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EIC Physics Case

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

ELECTRON-ION COLLIDER
(((E ))» EIC Yellow Report

PAN'ASSESSMENT OF
0’S.-BASED ELLECTRON-ION
COLLIDER SCIENCE

Electron lon Collider:

The Next QCD Fron:
Under i

NAS Finding 1: An EIC can uniquely address three profound questions about nucleons—neutrons
and protons—and how they are assembled to form the nuclei of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
o What are the emergent properties of dense systems of gluons?
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EIC Physics Case

Calorimetry Role

DIS event kinematics - scattered electron or final state particles (CC DIS, low y)

X
Neutral Current DIS Charged Current DIS Semi-Inclusive DIS Deep Exclusive Processes
e Detection of scattered e Event kinematics from e Precise detection of e  Detection of all particles in
electron with high the final state particles scattered electron in event
precision - event (Jacquet-Blondel coincidence with at least ®  Detection of DVCS y,
kinematics method) 1 hadron exclusive 1%, decay
e Excellent e/h separation e  Jet measurement e Measurement of SIDIS electrons (e.g. VM)
needed capabilities m°, decay electrons (e.g. ®  Separation of y/m° for
HF) DVCS

— See talk by A. Jentsch about far-forward (exclusivity) and far-backward region (Low Q?, luminosity)
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EIC Calorimetry Requirements o oo

CONCEPTS FOR THE

ELECTRON-ION COLLIDER
L b ECYellowReport
T
o

EIC Community outlined physics, detector requirements, and evolving detector
concepts in the EIC Yellow Report.

Main tasks of the ECAL

Detect the scattered e and separate them from .

Improve the electron momentum resolution at backward rapidities.

Detect neutral particles (photons, 1), and measure the energy and the coordinates of the impact.
Separate secondary electrons and positrons from charged hadrons.

Provide spatial resolution of two photons sufficient to identify decays m° — yy at high energies.

Challenges: e/t PID, y/m° discimination, high energy resolution at large |n| and momentum, dynamic range
of sensors, available space
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EIC Calorimetry Requirements o oo

CONCEPTS FOR THE
ELECTRON-ION COLLIDER
[ 4 EIC Yellow Report

EIC Community outlined physics, detector requirements, and evolving detector
concepts in the EIC Yellow Report.

Main tasks of the ECAL

e Detect the scattered e and separate them from .
e Improve the electron momentum resolution at backward rapidities.
e Detect neutral particles (photons, 1), and measure the energy and the coordinates of the impact.
e Separate secondary electrons and positrons from charged hadrons.
e Provide spatial resolution of two photons sufficient to identify decays m° — yy at high energies.
4<n<-2 2<n<-1 In| <1 1<n<4
E resolution 2%AE® (1-3)% | T%AE® (1-3)% (10-2) % ANE ® (1-3)% (10-12) % AE @ (1-3)%
e/Tr separation up to 104 up to 104 up to 104 30 e/m
Min E [GeV] 0.1 0.1 0.1 0.1
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EIC Calorimetry Requirements

EIC Yellow Report

DIS electrons DVCS photons SIDIS m°
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EIC Yellow Report
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EIC Calorimetry Requirements

Main taSks Of HCAL 124 = Charged particles === Neutral hadrons

e Precise reconstruction of the jet energy Lo S—PYCEY. 01 7. S0.08

% pharticle 5 250 MeV/c
o Detection and isolation of neutral hadrons, in combination é °
with information from EMCals, tracking and PID detectors. Ny -~
o Neutral/charged cluster discrimination with help of tracking § N = e—
o Complementing tracking at high n 2 W
e Detection of all the final state hadrons (Jaquet-Blondel method) ol e

Lab frame p/¢ (GeV/c)
EIC Yellow Report

o Proton fragmentation products in the forward area (n and K

> 250
Only in HCaI) g E Jet Energy Vs n i
'-FU) 200»_10.0<c>2<1ooo.o: Vs = 141 GeV
Challenges: available space, energy resolution at high n I Jraeon o'
150~ JetR=0.4 (p, >5 GeVic)
n EIC Specifications Conservative option © —— Jetp, > 10 GeVic Limit v
0/E, % | Epin, MeV og/E, % E,pin, MeV 10F 10°
35t0-10 | 45/VE+7 500 50/VE+10 500 sof- "
-1.0to+1.0 | 85/VE+7 500 100/vE+10 500 g
+1.0to+35 | 35/VE 500 50/vE +10 500 N

EIC Yellow Report
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Backward Calorimetry

Backward EMCAL

e Non-projective PbWO calorimeter (EEEMC-Consortium)
o 2x2x20cm?3crystals
o Length ~20X/X,, transverse size ~Moliére radius
o Located inside the inner DIRC frame
o Preferred readout: SiPMs of pixel size 10um or 15um
o Cooling to keep temperature stable within £ 0.1 -C

e Ongoing efforts advancing the design to increase coverage

inn (3.7 < n <-1.5) with inlay around beampipe

Backward HCAL in consideration
e Possible upgrade path

— See C. Muiioz Camacho for EEEMCal, https://indico.bnl.gov/event/15493/
— See B. Page, https://indico.bnl.gov/event/15686/
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Backward EM Calorimetry

ATH ENA ECCE PMT divider & amplifier
= " = MR e e e B l PMT housing
Resolution of inner [crystal] and outer [sci-glass] nECal E\, 8- ©-4.0<n<-35 ECCE G4 simulation — 1 ET—
6 o 301 _ W -3.5< 1< -3.0 e*in EEMC, w/ mat. infront -| 4 CTY!
T ].03®ﬁ [sci-glass] T; L ¢-30<n<-25
i % g0 192 P aoea
5: E VE E 6~ ..olE = 1.6/E ®0.2 B
5 (— % 139922 [eystal i 1
g 4 : VE I ]
= [ G _ 225 076 r Brass strip
g4 r 5_1'5263\/;@ E 4 —
Oy + IR R B R R R R R RN R R R R RSN
F L o 4
2 .
L 2 & g |
r 3 000 0 OB . :
A e N sy Compton calorimeter / NPS prototype beam test
r e crystal L [t olE = (2-3)NE®(1-3)
TR A AT AT WA TP Peee 1w e 12x12 PWO modules (SICCAS crystals)
0 2 4 6 8 10 12 14 16 18 0.2 0.4 0.6 0.8 1 1.2 1.4 .
E (GeV) i 11 E (Gev) e Tested in JLab Hall-D
5 e 10T T LB B T ™3
- r o E =
8 ok +\ % | ECCE simulation ] = 18f .
5 10°¢ /%/ N ,%105* single particles n ) 175_ . s 2.634 £0.012
2 L =TE 1 m E Energy resolution | N 1.073 £0.091
¢ g & F 1 o L6f c 0.532 +0.012
10°E V4 — 10 4 S 15
F /7 = E E
F V4 E 14
[ ,v’:// o gass [Fraod) 10% 13E
102:7 ?// o ayslal[d-uEE“\ E - E
E ! B L 1.2F
o feeofel 107 o - LIE
ol (Fao o E 1 E
10 L O Sos% 4 1E !
E — « EEMC F
10 - E
; BEMC 09 2.6%AE®1.1%/E ® 0.5%
E/p>1-1.60¢/E o FEMC A 0.8E 1 h I ! | ] h 1 |
) | Ll . alig eqll N o 5 ¢ ooyl i . : 3 4 5 6 7 8 9 10 11
06 1 2 3 4 567890 20 30
! 10 Efgev) P,... (GeVic) Energy (GeV)

— C. Mufioz Camacho for EEEMCal, https://indico.bnl.gov/event/15493/ — V. Berdnikov, https://indico.bnl.gov/event/15615/
— Nucl. Inst. Meth. A 1013 (2021) 165683
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Barrel EM Calorimetry

Technology I 8000 homogeneous blocks of SciGlass
e 455 cmlength (18 X))
\\ \\\\\\\\\\\\\\\\\\‘“”I//// / zzzze +~10 cm radial readgut space, read by SiPMs
e Coverage:-1.7<n<1.3
e SciGlass
o Ongoing R&D EEEMCAL consortium
— See Talk by T. Horn
o Alternative to high resolution (expensive)
crystal EMCal
o 3x320cm (~7X,) SciGlass prototype
detector tested in beam

o
R

§
$

SN

ol
T

Energy resolution, %

”’lllmm

Wy, Nl
/lllmnm\\\\\\\\\‘

— See T. Horn, https://indico.bnl.gov/event/15802/ /SN SRR b A SR SN, S A

Incident particle energy, GeV
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Barrel EM Calorimetry

Technology |

; Pion rejection Electron efficien i
Energy resolution on rejectio ectron efficiency Separation of y/m°
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wl o ;if 11?//“/(5 22—2 single e™ | L. L Single particles ] 8 | single particles . [ m >y ]
P Sl K 210 E 2.4 ] 1 e
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15 o, /E = 16/E ©0.7 L ] s 3 e F % .M
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4 [ j o ] L 'Y i
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. _-ECaI (B Tracker W or B cerenkov W Passive
i e Geant4 Simulations
g e Implemented with the active components and support
) structures
1 e Materials in front of the EM calorimeter considered
e 1.5T Magnetic Field
) — See T. Horn, https://indico.bnl.gov/event/15802/
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Barrel EM Calorimetry

Technology I

e Hybrid concept
o Imaging calorimetry based on monolithic
silicon sensors AstroPix (NASA's AMEGO-X
mission) - 500 pym x 500 ym pixels

o  Scintillating fibers in Pb (Similar to GlueX
Barrel ECal, 2-side readout w/ SiPMs)

e 6 layers of imaging Si sensors interleaved with 5
Pb/ScFi layers and followed by a large chunk of
Pb/ScFi section (can be extended to inner HCAL)

e Total radiation thickness for EMCAL of ~20 X0

e Detector coverage: -1.7 < n < 1.3 which overlaps
with “electron-going” side endcap

Energy resolution - SciFi/Pb Layers: 5.3% NE ® 1.0%
Position resolution - Imaging Layers (+ 2-side SciFi readout): with 1st layer hit information ~ pixel size
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Barrel EM Calorimetry

Technology I

Pion rejection

104t ATHENA BECal sim.

PbWOQ,4 sim.
103

107 Pb/Sc meas.
(PHENIX)
W/ScFi sim.
101l (SPHENIX)
£e=95%
0
10%01 1.0 10.0
p (GeV/c)

° Standalone Calorimeter
(no material/no magnetic field)

— for apple-to-apple comparison
with technologies presented in YR

° 2 step method: E/p cut + NN
based on 3D position and energy
information from imaging layers
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Rp=

3T field + ATHENA Material

104
103

10’ —4— 6 Img Layers Standalone
—4— 6 Img Layers w/ MF

—— 6 Img Layers w/ MF and Mat.
10t

0 2 4 6 8

10
p (GeV/c)

Impact of material and 3T field
The lowest p point at 0.7 GeV/c
significantly affected by the high
magnetic field
o  The rejection factor will go
up with lower field

100

T T T

80
—}— 6 Img Layers w/ MF and Mat.
1.0 10.0

70
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Barrel EM Calorimetry

Technology I

Pion rejection
Ry Ry
104} ATHENA BECal sim.

3T field + ATHENA Material
PbWOQ,4 sim. 104
103

103

107 Pb/Sc meas.

(PHENIX)
W/ScFi sim.
101  (SPHENIX) 10’ —4— 6 Img Layers Standalone
—— 6 Img Layers w/ MF
£ =95% —4— 6 Img Layers w/ MF and Mat.
10957 5 L 10% 2 4 6 g 10
b (GeV/c) p (GeV/c)
e  Standalone Calorimeter e Impact of material and 3T field
(no material/no magnetic field) e  The lowest p point at 0.7 GeV/c
— for apple-to-apple comparison significantly affected by the high
with technologies presented in YR magnetic field

o  The rejection factor will go

° 2 step method: E/p cut + NN up with lower field

based on 3D position and energy
information from imaging layers

100

T T T

80
- —}— 6 Img Layers w/ MF and Mat.
@ EN RGY maSan by e agoAq et 70 1.0 10.0

15 GeV ° example

Separation of y/m°
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Used shower profile (6FWHM)
Yy Merging Probability of n° decay atR = 0.8 m
—— Imaging Calo [6.0 x FWHM of Hits Distribution]
—— PbWO4 [20 mm] —— Shashlyk [55 mm]
—— TF1[38 mm] —— Shashlyk [110 mm]
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Q
3
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Shower profile from ATHENA simulation w/

3T field. First check at r = 80 cm. 7
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Barrel Hadronic Calorimetry

Reuse of sPHENIX outer (outside of the Solenoid)
HCal = 3.5\,
e Steel and scintillating tiles with wavelength
shifting fiber
o AnxAp=0.1x0.1
(1,536 readout channels, SiPMs)

SPHENIX Test Beam

OUTER HCAL

INNER HCAL

7 B2
v e EMCAL+HCALIN+HCALOUT
g AE/E = 2%(3p/p) @ 13.5% @ 64.9%/\E
5 = HCALIN+HCALOUT (EMCAL MIP)
% a8 AE/E = 29%(8p/p) ® 14.5% © 74.9%/VE
é r s HCALOUT (EMCAL+HCALIN MIP)

0.6

AE/E = 2%(3p/p) @ 17.1% @ 75.5%/VE

0.4

02—

TEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 65, NO. 12, DECEMBER 2018
0 ) S S0 S S 0 O S
0 S5 10 15 20 25 30 35 40

Input Energy (GeV)

e Necessity and feasibility of inner HCal under
development, depends on EMCAL choice
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Forward EM Calorimetry

Two mature sampling EMCal designs considered:
e Pb-Scintillator Shashlik: scintillating tiles; light
transported through the WLS fibers
o Single towers smaller than R, (~5.2 cm), use
shower maxima to separate close particles
o X/X,=18.5(37.5cm + 5 cm readout)

1 8 4 SiPMs / tower |
- e \W/SciFi: scintillating fibers embedded in W/epoxy mix
o  Similar to sPHENIX W/SciFi

R&D: Improvement of light collection eff. and o X /Xo =23 (17 cm + 10 cm readout), 2.5 x 2.5 cm

uniformity towers (R,,=~2.3 cm)
Simulations: o Easier construction for WSciFi calorimeter
e Expected E resolution ~ 11%/E © 2% o Compactness and higher EM-shower containment
e Can effectively separate y/m1° (z = 3.5 m) with
ML methods

— See F. Bock, N. Schmidt, https://indico.bnl.gov/event/15686/
— See O. Tsai, https://indico.bnl.gov/event/15686/
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Forward Hadronic Calorimetry

LFHCAL 8M
module
LFHC»;LI4M 0.5 mm steel protective covers
module for fiber channels

16mm steel plates

7x 10 fibers
read-out by SiPM

16mm thungsten plates

4 mm scintillator tiles

— See F. Bock, https://indico.bnl.gov/event/15810/
— See O. Tsai, https://indico.bnl.gov/event/15810/

“. % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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Two designs based on longitudinally separated steel
and scintillator tiles
e Inspired by STAR Forward Calorimeter
o Fe/Scint (20 mm / 3 mm) sandwich
o 4 longitudinal segments (scintillation tiles
with two different time constants)
o MM, =7 (ECAL + HCAL)
e Inspired by Projectile Spectator Detector (CBM)
o 60 layers of steel-sci plates + 10 layers of
W-Sci plates (5 x 5 cm towers)
o 7 signals per tower (from 10 plates)
o MA,=6.9 (HCAL only, larger shower
containment)

e Ongoing efforts to explore granular inlay around
beampipe

18 Argonne & |75



Forward Hadronic Calorimetry

“ Fenaainaas " eccesmiman] & P onos i cooesmien] Performance on energy resolution and matching
Foasindio tisnis Gl I o v b iy Db IRLERAL indi i ioi i i
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— See F. Bock, https://indico.bnl.gov/event/15810/ 006 | . | . .
— See 0. Tsai, https://indico.bnl.gov/event/15810/ e W W g
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e

Fe/Sc, CALICE Model R.Milton (UCLA)
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Summary and Outlook

= Electron-lon Collider physics case requires a detector with unique capabilities
— Detector requirements summarized in the EIC Yellow Report (YR)

= This talk summarizes the needs and proposed technology choices to fulfill the YR
requirements for the EIC Electromagnetic and Hadronic Calorimetry in the Central Detector
— See the talk about the Far-Forward and Far-Backward regions by A. Jentsch
= Active R&D efforts for different technologies
— See the talks in the next 2 sessions

= Final Detector | technology choices for calorimetry under evaluation
— Ongoing performance, risk, and cost studies and integration evaluations
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