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Motivation: Properties of Nuclear Matter and Why So?
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Electron-Nucleus Scatterings

* In e-N scattering, the nature of the interaction of the virtual photon with the
nucleon depends strongly on wavelength

* Atvery low electron energies, A > 1, e—e_‘q/
the scattering 1s equivalent to that from
a “point-like” spin-less object .

* Atlow electron energies, A~7: ‘)_g:&
the scattering 1s equivalent to that from

an extended charged object

* At high electron energies, A < 1y,:
the wavelength 1s sufficiently short to
resolve sub-structure. Scattering from
constituent quarks

* At very high electron energies, A < 1,
the nucleon appears to be a sea of
quarks and gluons
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Electron-Nucleus Scatterings: Kinematic variables

0
Q’=—-q¢*=—(k-K)* = 4EOE’sin2(E)
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W2 =(p+q)?*=M?+2Mv — Q*
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Elastic Scattering
Quasi-Elastic (QE)

Scattering

o Deep Inelastic
Scattering (DIS)

Nucleon
Resonances

Nuclear
Resonances

i~1,23,.. X
(~ # protons + # neutrons)

0.7 1
JD Bjorken, PhysRev 179 1547 (1969)

Probes nuclei

Ee

Probes Sub-nucleons (Quarks)

30 GO0 ©
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nucleus nucleons

Probes nucleons (proton & neutron)

Four-momentum transfer squared to the target

Energy loss by the incident lepton in the target rest frame

Bjorken x (at the leading order x is the fraction of the target
nucleus momentum carried by the struck object)

Mass squared of the system X




History of Lepton-Nucleus Scattering Experiments

* Measurements of nucleon form factors in elastic electron-nucleon scatterings by Hofstadter et al.
in the 1960's demonstrated for the 15 time that the nucleon has about 1 fm spatial extension.

Extended proton with spin (Rosenbluth formula):

do do™** B [GZ +7GE,

_ 2 9 40 E = +27G2, tan?(6/2)
0(08) = OMott * |F(CI)| o A bl
e~ . JjT Gg and Gy: proton form factors
2
- B ( a )2 cos (7) Mott cross-section for a spin-’2
Mott = \2Eg) ;4 (g) lepton scattering on spin-0 particle

> Nucleon form factor squared with

internal charge density p(r)

point-like exponential Gaussian Uniform Ferm!
p(7) k \ sphere A‘ndlon

i H ”» .
unity “dipole Gaussian

g N i

Dirac Particle Proton 6Lj 40Ca

E. ~ a few 100 MeV |F(q)|* =

j p(P) el d37
volume

3/4/25



History of Lepton-Nucleus Scattering Experiments

* Measurements of nucleon form factors in elastic electron-nucleon (e-N) scatterings by Hofstadter

et al. in the 1960's demonstrated for the 1% time that the nucleon has about 1 fm spatial extension.

Hofstadter, R., Rev. Mod. Phys. 28, 214 (1956)
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F16. 15. The semicircular 190-Mev spectrometer, to the left, is
shown on the gun mount. The upper platform carries the lead
and paraffin shielding that encloses the Cerenkov counter. The
brass scattring chamber is shown below with the thin window
encircling it. Ion chamber monitors appear in the foreground.
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History of Lepton-Nucleus Scattering Experiments

* Measurements of nucleon structure functions in deep inclusive deep inelastic e-N scatterings that
were pioneered by Friedman, Kendall, Taylor et al. in the 1970°s suggested the existence of point-like
constituents in the nucleon and asymptotic freedom of the strong force.
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History of Lepton-Nucleus Scattering Experiments

* Measurements of nucleon structure functions in deep inclusive deep inelastic e-N scatterings that
were pioneered by Friedman, Kendall, Taylor et al. in the 1970’s suggested the existence of point-like
constituents in the nucleon and asymptotic freedom of the strong force.
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Fo(z, Q%) = 20 F(a

Ze rq;(a

q;(x, Q?) is the probability distribution of partons of flavor
i, depending on x and weakly on Q?



History of Lepton-Nucleus Scattering Experiments
* DIS measurements on a collider (large c.m.s.) with the HERA accelerator at DESY (1992-2007)

Elec_tron energy 27 5 GeV, "I‘Fé‘fon energy 920 GeV
Equlvalent electren enel‘%fer*ﬁxed target exp ~ 54 TeV

«Q_,,
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History of Lepton-Nucleus Scattering Experiments

* DIS measurements on a collider (large c.m.s.) with the HERA accelerator at DESY (1992-2007)
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History of Lepton-Nucleus Scatterlng Experiments
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q;(x, Q?) is the probability distribution of partons of flavor i, depending on
longitudinal momentum fraction x and (weakly) on scaling variable O?

11



History of Lepton-Nucleus Scattering Experiments

e 10°7
Q2 107 7 x,,= (M/14 TeV) exp(ty)
Q=M
q 10°
P

L/
1

ole+p—jet+X)= f dxq(x, Qz)®’6v*q_,q
=0

B ff dx, dx; q; (X1, Q®)®q2(X2, Q*)®8 ¢, q,-2

X1,X2

PDFs are universal. Precise knowledge of the
PDFs 1s crucial for precision measurements to
search Beyond-Standard Model physics.
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History of Lepton-Nucleus Scattering Experiments

“You think you understand something? Now add spin...” - R. Jaffe
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History of Lepton-Nucleus Scattering Experiments

E—

Photon and nucleon spins aligned Photon and nucleon spins anti-aligned

* Virtual photon can only couple to quarks of opposite helicity
* Seclect quark helicity by changing target polarization direction
* Different targets give sensitivity to different quark flavors

1 v 1 L
A0 -0 &% g =52 (9 (X)-0r (%)) =52 e A% (X)

|| - -
o= +0° F

1 ol . o1 S
_]zng(nf-(qf(x)+qf (X))ZEZfef—qf(x)

q;—r (x, Q?) is the probability distribution of partons of flavor fwith spin (anti-)aligned with the nucleon
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History of Lepton-Nucleus Scattering Experiments
* Polarized inclusive deep inelastic e-N scatterings in 1987 discovered “SPIN CRSIS”

e I I

0.02

European Muon Collaboration AY = Quark + Anti-Quark helicity contribution =0.12 £ 0.17
(EMC) Experiment AX expected from quark-parton model (Ellis-Jaffe) ~ 0.6
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018 — ELLIS-JAFFE sum rule ® xg’ (x) 010
p - -
0.15 X Jg1 (x')dx
0.08
0.06 &
o
>
0.04
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History of Lepton-Nucleus Scattering Experiments

* Nucleon spin structure has been studied extensively with polarized eN/uN FXT experiments
(SLAC 1992-1999, HERMES 1995-2007, COMPASS 2001-2022, CEBAF 1994-present)
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History of Lepton-Nucleus Scattering Experiments

* Nucleon spin structure has been studied extensively with polarized eN/uN FXT experiments

(HERMES 1995-2007, COMPASS 2001-2022, CEBAF 1994-present)
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A. Airapetian et al., PRD 75 (2007)

* x> ® O

oo

HERMES (Q% <1 GeV?)
HERMES (Q? > 1 GeV?)
SMC (low X - low Q%)
SMC

E 143

E 155

central uncertainties
value theor. exp. evol.
ao
LO O(a?) 0.278 0.010 0.022  0.025
NLO O(al) 0.321 0.011 0.024 0.028
NNLO O(a?) 0.330 0.011 0.025 0.028
Au+ Au
LO O(a?) 0.825 0.004 0.007 0.008
NLO O(al) 0.839 0.004 0.008 0.009
NNLO| O(a?) 0.842 0.004 0.008  0.009
Ad + Ad
LO O(a?) -0.444 0.004 0.007 0.008
NLO O(al) -0.430 0.004 0.008 0.009
NNLO O(a?) -0.427 0.004 0.008 0.009
As + As
LO O(a?) -0.103 0.013 0.007 0.008
NLO O(al) -0.088 0.013 0.008 0.009
NNLO O(a?) -0.085 0.013 0.008 0.009

10'3 10°

XAq ~ 0.3 => Where 1s the rest of the nucleon spin?




Nucleon Spin Puzzle

2
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1
=SAZ+Lg +AG + Ly
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Nucleon Spin Puzzle — Gluon Polarization

Gluon polarization accessible in
* polarized inclusive DIS through higher order interaction (gluon splitting)
* polarized pp collisions through e.g. charged hadron and jet production

DSSV, PRL 113 (2014)
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Nucleon Spin Puzzle — Orbital Angular Momenta

JI’s sum rule (1997)

* GPDs are related to known quantities (FFs, PDFs).

Jg.q = Eltgr&fdx x|Hgg(x,&,t,u?) + Eq g(x, &, t, u?)]

FFs | J2 do Hy (2,6, t,1%) = F (8) | [0y doBq (2,6,6,4%) = F (0
(x+¢)-P (x—¢)-P [} do g (0,6,t,0%) = g8 () | [, doBy (0,6,t.0%) = g5 )
PDFs | Hy (,0,0,u%) = g (z, u?) E, and E, decouple in the

fNIq (;r, 0,0,u?%) = Aq (;1:, p?) forward limit

2
F(x,¢t,p%) * Constrained by symmetries:

time-reversal F(x; §) = F(x; -§)

* GPDs enter 1n hard exclusive reactions, e.g., DVCS

- dz—eirf’+:-<p'|'&q(—:-.r/2w-1:4.'(,(::/2)|p>|

+=Zp=0
1 B o 20TEA,
— —7 4 qf, . T q & ,

F9 = /dz_eirp+:_(p'|1,’_'lq(—2/2)’7‘+’7‘5‘¢'-’q(3/2)|P)'

= %ﬂ(p’)[ Wz, & t, 1)y " 7s+E"(I€t/1)

2z =Fp=0

5A+
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Nucleon Spin Puzzle — Orbital Angular Momenta

A. Airapetian et al., JHEP 0806 (2008)
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Electron Ion Collider at BNL (2031+)

EIC among the highest priority of US Nuclear Physics

High luminosity: L= 10°3-10% cm=s!, 10-100 fb-!/year
Highly polarized electron and light ion beams: ~70%
Large center of mass energy range: E_ = 28-140 GeV
Large ion species range: proton — Uranium
Particle production rate: O(5) @ ~500 kHz
[ 10 E
10t L Cunempolarfzed DiSe/u+pdata: [ E  Existing Measurements with A =56 (Fe): [l
E Current polarized RHIC p+p data: [ C
i 10°
&%103:- % E oA
e € 2L 2
‘b. 02: 66. 02; Qo-“\
§ § 0 y'@@
&l ¢

Parton momentum fraction, x

Parton momentum fraction, X
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ow-Energy Electron Cooler
Electron Storage HSR 41 GeV. )

Ring (ESR) B \

EIC

Electro‘rk

Rapid Cycling
Synchrotron

HSR 24 GeV
“Warm” Ihjection.Line

Electron Beam: 5-18 GeV
Ion: 40, 100-275 GeV
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[5] EIC Yellow Report

EIC Physics Program

How are the gluons and sea quarks, and their spins,
distributed in space and momentum inside the nucleon? What
1s the role of orbital motion in building the nucleon spin?

>WM %‘ﬂ How do color-charged quarks and gluons, and colorless jets, interact
with a nuclear medium? How do the confined hadronic states emerge
from these quarks and gluons? How do the quark-gluon interactions

>W.; é&fiﬁ?;“” create nuclear binding?

How does a dense nuclear environment affect the quarks and gluons, their
correlations, and their interactions? What happens to the gluon density in nucle1?
Does it saturate at high energy, giving rise to a gluonic matter with universal
properties in all nuclel, even the proton?

Precision EW, Beyond Standard Model, ...
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EIC Physics: Origin of Nucleon Spnin

0.15
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EIC Physws 3D Structures of Nucleon
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o T, = X —— 1 — * EIC will provide 3D maps
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@ \/\ 05 \ .
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EIC Physics: Origin of Nucleon Mass

Proposed a rest frame hadron mass decomposition based on T [PRL 74 (-
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Measurements of near-threshold quarkonium
production allow access to the trace anomaly
Q? dependence study in electroproduction of
Upsilon near threshold is possible at EIC
allowing an easier interpretation with
suppressed NLO corrections
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EIC Physics: Imaging Nuclei
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Physics Processes and Particle Detection at EIC

3/4/25

e

Exclusive

* Inclusive DIS : scattered electron only

[6] EIC DPAP

« Semi-inclusive DIS: scattered electron, at least one final state hadron
* Exclusive: all the final state particles including the recoiling nucleon

Low Q?-Tagger

p/A beam

_ electron beam

Luminosity Detector

h;gh Q?

Central
Detector

Hadron
Endcap

> £

Forward Tracker

28



Electron-Proton and -Ion Collider detector (ePIC)

Vertexing and Tracking: Far-Forward:
* Silicon Vertex Tracker (MAPS)

* MPGD (LRWELL/uMegas)
Particle Identification:

* TOF (AC-LGAD also for tracking)
* pfRICH (Aerogel/HRPPD)

« hpDIRC (QuartzZMCP-PMT)

* dRICH (Aerogel+C,F¢/MCP-PMT)
EM Calorimeters:

» Barrel EMCal (Pb+SciFi/SiPM) with
imaging layers (Pb+SciFi/AstroPix)

« EEMCal (PbWO,/SiPM)

« FEMC (W+SciFi)

Hadronic Calorimeters:

* Backward HCAL (Fe+Sc/SiPM)
* Barrel HCal (sPHENIX re-use)
* LFHCAL (Fe+Sc&W+Sc/SiPM)

Far-Backward: /F

um1n0s1tyQ\
Monitor

* Roman Pots (AC-LGAD)
* B0 Magnet Spectrometer (AC-LGAD, PbWO,)
* Off-Momentum Detector (AC-LGAD)
» Zero Degree Calorimeter (PbWQy,, Fe/SiPM)

ePig)

* Luminosity monitor (AC-LGAD, W+SciFi) i@

i
I

« Low-Q? tagger (Si/Timepix4)

25 subdetectors
incl. polarimeters
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Electron-Proton and -Ion Collider detector (ePIC)

Vertexing and Tracking:
e Silicon Vertex Tracker (MAPS)

* MPGD (URWELL/uMegas)
Particle Identification:

* TOF (AC-LGAD also for tracking)
* pfRICH (Aerogel/HRPPD)

* hpDIRC (Quartz/MCP-PMT)

* dRICH (Aerogel+C,F,/MCP-PMT)
EM Calorimeters:

 Barrel EMCal (Pb+SciFi/SiPM) with
imaging layers (Pb+SciFi/AstroPix)
« EEMCal (PbWO,/SiPM)

« FEMC (W+SciFi)

Hadronic Calorimeters:

* Backward HCAL (Fe+Sc/SiPM)
 Barrel HCal (sPHENIX re-use)
 LFHCAL (Fe+Sc&W+Sc/SiPM)

3/4/25
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Tracking and Vertexing

® —_ Pair DCA (dca 12, 13, 23) w P , Ve
. T
—» Candidate secondary vertex : /
and tau path of flight (dl 1,2, 3) i 7
YAV &
— DCA to primary vertex Rl /
(dcavo 1, 2, 3) Y A
F 4

® Primary vertex

® © ® ©® © ®

Figure of merit for the VXD: Impact Parameter Resolution

b
Op = @ (_Bp(GeV)sin3/20 (um)

% adepends on the single point resolution of the sensor and the lever arm, which is equal to

Rext - Rint
% b depends on the distance of the innermost layer to IP and the material budget

3/4/25 % P and 0 are the particle momentum and polar angle



Multiple Scattering Effects

- X -
- X / 2 y
v — 1
= ¢ k 00 — 0 rllns — erms
—~—2N\ plane \/5 space

92

.

Iz

—~— Yplane , —
Splane™ == —J__— f \ gy = BEMY T
—~ Bep Xo

0

plane

A

PDG Review Article, “Passage of particle through matter”
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Hybrid vs Monolithic Silicon Detector

. Charged

’ - particle
Aluminum contact $

g aluminum (ohmic contact)

' ¢ 2N High-resislivity
Sensor pixels il f n-type silicon

Solder bump flip
chip —_ i
interconnections =2

particle

Generic pixel detector Cross-sectional cut

Hybrid Monolithic
»Used in large majority of installed systems »Easier integration, lower cost
»100% fill factor easily obtained »Promising not only for pixels but also for trackers
»Sensor and readout circuit can be optimized »Potentially a significant impact on the material
separately budget

“  Other materials for the sensor »MAPS are installed in STAR and adopted for the

“  Standard ASIC CMOS (often denser than upgrade of the ALICE ITS

imaging processes)
Material budget 1-2% X, Material budget 0.05-0.3% X,
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STAR and ALICE MAPS Detectors

3/4/25

STAR HFT (2014-2016)

Beam pipe

L .\
. T
B R

ot
-

ALICE ITS2 (2021-present)

STAR PXL ALICE ITS UPGRADE
Silicon Area 0.16 m? 10 m?
# Pixels 356 M 12.5 G
# Layers 2 7
Integration Time 186 ps 10-20 ps
Trigger Rate ~1 kHz ~50 kHz (Pb-Pb), ~100 kHz (p—p)
X/X, Inner Layer ~0.4% ~0.3%
Readout Speed 160 MHz 1.2 GHz

34



Recent Development in MAPS

Thinned ITS2 ALPIDE chips bent to different radii

1071

T T T T
A R=30mm ALICE ITS3 beam test preliminary °
@DESY 54 GeVjc electrons

= Plotted on 29 Sept 2022
B R=24mm Jfeeoase
© R=18mm

-

o
1
N

4 ALICE ITS3 ER1 Wafer (12°)

99% efficient

f v

(5 99.9% efficient

Inefficiency
(number of non-associated tracks / total tracks)
=)
4

R =30 mm

-

)
L

[}
>
O

99.99% efficient *

CO

200 300 200 500
Threshold (e™)

Stitching Technology

Endcap L Repeated Sensor Unit Endcap R
\ Pads 1 Peripheral circuits ) Pads R 4D Pads
£ Il it
£ e P el R
- l F %
l s :
2.39mm ~ 15mm
' 25.5 mm — peripheral circuits Pads
3/4/25
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Recent Development in MAPS

ALICE ITS2

Beam pipe

ALICE ITS3

Cylindrical
Structural Shell

Half Barrels

3/4/25

Aluminum (14.3%)
I Glue (5.3%)

Il Water (9.7%)
Kapton (24.3%)

[ Carbon (26.8%)
Silicon (13.4%)

Il Other (6.1%)

Mean X/X0 = 0.36%

[ITS3 L0, i <1, Z,, =0
( XIX,)=0.086 %
| 2] Carbon Foam

[ Glue
|3 silcon

0.25

rg pointing resolution [um]

103

102 4

10?! 4

10°

—— |ITS2 standalone
=== |TS2+TPC
O ITS2 standalone (full MC)
—— ITS3 standalone
=== |TS3+TPC
ITS3 standalone (full MC)

R
oo
R
R
R

0.05

0.1 0.2 0.3 0.5 1 2 3 5 10 20 30
Transverse momentum [GeV/c]
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BabyMOSS Beam Tests at FTBF — May/July 2024

babyMOSS Telescope at Fermilab Test Beam Facility A 120 GeV proton beam event

| )
' / — \ | ;'I" J\ i |
7 o 3 * B S
=2 e < f by i\ Q : Y
it
3 M\ ¢ .

z(mm)

Residual of the DUT (~6 um)

X-res, L3, pass4, 6pt Y-res, L3, pass4, 6pt
I

8000 8000

7000 7000

6000 6000
5000 5000
4000 4000
3000 3000
2000 2000

1000 1000

3/4/25 UCB: Tucker Hwang, UIC: Danush Shekar; LBL: Zhenyu Ye 37



BabyMOSS SEL Tests at BASE — May/July 2024

babyMOSS SEL Setup at Berkeley Accelerator Space Effects Facility ALPIDE Single Event Upset

o0 e® [X] Gnuplot

Migital

e m
woo b mA [

500 = 250
=00 L e 200

0o |

1500 +

1k 190/ Threshold | | S

w0 1 30 H %;
0 1 1 L ] n
=120000 =100000 =000 0 O 10020 150000

-ii ﬂﬁli P iﬂ’-ltﬁ

= 150 \

1.00E-04 7
f © BASE (0V back bias)

I BASE (3V back bias)
A\ HIF (0V back bias)
© HIF (3V back bias)

1.00E-05 =

L)

1.00E-06

1.00E-07

Cross Section [cm2]

BT

1.00E-08

| IS

1.00E-09

[
1.00E-10 B B B B T
0 10 20 30 40 50 60 70
LET [MeV cm2/mg]

UCB: Barbara Jacak, Beatrice Liang-Gilman, Anjali Nambrath, Emma Yeats; LBL: Yu Hu, Shujie Li, Zhenyu Ye;
3/4/25 CERN: Hartmut Hillemanns; KU: Nicola Minafra; UC Riverside: Barak Schmookler



ePIC Tracking and Vertexing Detectors

-1.00<n<1.00 -1.00<n<1.00
200 = 50
™ o
L o :
B a ® 7-ePIC (24.02.1/1.11.0)
150f ® 7 ePIC (24.02.1/1.11.0) ) 4_
I N PWG Requirement
4 | s PWG Requirement al
100}~ r
L 2:
@
50 ‘. 1:
Lo - e e OO
[ oy gg-gi—O——O— =8
n—‘;.l“‘.'..'}'.!“.. I,I_"_IF’I— 0 PRSI IR SRS NS SN S S NS S S S
1.00<n<2.50 -2.50<n<-1.00
200 = 50
&
K e
i ® 7 ePIC (24.02.111.11.0) 2 4 ® mePIC(24.021/1.11.0)
150 C
B I PWG Requirement
---------- PWG Requirement af
100_" C
- 2_
L ® C
@ r -
501 ., [See 0 O 0 O 0 O
L @ N
0 2 4 6 8 10 12 14 0 2 6 8 10 12 14
pT [GeV] P, [GEV]

Rapidity Range

Momentum Resolution

Spatial Resolution

Backward (-3.5 to -2.5)

~0.10%xp @ 2.0%

~30/pT pm @ 40pm

Backward (-2.5 to -1.0)

~0.05%xp @ 1.0%

~30/pT pm @ 20pm

Barrel (-1.0 to 1.0)

~0.05%xp @ 0.5%

~20/pT pm @ Spum

Forward (1.0 to 2.5)

~0.05%xp @ 1.0%

~30/pT pm @ 20pm

Forward (2.5 to 3.5)

~0.10%xp @ 2.0%

~30/pT pm @ 40pm
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| LRWELL-ECT | | pRWELL-BOT| |CyMBaL| | yRWELL-ECT |

AC-LGAD Endcap |

SVT IB

SVT Endcaps SVT OB SVT Endcaps AC-LGAD Barrel |

Silicon Vertex Tracker (SVT): ~6 um point resolution

e 3 inner barrels: ITS3-curved wafer-scale sensor, 0.05% X/X,

* 2 outer barrels: ITS3-based sensors (EIC-LAS), 0.25/0.55% X/X,
e 5 disks (forward/backward), EIC-LAS, 0.25% X/X,

AC-coupled LGAD TOF: 30 um + 30 ps resolutions
* Barrel TOF: 0.05 x 1 cm strip, 1% X/X,
* Forward TOF: 0.05 x 0.05 cm pixel, 5% X/X,

Multi Pattern Gas Detectors (MPGD):10 ns+150 yum resolutions
* 2 GEM-pRwell endcaps: 1-2% X/X0

* 1 inner Micromegas barrel: 0.5% X/X0

* 1 outer GEM-uRwell planar layer + Barrel ECAL AstroPix:

improve angular and space point resolution on hpDIRC
39



ePIC Silicon Vertex Tracker — Barrel Layers P

Inner barrels (L0-L2) inspired by ITS3 Outer barrels (L3, L4)
Same sensor as ALICE ITS3 with thinned, curved, self- * EIC large area sensors (EIC-LAS) with design modified
supporting wafer-scale MAPS sensors based on ITS3, mounted on more conventional staved

» Pixel pitch O(20%22.5) um?; power consumption 40 structure with CF support and integrated air/water cooling
mW/cm?; integration time 2 ps; * AncASIC for sensor bias, serial power and slow control

e Radii of 36, 48, and 120 mm; length of 27 cm e Radii of 27 and 42 cm; lengths of 42 and 84 cm

¢ X/X(~0.05% ¢ X/X(~0.25% and 0.55%

ePIC-SVT

3/4/25 40



ePIC Silicon Vertex Tracker — Disks oPiE)

3/4/25

Disks (5 electron + 5 hadron going direction): .

EIC large area sensors (EIC-LAS) with design
modified based on ITS3, mounted on conventional
structure with CF support and integrated air cooling
AncASIC for sensor bias, serial power and slow control
Outer radii of 25 and 40 cm

X/Xy~0.25%

Sensor Inward Facing Module Sensor Outward Facing Module

_#A40 |
% | EEE
| L F
| I L F
R | I EEEEE
/| | I

| I |

EEEEEN |
RN |

EEEEEN
1

| I
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1.8

Particle Identification

2.0

B . . STARTOF

' (preliminary)

161

14f

12} N

o —

0.8: 'UT AN 4 INTR o 'r (P IO ) -

0 0.5 1.0 15 20 25 3.0
p (GeV/c)
Time of Flight
mc\ 2
1/ =t/L= |1+ (=
p
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Particle Identification

2.0 =
C .2 = “STARTOF 2 ALICE performance
I~ \' s 3 imi c - =9.
il D (prellmlnary) = Pb-Pb |sy =5.02 TeV
C : | g
el
16} 2
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: o
14} S
. O 102
C a
12 =
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0.8L LT S
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uton Cu

Time of Flight dE/dx
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Particle Identification

2.0 —_ o~ 0B
3 . : . STARTOF @ ALICE performance T 50§
5l ity | (éreliminafy) g Pb-Pb |sy = 5.02 TeV E " ‘
I ;& g o ,F
16 S > 40
C X e
[ o < 35
14 © 2 y
C O 10° X 30
C [ =
12 - o .
C o 25
- 5
1.0
: . LHCb RICH
0.8’_ . . el o : 15 s aal 1 1 e M | 0
0 0.5 1.0 1.5 20 25 3.0 1 10 10 102
p (GeV/c) p/z (GeV/c) Momentum (GeV/c)

Time of Flight dE/dx Cherenkov Radiation

/3 cosf. = (1/np)

Way,
va f"On(

0[//7

9‘ charged particle
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ePIC PID Detectors iy iy

: IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII h DIRC ’ dRICH
Range of 30 :rc-K separatlon “p——w '* _ S
10° = Pythia, e+p 18 x 275 GeV =
S i R —
> LN . fRICH -
S 10 =
£ : X
c dRICH (aerogel) — By’ .
2 : =,
S =)
S ToF (HRPPD) l\‘_/‘ &l AC-LGADs g
= 8 =
\\\\ ToF 4
N ToF I ——f =
10_1 | I | | 1 \I\ | | | I | | | I | | 1111 | | I | | 111 hpDIRC Fused Silica Fused Silica
5 -4 3 -2 -1 0 1 2 3 4 5 prism

Time-of-Flight: AC-LGAD "

* Backward: HRPPD with 10-20 ps resolution

* Barrel: AC-LGAD strip sensors with 35 ps resolution

* Forward: AC-LGAD pixel sensors with 25 ps resolution
dRICH: dual radiator RICH

* Aecrogel and C,F¢ gas with SiPM for light detection

e
. 'j,.—';@;‘ v

/ bar
v A
i Pl

~~
i

N~

pfRICH: proximity focusing RICH
* Single volume with long proximity gap (~30 cm), using
Aerogel as radiator and HRPPD as photon sensors

hPDIRC: high performance DIRC 3;
* Quartz bar radiator (BABAR bars reuse) with MCP-PMT
3/4/25

aerogel container
—— acrylic filter
—— inner conical mirror

—— HRPPD sensor plane

—— outer conical mirror
e ———— vessel




ePIC AC-LGAD TOF Detectors

15
| '\ start time ot, = 20ps  ePIC Simulation 108
i b 1) 5 Single Particle
1.4} v "|BTOP ot = 35ps -1.42<n<1.42
II .\ et

[y
o
~

number of entries
{ NS

10!

p (GeV/c)

_100

ix‘ | start time ot = 20ps

ePIC Simulation

| FTOF o1 = 25ps TR se0 103
— -1023§
10t
i 2 3 4 5 —10°
p (GeV/c)
Area (m?) Channel size (mm?) # of Channels Timing Resolution Spatial resolution Material budget
Barrel TOF 10 0.5*10 2.4M 35 ps 30uminr - @ 0.01 X,
Forward TOF 1.4 0.5*0.5 5.6M 25 ps 30 umin x and y 0.05 X,
B0 tracker 0.07 0.5*0.5 0.28M 30 ps 20 yuminx and y 0.05 X,
RPs/OMD 0.14/0.08 0.5*0.5 0.56M/0.32M 30 ps 140 ym in x and y no strict req.

3/4/25
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Time-of-Flight Measurements

Size of noise

Oy tr

o)
;

S
/| an
Slope of vol. Size of signal

Ramping time

To make smaller jitter

3/4/25
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Low Gain Avalanche Diode

aluminum /

_—

%

.

h+
E pitaxia/l/’/laye r—p

>

/‘\/ /\h/

/E subs’g,,,r’ate — p*t :’ Electric field

Ultra-fast silicon detectors with a highly doped p+ gain layer
Moderate internal gain : 10-30
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LGAD Sensor
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LGAD Sensor

aluminum
FNAL 120 GeV proton beam HPK type 3.1, 195V, -20C

—_— 38 —_—
B = " 2
— [<]
| % - —09 §
// . =2 —08 §

7 — —
4 = 07 E
35 — 06 8
M 05 =
Epitaxial layer — p s 04 §
. - 03 2
32— - . " l.- gm 2% e " m® l.l . "= " - n .' - . =" %
LAY ++ P E- : : N .. - " - = - : - - 02 =
/E substrate — p :’ nEL =" . - I R 01 T

304_ — ‘ ; — . ; I — 1I() I — 1I2 I — 1I4 — 1I8 — I I 20 0
X [mm]
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AC-Coupled LGAD Sensor

* Due to the presence of JTE and the gap between *_L
LGAD cells, 100% fill factor can not be achievec b

] /-*

-gain JTE pt-gain
in LGAD. The position resolution is limited to be  psi LGAD
\1/12 of cell size. ! (a)

DC contact
AC pad #1 AC pad #2 AC pad #3

FNAL 120 GeV proton beam HPK type 3.1, 195V, -20 C

13 *E H . ! 2 I I I
E LE B T M, e - 09 £ . RN
] I 0 " A AR T e Ay 0s 8 > coupling
N , s o7 3 oxide
oE LR i 05 & resistive n* pt-gain
e } £ 05
E, e - & )
= 1" (] : -
eE " AL e R e T 03 ¢ p-Si AC-LGAD
= O . H _ . . . 02 o —
s " -'-"lh " "o . - "= I 4
=" - - = - - . 01
B T e P (b)

« AC-LGAD: replacement of the segmented n** layer by a less doped but continuous n* layer.
Electrical signals in the n™ layer are AC-coupled to neighboring metal electrodes that are
separated from the n* layer by a thin insulator layer.

* AC-LGAD not only provides a timing resolution of a few tens of picoseconds, but also 100%
fill factor and a spatial resolution that are orders of magnitude smaller than the cell size.

.. Theretore, 1t 1s a good candidate for 4D detectors at future high energy experiments. 2.



3

ePIC AC-LGAD Sensor R&D

Fermilab Test Beam Setup HPK Strlp Sensor (4 5x10 mm?)

= 80mrPrR-12-3 2. 30T 1P0_200F S0M E210. 180V 50 & 7 sf"'“.'."’f.s.. B e RAERSerS
g - 1 &5 Varying active thickness .
S 70[— Position resolution 470 § zE:, = Two=strip: 20 um (SH1) 3
k= u ] . 1 5u C Two=slrip: 50 um (SH5) .
S 601~ Time resolution —60 % 12F | = Two-strip eff = One-or-more strip eff 3
[0 C . o o -
= - E o) - .
5 50; —:50 £ 1= = 2 —~
AC-LGAD 2 of EFEEN S E
120 GeV Trigger scintillator ot A (PR P . “r .
proton I I 301 R0 0.8 =
20 o o4 =
MCP-PMT of e b I - ;
- = n = 0.2 -
FTBF strip and pixel telescope . ] - .
Lo Lo v b b v b b b g g gy o7l wil 11 1 11 111 111 L1 il
0" Hs 1 s 0 05 1 15 45 -1 05 0 05 1 15
Track x position [mm] Track x position [mm)]
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Leading Edge vs Constant Fraction Discriminator

LE

CFD

\_

3/4/25

) DelayT,

Fraction

f(<1)

Time cross the threshold of a LE
discriminator dependent on signal
amplitude

Time cross the threshold of a CFD
independent on signal amplitude
with same signal shape

CFD can be realized by adding the
delayed signal and an inverted and
scaled signal, and checking the
Zero-cross point



Leading Edge vs Constant Fraction Discriminator

Time Resolution Vs LE Threshold Time Resolution Vs CFD Threshold
LE+ToT 200 200
LGAD Pulse C £

An a|y5i s é 160 — No Timewalk Correction é 160 — No Timewalk Correction
M—T % 140 :_ — With Timewalk Correction + % 140 :_ —— With Timewalk Correction
E1202— ¢ ig1203—
100:— + + . 100;
¢ -
. . . . 805 ¢ o o @ $ 80}
Simulation study [3] indicates that CFD o, 0=
. . . . 40 LN I I S w- T .
Outperforms LE ln the tlmlng resolutlon 20:._. ...................................................................... 20:._.00‘" ....... S 8. ... 3
for LGAD 00:‘ - I5|I - I1|0I - I1|5I - I2|0I - I2|5I - I3‘0I - I3|5I O:I I I1|0’ - I2|OI - I3|0I - I4|0I - I5|0I - ‘6|0| - I7‘0I - |8|0‘ I
LE Threshold [ mV ] CFD Threshold [%]

Table 2
50 pm pre-radiation LGAD sensor simulation: summary of best time resolution obtained for SNRs of 20, 30, and 100. Leading
edge and constant fraction results are shown. The measured time resolutions have statistical uncertainty below 5%.

Time resolution (ps)

Leading edge Constant fraction (Ideal)
ST (ns) SNR = 20 SNR = 30 SNR = 100 SNR = 20 SNR = 30 SNR = 100
0.5 38 35 29 37 35 30
1.0 45 37 29 36 33 26
2.0 63 48 31 48 34 29
4.0 103 75 38 74 55 32
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Fermilab CFD ASIC (FCFD)

Arming comparator

/N [N\U(self-biased) |
I/ Program

For bias, continuous RC delay Enable Signal
reset, and shaping Follower ! Comparator

A\ RC (Delayed) Sits at Vref

N x1 RC P22,

Hi gain S

Integrator R, — ofY - @ diff.amp .
7 i)

N Follower comparator
Rz < | Cz
In — T Cabacitios Auto-bias e
(D divider / filter | — Vth (~ 570 mV)
loffset TR Vref (~ 1000 mV)
. . <

* A Constant Fraction Discriminator ASIC for LGAD detectors 1s being developed at Fermilab
* First version (FCFDvO0) [4] with single channel analog frontend only has been extensively

tested with internal charge injection, infrared laser, beta course, and 120 GeV protons.
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FCFD+LGAD with 120 GeV Protons

'a‘ SOL T T T T T T T T T T T T T T T T T T |7 'a‘ 20_
LGAD-FCDFvO S . = b
120 GeV Trigger scintillator G T — T T
proton - g= C ] C
|HH| = |HHH| I I = — = § 100 I
MCP-PMT o F ] = C | 1 h_
FTBF strip and pixel telescope o 5OF i ........................................................................ - 5 I I + ..............................
£ r ] r
[ 40: ........................................................................ _: 0:_ { ....... { ......
| YV /) C ] C
* - V" M 30 'l. ........................................................................ ] B e S S P -l- .......................
e = """ \ - ] C
g S~ A | \l E t . C
’ 5 ;’,\j' 20: e _: _10:_ i ..............................
‘i ) - e ] C
£ ‘ 10_ ............................. e — _15__ ..............
0|: 1 1 Il | 1 1 Il | 1 1 1 1 | ] 1 1 1 ‘ Il 1 1 ] ‘ 1 1 |: _20I: 1 1 1 | 1 1 1 1 \ 1 1 1 1 \ 1 1 1 1 l 1 1 1 1 \ 1 1 1
10 15 20 25 5 10 15 20 25
Signal Charge [fC] Signal Charge [fC]
FNAL 120 GeV proton beam FNAL 120 GeV proton beam
5 A L B B L A B T > g e L L A L A ]
 E VP 1 e § T g E
S e 1 dos 8 2 - 3
-"ﬁ 1: ] e w g 60— * —
. . o C - =Y C ]
* Jitter 1s smaller than 20 ps for charge > 10 fC & © § . S s e E
0.8 — : u . 3
* Mean TOA changes by less than +/-10 ps for ¢ N N £ L . * 3
= 08 ] c oo, ]
3-26 fC charge i E I E
* Timing resolution obtained with 120 GeV ok E & B E
rotons is around 35 ps, close to the best that - 2 - :
ol ] 6 U e .
the LGAD sensor provides N N T
02 0 02 04 06 08 1 12 14 0 0 120 140 160 180 200 220
Track x position [mm] LGAD Bias Voltage [V]
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EIC Detector-1 Design: EM Calorimeters

EEMC BEMC

Flange of the
beam pipe

FEMC

External stlructure & i
cooling = I °
0
maging

cooling plates

Cables

beam pipe

?g;j: " Sci-Glass

Internal structure &
cooling

read-out boards

PbWO, crystal &
internal support structure

1%E @ 2.5%/VE émff%) 2%E @ 4 — 8%/VE @ 2% 2%E @ 4 — 12%/VE @ 2%
Endcap regions:
o EEMC - homogenous high resolution PbWO, crystal ECal
o FEMC - highly granular W-Scintilating Fiber calalorimeter
Barrel region - alternatives:
o Sci-Glass: homogenous, projective Sci-Glass ECal

o Imaging: 6 layers of 0.5x0.5mm Astro-Pix Silicon layers, interleaved with Pb-SciFi calorimeter
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EIC Detector-1 Design: Hadronic Calorimeters

o Designed to complement tracking in
Particle-Flow algorithm

o OHCAL/IHCAL

» Fe/Scint sampling calorimeter
» partial SPHENIX re-use & magnet
flux return

o LFHCAL

» Fe/Scint & W /Scint sampling
calorimeter

» Highly segmented (7 long.
segments)

» W-segment as colimator

o High granularity inserts under

discussion for forward E&HCal

o Electron end-cap HCAL as neutral
veto, shallow Fe/Scint calo
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LFHCAL

Plastic (Polystyrene) 8M LFHCal Scintillator Tile

BHCAL

19.6 cm 0.2 mm WLS fiber

0.2 mm groove
refilled with
notch 0.125cm epoxy

stacking desi :"\O.40cm
OUTER HCAL acking design

— 16mm thungsten plates

4 mm scintillator tiles

INNER HCAL

16mm steel plates

20,cm 7x 10 fibers

read-out by SiPM

8M tower module -20 cm x 10 cm x 155 cm
-85cm x5 cm LFHCal towers

Barrel HCal LFHCAL

| 11| (1.4

o/E ~75%/VE+15%* ~33%/VE+1.4%
depth ~4-5 ), ~7-8 1\,

*Based on prototype beam tests and earlier experiments
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]%IC Detector-1 Design: Far-Forward Detectors

4 Electrons

Hadrons I

Detector

S s »
\ 6 o5 . ’
paikcibbing & i crabbing

ing . I % Sz N
= | Gerons = 25 murad
Bunch de-crabbing .- , - & '/'\\_\Bunch de-crabbing
£ ’ N

BO Silicon Tracker
and EM Preshower

-40 =20 Z ((I)m) 20 40
BOpf Dipole
Technologies defined
. ;gé(?n: AC-LGAD & MAPS 7DC @ ~30m
» ECAL (PbWO4) Roman Pots
= HCAL (PbSi+ PbScint)
Off-Momentum
int Detectors
pbsi  pwpsa®
ECAL B0 forward
spectrometer
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= Roman Pots

=i

Zero-Degree Calorimeter

Focusing
Quadrupoles

6<5.5(n > 6)
0*<6<5.0 (n > 6)

0.<0<5.0(n>6)

5.5<6<20.0
(4.6<1n <5.9)

Off-Momentum
Detectors Station 2

Off-Momentum Detectors
Station 1 (as Roman Pots)

Angular sccept.[mrad)

pr<1.3 GeV

*Low pr(t) cutoff
(beam optics)

Low-rigidity particles
from nuclear breakups
High pr(t)
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ePIC Collaboration

United States
India

Italy

UK

Japan

South Korea
China
Taiwan, Province of China
Israel

Poland
Germany
Norway
France

Czech Republic
Canada
Ukraine

Spain
Slovenia
Senegal
Saudi Arabia
Jordan
Hungary
Egypt

Armenia
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0

10 20

30
# Institutions

40

N

160+ institutions
. 24 countries

Wy,

ePIC non-

500+ participants

institutions A truly international pursuit for
59% - a new experiment at the EIC!

Canada  Hungary

md

Slovenia

udi Arabia
Poland

50 60
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EIC Schedule

ePig)

FY19 FY20 FY21 FY22 FY23 FY24 FY25 FY26 FY27 FY28 FY29 FY30 FY31 FY32 FY33 FY34 FY35 FY36
Q1|Q2|Q3|Q4 Q1|Q2‘Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2 Q3|Q4 Qi Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2‘Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3‘Q4 Q1|Q2|Q3|Q4 QI‘Q2|Q3|Q4
o CD-0(A) CD-1(A) CD-3A(A) CD-3B  CD-2/3C cD-3 Early CD-4 cD-4
Dec 19 Jun 21 Mar 24
Accelerator
Research & Systems
1
Development Detector
Infrastructure
Design 1 |
Accelerator
Systems
Detector I
1 1
| I
. Conventional Construction .
Infrastructure ) ; \ 1 . i Possible delay due to
. fundi traint
Construction & Accelerator Procurement, Fabrication, Installation & Test l I unding cpnstrainis
Installation Systems | | | |
Detector Procurement, Fabrication, Installation & Test | |
| | | |
,It\ lerator I I
cce
Commissioning Systems Crmmissioning & Pre-Ops | Poss|ble delay d.ue td
r fundjng constraints
& Pre-Ops | D Commissioning
etector
| | I
Data Level O Critical
Key (A) Actual - Completed Planned Date Milestones Path
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Critical Path is Accelerator Systems

Science operations
start in roughly a
decade
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Some References

Particle Data Group Review Articles on Particle Detectors at Accelerators link
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DVCS at Future Electron-Ion Colliders
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