propagation effect



AMS: secondary/primary & distance

Probing Non-Homogeneous Diffusion:

e B/C is a probe for only “local” propagation
e p,D and p come from much further

e light secondary like D, *He investigate
better the p secondary production

L | “1 1

- i

0_2'_$ ) * *He/*He N

- = B/O .

) i o B/C 4
£ or B
T i 1
® 0.2 -—+ 5 o B ]
‘% B ™ $ i
A ]
0.4 " o 5 —

- | | -

I R [GV] i

Effective propagation distance:

<X> ~ V6Dt ~ 2.7 kpc R¥2(A/12)13
Helium: ~ 3.6 kpc R%?

Carbon: ~ 2.7 kpc R%?

v S0kpc

[ron: ~ 1.6 kpc R%2
Lead ~ 1.0 kpc R?”?
(anti-) protons:~ 5.6 kpc R%?
Electrons ~1kpc E,2

Spectral index for *He/*He is the same
obtained for B/C and B/O at high R.
May indicate the effect of a different
diffusion coefficient in non local regions



AMS: Be/B clock

Be/B

10 ~ —_ 10 - .
O°50 . arXiv:1910.04113 Be (T = 14My) => B te+v .
i sensitive to residence time of CR in
I L the Galaxy => halo size H.
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- ("B - % time effect - Be, AgL, B =[0.9938, 0.9955]
E g, - — x2/ndf =26.0/37
0.40 = 1 mm "Be: 0.556+/-0.009
B °Be: 0.314+/-0.013
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_s T il el R Hard to get direct measurement of
10! 102 103 °Be content at “high energy”, but
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https://arxiv.org/abs/1910.04113

Current - future experiments
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Current - future experiments
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... and ...
anti-nuclei?



anti-D coalescence production

M) M=-1s756Mev = @<:p
5\\1 A = Fs - Fn < o
/\2

D z=-1
A=-2
AE = 2.2 MeV

D flux from spallation (background, B)

s D flux suppressed from

p — Boosted RF | . !
¢ . Steeply fa”mg CR P flux Dark Matter Hadronization Coalescence
™~ | Model i1 Monte Carlo Model

p (E>16 GeV)

-Coalescence is a very rare process.
-Low energy, secondary (bkg) anti-D suppressed by: threshold (16 GeV) + boost.

-Jet structure (correlation of p,n) enhance anti-D production at low energy
(i.e. from DM annihilation).



Anti Deuterons have been proposed as an almost background free
channel for Dark Matter indirect detection

D from annlhllatlon
éof Dark éM:atter

D from coII|5|ons of
10°® ordlgnaryi cosmic rays

108 |

Flux [(m?srs GV)1]

Xigidity [GV]

1 4 10 40 100
B Dark Matter model: M Collisions of CR model
F. Donato et al., Phys. Rev. D, 62 (2000) 043003 K.Blum et al., Phys. Rev. D 96 (2017) 103021)

The Anti Deuterons Flux is of the Antiproton Flux.



dE/dx (JET)

BESS-Polar Il : we are still waiting for an “official” limit

M. Sasaki, Antideuteron 2014
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a coming-soon improvement in sensitivity: AMS-02

Status of AMS02 anti-D search: already exceed the sensitivity of BESS

E, [2.52, 5.07] GeV/n RICH Aerogel
p... S.Ting: https://cds.cern.ch/record/2320166

—
o
)]

3 3 3
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Number of events

D/D<1075

1 - T
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Sign(Rigidity) x Mass




Atomic-transitions:
additional signatures for low energy anti-D

-

For low energy additional signature wrt magnetic spectrometer  Auger e’ ___

- Charge sign is detected by formation of Exotic Atom Refilling e- § e

- anti-D recognized by distinctive radiative transition energy TSI

- anti-D recognized by larger multiplicity of charged pion star ™ 'L T

Exotic Atom — AZE.,\’
=9
X-ray

Probability in %

35 — %/\»X'ray

; * o pC
- e 1 nC X-ray
& ¥ ___ === nNAr
20 : *

| R M 1 1
i (2 R~ ——
S ) R’(nﬁ an
10 4 = .

gl v

0* | e o Nuclear

0 2 4 6 8 Annihilation

=" multiplicity

3 pions (p) vs 6 pions (anti-D)



planned: GAPS (General Anti Particle Spectrometer)

(B ‘? D 2004/2005 KEK Beam Test
T T 2012 pGAPS flight (6h)
A - ToF &
X TO FZ Plastic d’
scint.
1 J 58keV
44 ke\ J€7kev m ‘
T

d

/‘
§

TRK 1
Si(Li) O\, 2021 GAPS planned

wafer
for a long flight (35d
m l 23keV__ T~ 38 km - ogiom?

1700 kg 1.4 kW

p~ Acceptance ~1.8 m3sr
30 keV s Ek: 0.1-0.25 GeV/n

Combination of time- of- flight + depth- sensing, X- ray,
and 1 detection yield rejection >10¢



a “new” signature: He metastable states

P p E<25eV -In matter lifetime of stopped p is ~ps
-In liquid/gas He delayed annihilation: few us
He (~3% of the p)(discovered @ KEK in 1991) B
G The electron is on 1s ground state, while the p

e _ .
I D>F (or also ",k ’,d) occupies a large n level (~38 for p)
— p
He™

(~same bounding energy of the ejected e-)
Theory: Phys. Lett. 9 (1964) 65 PRL 23 (1969) 63
»

@ IIIII'I_ITTTllTIIlltlTlfOII

Why He is a special target? 108 = prompt annihilation i

10° M ‘He Gas 3 atm ]

4 | o
10 T, (>1us) = 3.18 + 0.04 us

I1=33% K

1) the Auger decay is suppressed as well due to large level
spacing of the remaining electron (~25 eV) compared to
the small (~2 eV) n—>n-1 level spacing of p

=> metastability is unexpected and excluded for Z>3 atoms
(metastability for Li* target? — still not confirmed by expt.)

delayed

oo 2resen

0 5 10 15 20 25
Annihilation Time [us]

Counts / 100 ns
=
(%]
|

2) the remaining electron in pHe suppresses the collisional
Stark effect (the main de-excitation channel for pp system)

_ _ a signature for Z=-1 antimatter capture in He is a
(pp)nl +H= (p p)nl +H ~us delayed energy release (in ~3% of cases)

Not really new: similar effect already proven, and used, by the ASACUSA experiment



Anti Deuteron He Detector (ADHD)

Status: preliminary Geant4 simulation
Detector size: External ToF L. = 1.5m;
Vessel R=45cm Thick=3cm “thermoplastic”
He pressure 400bar (typ. He bottle 130bar)
(“commercially” feasible space qualified)
Detector mass: He = 20 kg Vessel = 100kg
ToF = 110 kg ( 4mm scintillator thickness)
Kinetic energy range: 0.06-0.15 GeV/n
(threshold due to energy loss in vessel/ToF)
3x ToF Layer ... a small & light detector ...

Concept: HeCalorimeter (scintillator)
3xTime of Flight (compact) layers

d

p,d Fragmenting He

o

Particle identification by:
1) timing of tracks

2) dE/dx on ToF

3) Beta ToF

4) Prompt HeCal Energy

5) Delayed HeCal Energy
6) event topology

© Prompt hit ® Delayed hit ~ M




planned sensitivity

Re-adapted from:

1g~ T 7T T PRD97(2018)103011 5
1 _ Z]
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— i AMS-02 sensitivity ] . . L. ’
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anti-He?
2011-269:11:19:32 Currently, AMS observed 8 anti-helium candidates
(mass region from 0-10 GeV) rigidity <50 GV
with respect to a sample of 700 million He events.
The rate in AMS of antihelium candidates is
less than 1 in 100 million helium.
At this extremely low rate, more data
(through the lifetime of the ISS) is required
to further check the origin of these events.

Momentum = 33.1 + 1.6 GeV/c -
Charge = -1.97 + 0.05 ® . BESS Polar 1 &I B4 skefroph Ung:
| Mass = 2.93 =+ 0.36 GeV/c "m 10 | | BG- Nuclear Unc.
Mass (He) = 2.83 GeV/c? ~
-E — DM - CuKrKo
- —e— Aladino - 5 yrs
% 10°
T=40K o
S
S
£ 10
- 10 Aladino

Space Craft &
Service Module
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107 1 10 10
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Bibliography — some useful links

-Cosmic ray database:
https://lpsc.in2p3.fr/cosmic-rays-db/ (France, user friendly)
https://tools.ssdc.asli.it/CosmicRays/ (ltaly, only published data tables)

-Particle Data Book (a lot of review on particle,cosmology, ecc... very very useful):
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001

-Link to homepages of many Cosmic rays experiments:
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html

-AMS02 webpage:
https://ams02.space/

-ADHD webpage:
https://www.tifpa.infn.it/projects/adhd/

-Aladino proposal:
https://www.cosmos.esa.int/documents/1866264/3219248/
BattistonR_ALADINO_PROPOSAL_ 20190805 _v1.pdf

-AMS100 proposal:
https://www.cosmos.esa.int/documents/1866264/3219248/
SchaelS_ AMS100 Voyage2050.pdf

arXiv:1907.04168v1


https://lpsc.in2p3.fr/cosmic-rays-db/
https://tools.ssdc.asi.it/CosmicRays/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://ams02.space/
https://www.tifpa.infn.it/projects/adhd/
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