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Overview

The High Energy cosmic-Radiation Detection (HERD) facility is a
China-led international space mission that will start operation around 2026.

The experiment is based on a 3D, homogeneous, isotropic and finely-
segmented calorimeter that fulfills the following requirements and goals:

Main Scientific goals
I RS  Crect measurement of

cosmic rays flux and
i)Vl 0.5 GeV- 10 GeV - 30 GeV - composition up to the
Range 100 TeV 100 TeV 3 PeV

Main requirements

knee region
Energy 1%@ 1% @200 20% @ 100 = Gamma-ray monitoring
l[Viile]gM 200 GeV GeV GeV -1 PeV and full sky survey
Effective > 3 m?sr > 2 m?sr Indirect dark matter
GF @ 200 GeV @ 100 TeV search (e*+e, v,...)



Wwhy i1s HERD needed?



Electrons and Positrons
PAMELA and AMS-02
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An important contribution to our understanding can be obtained by
high energy (calorimetric) measurement of the e*+e" flux




Electrons and Positrons
Fermi-LAT. CALET and DAMPE
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Recent calorimetric
measurement of the e*+e flux
(Fermi-LAT, CALET, DAMPE) lead
to very different results and no
clear conclusion

For example:
 CALET data are consistent with a
single power law without cutoff
« DAMPE data shows a cutoff at 1 TeV
and a “sharp peak” at 1.4 TeV

HERD will test the validity of the spectral features observed by DAMPE:

e Improving the precision of the measurement
» extending the measurement to higher energy



Electrons and Positrons
HERD

Expected e*+e flux in 5 years Expected e*+e flux in 1 year

with PWN or DM sources
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In case of additional PWN or

tens of TeV in order to detect: DM production, HERD will
e spectral cutoff at high energy give important indications on

local SNR sources of very high energy e- the two hypothesis thanks to
precise measurement of the

different spectral shape

... and additional information from
anisotropy measurement!
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Protons and Nuclel

Present status
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Expected flux in
D years

HERD will measure the flux of nuclei:
e p and He up to a few PeV

 nuclei up to a few hundreds of TeV/n

1 First direct measurement of p and He knees

will provide a strong evidence for the knee
structure as due to acceleration limit

Extension of the B/C ratio to high energy
will provide further test for the propagation
mechanisms of cosmic rays
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Gamma-Ray Sky Survey
HERD

. SKy survey 50 sensitivity
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Thanks to its large acceptance and good
e Oy sensitivity, HERD will be able to:
* improve Fermi-LAT measurements
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| «wc)  Targets of Gamma-Ray Sky Survey:
Multi-messenger astronomy . search for dark matter signatures

Possible synergy with other « study of galactic and extragalactic
experiments designed for Gamma-Ray sources
Gamma-Ray (CTA), Neutrino  « study of galactic and extragalactic
(IceCube), Gravitational Gamma-Ray diffuse emission

Waves (LIGO)  detection of Gamma-Ray Burst o



The HERD experiment
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HERD on board CSS

CSS expected to be
completed in 2022

> 10y
Circular LEO
340-450 km
42°

HERD expected to be
Installed around 2026

Life time > 10y
FOV +/- 70°
Power < 1.5 kW
Mass <4t

12



HERD detector and requirements
orr@10cev [ HNEGNGEEEE T

1-26 Energy 10 GeV - 30 GeV -
Range 100 TeV 3 PeV
01-015e Energy 1% @ 200 20% @ 100
resolution GeV GeV -1 PeV

Effective > 3 m2sr > 2 m2sr
GF @ 200 GeV @ 100 TeV

Energy Reconstruction
e/p Discrimination

Trajectory Reconstruction
Charge Identification

Charge Reconstruction
LE y Identification

Calibration of CALO
response for TeV proton

CALO



HERD CALOrimeter (CALQO)

Octagonal Prism made of about 7500 LYSO cubic crystals:

each crystal has 3 cm side and 4-8 mm spacing from other crystals

Deep homogeneous
calorimeter

Isotropic 3D geometry

Shower imaging
with 3D segmentation

Innovative design

—> Good energy resolution
— Large geometric factor (top + lateral faces)

> Good e/p discrimination, identification of
shower axis and of shower starting point 4



HERD CALOrimeter (CALO)

Wavelength shifting fibers readout

Dynamic range of 10’ needed to detect deposit in a single crystal going
from a fraction of MIP (=10 MeV) to the release of a PeV proton (~20 TeV)

////////::?f?f:r;;a . SN : . = - S - ‘.'_'i'_-__ : ! : develo ped by
¥ = N % | casXxian

Institute of Optics
and Precision
Mechanics

Three WLS Image Intensifier (1.1) scientific CMOS (sCMOQOS)
e Fiber1 —*>  High gain —> « sCMOS 1 (20x20 pixels/fiber)
e Fiber2 —» e Lowgain —> ¢ sCMOS 2 (20x20 pixels/fiber)
e Fiber 3 > PMT (Trigger system)

15



HERD CALOrimeter (CALO)

Photodiodes readout

Dynamic range of 10’ needed to detect deposit in a single crystal going
from a fraction of MIP (=10 MeV) to the release of a PeV proton (~20 TeV)

CASIS read-out
chip (based on a
CSA + CDS)
developed by
INFN Section of
Trieste

In order to improve

Two PD CASIS chip redundancy and cross
»Large - double gain (1:20) calibration, LYSO

e Small * 52.6 pC dynamic range crystals will be equipped:
(1:100 * 2280e + 7.6e/pF ENC « all with WLS

Arearatio)  ° Auto trigger system capability | . fraction or all with PD
16




HERD CALOrimeter (CALO)

Prototype performances

Energy resolution for high energy electrons

LYSO prototype CSI:Tl prototype
readout usmg WLS readout usmg PD

—~ 10 - —
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e I e oo Lo v v v o v L LB

0 20 40 60 80 100 120 140 160 180 200 220 240 260 50 100 150 200 250 300
Epoar (GEV) Beam energy [GeV]

Good and similar performances among the two readout systems.

The performances will be improved in next versions of the prototype.
17



HERD Silicon TracKer (STK)

1 Top STK

i 1

4 Lateral STK

1 Top STK

* 6 Layers of XY SSD
with LYSO as active converter — »

e Active Area 133 cm x 133 cm
4 Lateral STK

e 3 Layers of XZ or YZ SSD

» Active Area 95 cm x 66.5 cm

Strip pitch
* dImplantation - 121 ”m
° dReadout =242 ”m

Expected resolution
o =40 um

Alternative design: Flber Tracker instead of Silicon TracKer

= Innovative geometry: Tracker in Calorimeter



HERD Tracker in Calorimeter (TIC)

ldea
Under study: Novel approach to trajectory reconstruction

Standard approach that exploits TIC approach that exploits the
the conversion of y->e*e in W transverse profile of the shower

Advantages of TIC design
» decrease the amount of mass used for passive material (W)
* reduce hadron fragmentation in passive material
* Increase the geometric acceptance

19




HERD Plastic Scintillator Detector
(PSD)

Bars or Tiles readout by SiPM

\. Plastic scintillator tile: 3cmX3cm X 1cm

. i P SA L Fe WWI
. : ' i Mg A%WMFHMLW ’\\

§ ™ NK hZbothEnd
PSD Layers oL /\\ o | f iy - Advantages

1 Top XY | PSD prototype | WSENS Lower number of
\L‘ " readout channels

e 4 Lateral XY  =- (\Be T mﬁ.ﬁmﬂw“ _ Cr e
: % \N\ A o F{M HIEE)  Better identification of
e 1 Bottom X N J IIIIIIIIII backscattered particles

The correct identification of backscattered particles is crucial to avoid:
e charge misreconstruction in case of incident charged particles

 self veto in case of incident y 20



HERD Transition Radiation Detector
(TRD)

The TRD, installed on a lateral face of the detector, is needed to calibrate
the response of the calorimeter to high energy hadronic showers

" Linearity for 10°<y < 104
e Electron 0.5 GeV <E <5 GeV
e Proton: 1 TeV<E <10 TeV

units

o
w
o
I

arbitrary
o
L8]
I

=)

)

\
[

Radiator
(Polypropylene+Air)

4’ .
Saturation
~_regime

°-2 Below
f_threshold

TR QSSponse in
-
U

C spec ioniz. ReadOUt GaS
-1 anode (85%Xe+15¢

10* 10°
Lorentz Factor vy

Calibration procedure

 calibrate TRD response using [0.5 GeV, 5 GeV]
electrons in space (and at beam test)

 calibrate CALO response using [1 TeV, 10 TeV]
protons from TRD (3 months data required)




Summary

The High Energy cosmic-Radiation Detection facility is a
China-led international space mission that will start its operation
around 2026 on board the future China's Space Station.

Thanks to its novel design, based on a 3D, homogeneous,
Isotropic and finely-segmented calorimeter, HERD is expected to
accomplish important and frontier goals relative to DM search,

CR observations and Gamma-Ray astronomy:

A) extend the measurement of e*+e” flux up to several tens of TeV

* testing the hypothesis of the expected cutoff at high energy

* distinguishing between DM or astrophysical origin of positron excess
B) extend the measurement of p and He flux up to a few PeV

* testing the theory of the knee structure as due to acceleration limit
C) large acceptance, high sensitivity to y up to several tens of TeV

* searching for Gamma-Ray Line associated to DM annihilation

*accomplishing a Gamma-Ray sky survey up to very high energy
22
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Electrons and Positrons
e*+e” Anisotropy

Contribution to e*+e Contribution to e*+e" anisotropy

anisotropy from Cygnus-Loop from Vela X
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Thanks to the good sensitivity to e*+e anisotropy,
HERD will be able to better discriminate between
source (high anisotropy) or DM (low anisotropy) origin



Gamma-Ray
HERD

Gamma-Ray line sensitivity

:'E: MSSM models (Moore)
e MSSM models (NFW)
510-6 . PAMELA .
5 F e PAMELA: 2006-2016
- B --- DAMPE
= - Fermi
2 " “"~-...__~_~ *s..._ | —— HERD
T e TN e AMS: 2011-2024
DAMPE: 2015-2020

Fermi: 2008-2018
HERD: 1 year

|

good sensitivity, HERD will offer an
unprecedented capability for the

[ Jextray

L > 60r
10710 LB na [ . i, A o \ e 8 HERD 1 yr, 5.00c
10° Photon Energy (cajé)\Jf} 2 50f B 1=416GeV
. % - D electron+nuclei
Thanks to its large acceptance and 5 40f I gatatic v
303

. 20:

search of gamma-ray line from dark :

matter annihilation (galactic center, "OF
dwarf spher0|dal gaIaX|es,...) 950300 450" 400" 450 500 550 600

Photon Energy (GeV)
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ISCMOS

Image Intensifier Phosphor screen sCMOS
840 ps decay time High sensitivity
Low Noise
— ] Output 500 fps Frame rate

Window

\ | 10° Dynamic Range
»

™

Inten “Ir_l*l‘

image _— I

P-'o_f:(h‘u/j/lrrlz'a:;.r: — © » /’W% “

o 400V

Microchannel
Plate (MCP)

\
\ Photocathode _

s . Existing
ambient light

1 MIPin LYSO generates about 200 photoelectrons on ISCMOS 27



HERD CALOrimeter (CALO)

Dual readout

- Advantages Disadvantages

WIBSE Compact system with external Cross Talk among fibers on sCMOS
power consumption (no thermal and degradation of ISCMOS
effect due to the sensors) (substitution required after 3 years)

m Compact and simple system Direct ionization in sensor

Being the calorimeter the main detector of HERD,
WLS we decided to instrument all crystals with WLS
WLS + PD and a fraction (i.e. 1/8) or all of them with PD .

With a 1/8 fraction, PD can independently
measure the energy without strong loss in
performances (o_/E from 20% to 25% for 1 TeV p)

Decrease uncertainty on the calibration of the energy scale:
e cross calibration of different sensors in different ranges
« monitoring of the stability of sensors gains

Increase the redundancy of the system:
e independent energy measurement
* independent trigger system 28




HERD Tracker in Calorimeter (TIC)

Simulated performances

TIC basic design performances » Il-5 cm
for photons of 10 GeV energy '
and incident angle in [0°, 30°] 7.0cm
o\;a 0.32
2 F e
é 02: /‘./
o - ¥ ool i
:“.’0.157 -
3 —e | . LYSO LYSO LYSO LYSO AEION 3.0cm
5: 01; =1 !lb)’ = ecnnversion E:selection 0.5 cm
0'05: W'“-h Fconversmn - 650/6 .
OE LYSO LYSO LYSO LYSO LYSO
0 01 02 03 04 05 06 07 08 09 1
Efficiency

Basic TIC design: it will be optimized in the future
Current performances: A9 = 0.12-0.26° for € = 2-65%
Changing the event selection, the analysis of a given data sample
can be optimized according to desired requirements on AB and €

29



HERD Tracker in Calorimeter (TIC)

Prototype Performances

A6 of a TIC prototype

for 10 GeV incident electrons
Good agreement
between data and MC
(Beam condition
and Si microstrip capacitive coupling
were taken |nto account)

ooosi I D I.at.a. _______ A_G.GS/__:_Q_._4_1_? _____ AQ.95./____T?_._1__.94_? _____
. I\/IC AGBS/ =0.37° ABQS/ = 1.31°

0_02 ....................... e e e o EH

> < 3|PPIN —>» << JUOI] >

0_015 __ ...................... .............................. .............................. ..............................
L : w
n : Prellmlnary 2
0_01__ ....................... .............................. .............................. .............................. .............................. ..............................
0.005] — — — — T—
0 B I | . é L_ post
0 0.5 1 1.5 2 2.5 3
6, [°]



Trigger system

Wavelength shifting fibers trigger

Epmr>0.5GeV
SEpsp<Threshod?

No

Glibration mode

1.2GeV>Eenr>0.6GeV ?

Trigger is generated grouping fiber 3
of each crystal in N different groups,
each one read by a PMT

The groups are conveniently defined
In order to represent the core and
the different shells of CALO

Different working mode:
 Normal mode (150 cps)
« HE trigger
* LE electron
* LE photon
« Unbiased trigger
« Calibration mode (350 cps)
* MIP trigger

31



HERD Flber Tracker (FIT)

« from 5 to 10 Layers of XY fibers mats
4 Lateral FIT
* 5 Layers of XZ or YZ fibers mats

Fiber pitch Being fibers light and no

« d =250 ym mechanical support
needed, the mass and
volume budget of FIT is

« 0=65pum much lower than STK and
it allows a higher number of
layers for track and charge
4 Lateral EIT * SiPM array reconstruction

Expected resolution

Read-out

Advantages of FIT design
 better track and charge reconstruction
 high precision for sub-GeV y 2



HERD

100 GeV Electron simulation

Particle: e-
E_{0}: 100.000 GeV
theta = 4.616 deg - phi = 49.044 deqg

33



Past vs Future experiments

Past experiments

based on magnetic spectrometer

geometric
acceptance
oK (s1) 5 _,
\. A
\: 4
\. 4
-(82)—>_|—'—" ——u =
|
| |
spectrometer | |
t ki ! E - E I i
racking L= 5|1 aptl-_
system © ®8B & | coinci-
(6 planes) | E l\ E | dence
N\ |
B
WOF (s3) — z
®
calorimeter X
scintill. S4 - -~
neutron \
detector
proton antiproton

Future experiments

based on calorimeter

better resolution
at high energy

op/E < E

better geometrical
acceptance

because of rigid
geometry
it measures only
particles from
one direction

For example in the case of PAMELA
“E— G =20.5cm?sr
o /p ~ 15% for 100 GeV p

MDR = 740 GV/c

og/E « 1/VE

20 crystals

78 cm

<

because of
flexible geometry
it can detect
particles from
more faces

34



Satellite experiments

In order to improve past measurements and extend them to higher energy,
future space experiments must fulfill several requirements

Protons and Nuclei up to 3 PeV/n
0 /E < 40%

G, xT>2.5m?sr x 5yr

Dynamic Range > 10’
0,<0.2-03e

Electrons and positrons up to 30 TeV
0./E <2%

G xT>3.6m?srx5yr

Dynamic Range > 10°
e/p separation > 10°

Geometric factor Typical limitations Effective geometric
AN Mass ~10° Kg factor
G = detected /T Power ~103 W G.=¢ xG
dt Down link ~10? Gb/d eff — “sel
Volume ~ 1 m?3

Need to find new design for future experiments in order to fulfill requests I
5



Calocube

Simulation
Electron performances
400, Selecting a shower
. . length of at least 22 X
350 — 0
F - . £ ~36%
3000 Crystals only Geﬁ ~ 3.4 m3sr
250 - L resolution ~ 2%
znﬂ:_ - Crystals +
150! photodiodes
100" Isotropic
- jLL Electrons
» 3 \ 100 -1000 GeV  Direct ionization
guemneusicl C e e IN photodiodes
' (Measured Energy — Real Energy) / Real Energy ' IS about 1.7% of

the total signal




Proton performances

Calocube

leferent scmtlllatlno materlals

Simulation

~ 40 .
§ E 1 TeV protons The bESt Value Of GE/E |S
| S — — o B - obtained using low A, crystals.
- The maximum G has a small
i s S e S dependence on the material.
w .
.= YAP BGOT - S S VSO is the

- tYsQ o — T, best candidate.

n | —— 1 Different gaps

Smal

Larger gap increases G_,
ler gap improves o_/E

A compromise
IS needed.

The points corresponds to
different selection efficiency

3.5 4

Effective geometric factor (m? sr) __________ 18m m 1 TeV pI’OtOnS

Energy resc

o /E

. |~ cap1 (3.0mm)
—— Gap 2 (6.0 mm)
Calocube . | cap4 (20mm)
-------------------------------------------------------------------------------------- —— Gap 6 (18.0 mm)
é 2|5 — é 3|5 5
Effective geometric factor (m? sr) 37



Saturation in
crystals where
shower
development is
maximum

Calocube

Event view Prototype
200 GeV electron

Large PDs

Energy deposit (ACD channels)

LBeam Combining the
Large and Small

— — PDs we can
=— === improve the linearity
Eﬁ and resolution
e A

e
e
e
——— The information of
— Large PDs
=== saturated channels
=i can be recovered
— using Small PDs
5 Small PDs

Energy deposit (ACD channels) 38



Electron deposit

Combined PDs

Electron 50 GeV Electron 100 GeV

Electron 149 GeV

soo

250 .

200f

Calocube
Prototype

Small PDs

Electron 50 GeV

Electron 197 GeV Electron 243 GeV

200f

100F-

50

7 72 74 76 78 8 82 84 86 88 85 9 9.5 10 105
E [MIP] E [MIP]

150

100

sof

5a 658 5 62 64

Electron 279 GeV

E [MIP]

Large PDs

Electron 279 GeV

160

140

100f
80

60f

20fF

105
E [MIP]

39



4000 ————— — — —
= F 324 ndi 15211 | 3
5300 po 7428=1.152 | 3
2] = pi 03535 =0.02546 |
800 P2 0.002516 +0.000251 |
700 — =
600 4
500 —
400F 3
300 —
200— LandaumGauss|{ @& MP ) =
E Gauss (@ MP ) ‘ I 3
100 E Statistical mean O S =
£y M R L
0 1] 5 10 15 20
it
30T — ——— —— —
E o ¥/ ndf 306573 | 2
= pd 216.8 + 6,827
Waso— ]
- p1 0.4005 + 0006772 | -
r p2 0.041 + 0.0(?4699 ]
sool— & 4
C .
150
100
- landauwmGauss{ & MP ) A
S0 - Gauss [ @ MP ) LYS O .
r Statistical mean ) ]
U L | 1 1 1 | 1 1 1 | 1 1 1 - 1 1 1 1 _
s} 5 10 15 20
zZ
a 200 — —_—— — —— ——]
% = ¥ indf 1823711 | J
_5,1 80— Pl BG53L04133 |
@ = pi 04509 £ 0001841 | O
1680 — P2 0.01016 - 0.0008624 | —

-
I
=]

(qV
N 120
~~
U‘) 100
80
60
40

20

Landauszauss |
Gauss ([ @ MP )
Statistical maan

® WP}

Signal/Z*

60

50

30

20

10

dL

Tarlé model

(1 — F,)dE/dz

K{

dx

72

LandaumGauss | @ MP ) ¥/ nd 18,594 11

Gauss (@ MP ) pa 23.48 + D.05589

Statistical mean ) p1 0.5635 +0.00643
p2

0.0085344 £ 0.0004651

2 2
Sig nE_ll.fZ
™
=]

1] 5 10 15 20
Z

T — T T | — .
— 72 1t §3.49/10 |
- po 844604916 |
- pl 0.4236+0.01451 | |
B p2 0.005357 +0.0004125 | 7
C . ]
- ] -
L ¢ =
- LandaumGauss | @& MP ) =
| Gauss (@ MNP ) YA P —
L Statistical mean -

| I P T T T R T T | T T

0 5 10 15 20

z

1+ B(1— F,)dE/dx

po{

Fit function
(1—p1)

1 +p2(1 —

The non linear
regime starts for
Z? = p, = 1/202
Csl: Tl has the
largest Z,

LYSO has the
smallest Z,

Crystal
iInearity

40



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40

