N\
¢PH-<ENIX

Itaru Nakagawa
RIKEN/RBRC



Schedule

Fiscal year 2012|2013 (2014 |12015|2016|2017|2018| 2019 (2020 (2021|2022 | 2023|2024 (2025 (2026

RHIC | physics [
RHIC Il upgrades

RHIC Il physics

sPHENIX/STAR upgrades

RHIC physics with upgrades
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leRHIC

IR&D (CDO-CD1) 1
|PED (CD1-CD2) 1
| Baselined (CD2-CD3) I
IConstruction (CD3-CD4)
eRHIC detector
IeRHIC physics

Projects/Construction N
Operations 1




Abhay £ Deshpande

eRHIC at Brookhaven National Laboratory

Current Plan (Stage 1)
Vs ~ 60-100 GeV
% Possible with 10 GeV

Electron beam

New \‘

detector

Cost-effective Q

5.50 GeV

Future Upgrade (Stage Il)

eRHIC »3760
104 Ge S S
‘ e Vs > 100 GeV
15.3 Gev passes are s\/\%
( oo needed for 30 GeV )

251 6ev  Phase T requires
only 1 to 2 passes

30.0 GeV

L = 103334 cm—sec
100-1000 times HERA

> 50-500 fb
integrated
—= luminosity in
X 10 yrs
q\\\w Stony Brook University -

From Abhay’s presentation slide at the PHENIX future workshop in Aug. 2013



What’s new eA after pA/pp?

Accelerator + Detector




What’s new eA after pA/pp?

n° Production in pp
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Reaction is the mixture of gluon-gluon, gluon-quark, quark-quark




What’s new eA after pA/pp?




Form Factor of Nucleus
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Point like Scattering Charge Form Factor
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Nuclear Charge Form Factor
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High Momentum Scattering

Momentum - p’
Energy - E
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Even Higher Energy

Scattered
e Energy E

;\/\omen’rum P %
’Y ﬂ Quarks

Incident Energy E
Deep Inelastic Scattering

in Parton Model
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Point Like Scattering Structure Functions



Access to Unexplored Kinematic Region

3 ePHENIX (EIC) coverage
10
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EIC Physics

1. Distribution of quarks and gluons and their spins in

space and momentum inside the nucleon

Nucleon helicity structure
Parton transverse motion structure in the nucleon
Spacial structure of partons and parton orbital angular momentum

2. QCD in nuclei
Nuclear modification of parton distributions

Gluon saturation
Propagation/Hadronization in nuclear matter

Require highest energy and lum. -> not for stage-1




Proton structure: longitudinal spin

Inclusive and semi-inclusive DIS

0'25E
Unique capability to reach much lower x 02 || pssvos
. B ' B <PHENIX 5x100,
and span a wider range in Q
01 5 5X250, 10x250
=> Precise evaluation of the long. spin 0.1
component of the gluons and flavor ~  Present knowledge
separated (sea)quarks to the nucleon spin §0_05
X
0
- — —>
0'055 RHIC
-0.1= >
- eRHIC Q=10 GeV?
| 1 1 1 lll | | | I 111 II | 1 | L1 1
107 10"
PHYTHIA generator and ePHENIX X

acceptance/efficiencies

10 fb! in each energy configuration:
5x%100, 5%250, 10x250
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Motion of confined gluons and quarks

TTTT T T T T T T T T

3 Current data for Sivers asymmetry: From EIC S emi_inclusive DI S

® COMPASS h* P, <1.6GeV, z>0.1

O HERMES %% K" P,;<1GeV,02<2<07 Whlte paper

w

10

' m JLab Hall-A =*: P.;<0.45GeV, 0.4<z<0.6

| Planned:
2 B850 JLab 12

Transverse Momentum Distributions (Sivers)

10

Greatly expand x&Q? coverage

Q? (GeV?)

10

High luminosity => fully differential analysis
over x, Q?, z and P, 1

X 00,{\ 4 _
%.Neﬁ"“ 20 | From EIC
Wt 50 4? DT 2% ¢ papet
For the first time, determination of / v |9y
. R . 150 40 f sk Tt
Sivers distributions over wide range e R -
in x will be possible 100| D L S /1'0 -1
_ . 10 kK / X
We’re working on evaluation of 50 | - ,/q 0-2
expected Sivers constraint with - / D / /
ePHENIX data 0 02 04 oj/g —08 1 10_314

Quark transverse momentum (GeV)



Proton

Orbital Motion of
Quark and Gluon

Tomography

Exclusive DIS

Generalized Parton Distributions

Hints on parton orbital angular momentum

JLab Hall A
n-DVCS

N B
| * AHLT GPDs 368 :

M Lattice QCDSF (quenched) [40]
=0.2- [ Lattice QCDSF (unquenched) [41]
- [C]LHPC Lattice (connected terms) [42]

0.4

. GPDs from: !

Goeke et al.,, Prog. Part. Nucl. Phys. 47 E(2001]. 401.
*0.6 ~ Code VGG (Vanderhaeghen, Guichon and Guidal)

.0.8- HERMES Preli
i . p-DVCS

1 ' 1 L 1 L 1 1 1

'1-1 0.8 -01.6 -01.4 -01.2 -10 0f2 01.4 0.6 0.8 1

Mazouz et al. (JLab), PRL 99, 242501 (2007‘}u 15
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Gluon Saturation
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ePHENIX 10x100 e+A, 0.01 <y <0.95
Saturation Q : (Au)
2

Geometric Scaling Q 2 -a'n (Au)

max s QCD
eA/u
v ADIS
DY

Saturatjgh?

° Perturbative

Nonperturbative

1 llllHIl 1 JJJJHll 1 11 11111

10° 10° 10" 1
X

ePHENIX with its HCal and EMCal
coverage is expected to do

similar job (with diffractive
measurements)

—)

Ratio of diffractive-to-total cross-

section for eAu over that in ep

Saturation effects are greatly
enhanced in eA collisions:

Collider energy -> low x
Heavy lons -> high A

3
[ Q%2=5GeV? JLdt=10fb /A |
- x=3.3x103 :
s5f eAu stage-l  From EIC i
i White paper
2r 7
I saturation model
1.5 7]
1 ]
I non-saturation model (LTS) ]
0.5 7]
I stat. errors & syst. uncertainties enlarged (x 10)
-I | Il Il Il Il | N | | Il Il
0

1 10 16
My (GeV?)



Hadronization ez &

ePHENIX (EIC) e+A 10 x 100 GeV/A

T T T TTTTT

CLAS (JLab)

102 HERMES (HERA) <Q%>=2.5 GeV?

T T T TTTTIT

10

HERMES data discussed | _
with Gunar Schnell and
Ami Rostomyan | _|

T T T T TTTT

11 1 1 coo |
1 10

2

0
Q? [GeVl]

ePHENIX with its excellent hadron PID
at eRHIC with its high luminosity and
wide kinematic reach, is expected to
provide much smaller uncertainties in
wider range of v, Q% and nucleus size

Evaluation is ongoing

Semi-inclusive €A
Probe color neutralization and hadronization

Previous experiments are limited by low v, Q2
eRHIC:

Much larger range of v, Q?
Wide range of nuclear size
Excellent ePHENIX hadron PID up to 60 GeV
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i

@

ANNN

HERMES DIS: <Q%=2.5 GeV? 0.4 <z <0.7
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General Detector Concept

Inclusive DIS and scattered electron measurements
With focus in e-going direction and barrel

High resolution EMCal and tracking; minimal material budget

Semi-inclusive DIS and hadron ID
With focus in h-going direction and barrel
Barrel: DIRC for p, <4 GeV/c

h-going direction: aerogel for lower p, and gas RICH for higher p,

Exclusive DIS (DVCS etc.)

EMCal and tracking coverage in -4<n<4
High granularity EMCal in e-going direction

Roman Pots in h-going direction

Diffractive

Rapidity gap measurements: HCal in -1<n<5; EMCal in -4<n<4

ZDC in h-going direction
18



ePHENIX Detector Concept

400 — . . n=+l'/-: 100
. sPHENIX as basis: BABAR solenoid, P
tem) EMCal and HCal 4 R (cm)
300 — ’(/ "y — 300
. P = — = - \ _
1 = HCal ' !l
200 — n= 1 ‘}‘ ) Hcal — 200
ACal |
wo | | DIRC | l NS ’,;{;iﬁ——f MCal & Preshower 2% L5 nh /__ 100
——e—aa—— e , :_,‘__ _ Outgoing
SsTPE~ 1 | o n=4 hadron
. . . ¥ TS—F 'H\;\ N e - 2= 4 - “N=
0 ﬁtﬁ\ Y o i | —L—L\V/:L_—l‘——-"—*“ | e = | S —22_ ..... _Eea-:l
-;c—)u—l/;oo -2|00 -IWOD (l) 1&0 250 3&0 4t|)0 I:l |:| |:|
z (cm) GEMs GE.MS GE.M GE, GE,M z (cm) ZDC  Roman Pots
Stationl Station2  Station3  Station4
zz12 m z>>10m
" -4<n<-1 (e-going): » 1<n<4 (h-going):
e Crystal calorimeter with high * HCal & EMCal (1<n<5)
energy and position resolution e GEM Trackers
* GEM Trackers e Aerogel RICH (1<n<2)
_ * GasRICH

-1<n<1 (barrel):
«  Add Compact-TPC and DIRC " Far Forward (h-going)

e 7DC and Roman Pots .



BaBar Magnet

Higher current density at magnet
ends and field shaping in forward
angles provide high analyzing power
for momentum determination in e-
going and h-going directions

Flux return and field shaping:
Forward HCal
Steel lapmshade
Barrel HCal
Steel endcup

Major Parameters:
v

v
v
v
v

Superconducting Solenoid
Field: 1.5T

Inner radius: 140 cm
Outer radius: 173 cm
Length: 385 cm

400 —
R (cm) P
300 /* \
200 — ,’ | 4
SIENDE /| EMcal |
N : /] <4.5m
S »\\};‘7\___}_,‘,_ == %}7,. /—Z
wo | | DIRC — 1 & Pre [ Ly
’ . —_————— Sk —— b - P " Outgoing
= = ‘\\..\\_ ‘/>/ F . - 1T | h d
M- pc =4 beam
o[ p/A - b PP o - ——
p -3‘00 -2‘00 -100 é lll)() lf‘lo Jl‘)O 400 |:] D D
z (cm) GEMs GEMs  GEM GEM GEM ; (cm) ZDC Roman Pots
Stationl Station2  Station3  Station4 =12m 2510 m
Main space limitation observed: |z[<4.5m
(due to focusing magnet location) -



DIS kinematics

Measure scattered electron energy and angle:

- ePHENIX e+p 10 GeV x 250 GeV

30l PYTHIADIS GP>1 GeV? = -
- - 10°
e-going ! barrell;- " h-going

10?

' 2
Q2 =4EE'sin2(§) y=]—%cosz(g) _x=Q_

Electron Momentum [GeV]
3
T

1o?r-' 3

Pseudorapidity n

* Endcap Calorimeter:
— PbWO, crystal

— Similar to PANDA
endcap design

— 6./E ~1.5%NE
— 6, <3mmAE

Scattering mainly in e-going
direction and barrel

e Barrel Calorimeter:
— SPHENIX EMCal
— Tungsten based

— 6,/E ~ 12%/E

TDR for PANDA
arXiv:0810.1216




Inclusive DIS and Kinematics

elD and background rejection

Hadron rejection: s :
> -3<n<-2 i =2<n<-1 Lo =1<n<0
© : rf-i_' ri

ii4  e+p 10 GeVx 250 GeV | '3 —_DIS electron

i1 PYTHIADIS JE T -

i F Photons

EMCal energy response and E/p
x20-30 at 1 GeV/c

x100 at 3 GeV/c o
EMCal shower profile SN P A TR £ P AU O S O
0 5 10 0 5 10 0 5 10
Expect x3-10 p (GeVic) p (GeVic) p (GeVic)
Not yet included in plots \ z
EMCal long. segmentation and/or §
preshower : : ; _
. . o5 E" I e+p 10 GeV x 250 GeV i _g ---- From mom. spectral:
For future considerations PYTHIA DIS i |— after Emcal PID 1
. . B i -3<n<-2 -2<n<-1 5'5. -1<n<0 :
Photon rejection (y —> e'¢)
p (GeV/c) p (GeVic) p (GeV/c)

Minimal material

Rejection with tracking and E/p Reliable eID down to

GEANT study is ongoing p=2 GeV/c for 10 GeV e-beam
p=1 GeV/c for 5 GeV e-beam 22



Semi-inclusive DIS and hadron ID

80EePHENIX e+p 10 GeV x 250 GeV
70EPYTHIA DIS Q%1 GeV?, 0.01<y<0.80:3
OE Hadron z > 0.2

e-going barrel

Hadron Momentum [GeV]
[e2]

E

Pseudorapidity n

Focus on h-going direction and barrel

DIRC:
-1<n<1
PID at <4 GeV/c

Aerogel:
I<n<2
PID at <15 GeV/c

Gas RICH (CF4):
I<n<4
PID at <60 GeV/c

0. (mrad)

850
i AeroGel
I 200k
8001 [
__150F
. 3 = [
750 ¥ E |
N < 1001
7001 | I
Ll 50¢ CF4
Ll i P/
B 0,‘ . . .
650 1 2 5 10 20 50
PLab (GeVl/e) P (GeV/e)
; - °12 - ) y — ¢' <
) ﬁm;
MCJ
T ’f\:l i

GEMS

'GEMs GEM GEM GEM z(cm]

Seation! Sxond Sationd xiord

23



Integral of transverse field
T

e-going barrel h-going

Momentum Resolution R

z=0to-1m
R=0to80cm
z=0to3m

\
/1

op/p~aXp SRR

\l Momentum Resolution in term of 3(1/p)
! I I I l I

e-g¢ing bafrel h-gbing

—
OI

| =———ge-GEM 2+3
| =—e-GEM 1+3
—TPC ;
—h-GEMs with r&¢=100um| :
1= h-GEMs with r§¢=50pm |

-3 -2 -1

(3}

—
OI
I

Momentum Resolution, 8(1/p) (1/GeV)

Good resolution over full tracking acceptance (-3<n<4)
e-going, 6,/p ~(0.4-1.0%)xp: primarily needed for electron ID (E/p)
barrel, 6 /p ~ 0.4%xp: hadron momentum, electron momentum at p<10 GeV/c

h-going, ¢ /p ~ (0.1-1.0%)p: crucial for PID y



Backup



DVCS:

Wide coverage for photon measurements
EMCal and tracking in n|<4

Separation of e-y in EMCal
0.02x0.02 EMCal granularity is enough
Intact proton detection is highly desirable

Roman Pots

m)

Proton scattering angle e-y angle
k] 8 ‘:_
© e
s =
= 50.8
D o) F
0.004 o |
& 0.6F
=
o |
I 0.4_—
0.002 [ etp 10GeV*250Ge
B etp 10GeVx250GeV 02r MILOU DVCS
MILOU DVCS r Q*>1GeV?
L TR R T
-t, GeV? 0(e), rad

400 —

300 —

200 —

100 —

Exclusive Measurements

E | ePHENIX e+p 10 GeV x 250 GeV
= 30/~ MILOU DVCS photons Q2> 1 GeV? 10°
g e-going barrel . h-goin
c B -
L
c 102
i)
o
£
o
10
% o 2 4
Photon Pseudorapidity n
ePHENIX coverage _—y
L7 a0
/// R (cm)
yZ - — 300
Yy,
. e =
n= 1)( = HCaE———= -
i/ — — —
LR : . ' 2<4.5m
NN ~\\\_»\_J\—-}>/~ e
RN = = Outgoing
N - :v’\\_pmcgé%n% hadron
L TEMI S=a = ) n=4. beam
. s PRSP o b e o) ) >
p/A T 1 | | |
300 200 -100 0 100 200 |:] D D
z (cm) GEMs GEMs ~ GEM GE , (cm ZDC  Roman Pots
Stationl Station2  Station3  Station4
z=12m z>10m
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~3.0m

Feasibility of ePHENIX vs. EIC detector

I T

Magnet New(?) Solenoid
central VTX+TPC+PID+EMCal
h-going GEM+RICH+EMCal
e-going GEM+EMCal+RICH
Cost ~S200M?

2-3T Solenoid 7
R (cm)
300 | ///
7 |\
200 — n:_l
B Solenoid
[l EM-Calorimeter wo—| | DIRC|. | =
B Dual Radiator RICH EE DN v
B Acrogel RICH / DIRC/ HI - [ S N |
eroge Ry a—— IS I I DX BN
< 25m > < 4.5m » [ Tracking -4 30 -700 -100 0 100 200 00
- [] Vertex Tracking z (cm) GEMs GEMS GEM GE »
Station1 Station2  Station3  Station4

hadron—-beam lepton—beam

Re-use BarBar Magnet
VTX+TPC+PID+EMCal+HCal
GEM+RICH+Aerogel+EMCAL+HCal
GEM+EMCal

S80M(Equipment)+S30M(Labor)
on top of sSPHENIX

400

GEM , (cm)
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Beam Species and Energies New Systems Commissioned

2013 0

2014

2015-2016

2017

2018-2019

2020

2021-2022

2023-24

Where could fsPHENIX fit?
Run Schedule for RHIC

510 GeV pol p+p

200 GeV Au+Au
15 GeV Au+Au

p+p at 200 GeV

p+Au, d+Au, SHe+Au at 200
GeV

High statistics Au+Au

No Run

5-20 GeV Au+Au (BES-2)

No Run

Long 200 GeV Au+Au w/
upgraded detectors
p+p/d+Au at 200 GeV

No Runs

Broockhaven Science Associates

Search for QCD critical point and

Sea quark and gluon polarization

Heavy flavor flow, energy loss,

thermalization, etc.
Quarkonium studies
QCD critical point search

Extract n/s(T) + constrain initial quantum

fluctuations
More heavy flavor studies
Sphaleron tests

deconfinement onset

Jet, di-jet, y-jet probes of parton transport

and energy loss mechanism

Color screening for different QQ states

upgraded pol’d source
STAR HFT test

Electron lenses
56 MHz SRF
full STAR HFT
STAR MTD

PHENIX MPC-EX
Coherent electron cooling test

Electron cooling upgrade

STAR ITPC upgrade
sPHENIX installation

Stage-1

sPHENIX

fSPHENIX

Transition to eRHIC

Stage-2 fsPHENIX?

16 NATIONAL LABORA

\4

saIsAyd ‘uonejjeisul ‘uondNIISUOD ‘SS XINIHJIS)

ePHENIX

: @2025
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fSPHENIX Stage-1c

Smaller Scale “Full fsSPHENIX Detector”
“Prototype ePHENIX” @1/3 of total cost?

2<eta<4 )
_~N=12
r;r
™
<
1=
B
- fi]
‘ =
200cm 3
180cm : o s
BaBar Solenoid e 3 g g n=2.0
EMCal ; & &
L30en \—/ =3 — s
90cm pre-shower y u__u. Sl _-'fHCII I e
70cm p GEM g7 = ‘ n=3.0
TGEM tracker2 R gt e
7 tracker] S 1 7
e - e n=4.0
— A high B retu
o ;lx; 1oecm );r. L = >
— A
P P
P A
A A
‘He p
p e
9/9/13 A EpPHENIX Core Week 36
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fSPHENIX

Funding Cost SM
(2<eta<5)

GEM Tracker LANL 1.3 Tech. R&D
Detector Reuse 10 (2.5)
EMCal
Readout ? 5.7 (1.5)
Can do jet
HCal JSPS 7 (2) physics w/
tracker
RICH SUNY 10 (2.5?) DG
started

() is rapidity range 2 to 5.
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Polarized Semi-DIS /7

o COMPASS preliminary
o HERMES PRD71(2005)
—DNS parametrizatio

>

Flavor Tagging 0% oo
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X 2 0.02}
[ X o
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0 -0.04
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Physics Expectations




Electron Scattering

Energy - E

Point-like Charge
@ 4

Energy - £ (dg) (dg) .0 E
— = | — S Cos8” — - —
dS) ) Mott df} / Rutherford 2 E

Nucleus with Finite Size

>

(d_a) ) (d_ﬁ)
dQ exp dQ Mott
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Inclusive DIS and Kinematics
What if poor eID at <2 GeV/c

C\’l‘\1 03 - -—
= [ ePHENIX e+p 10 GeV x 250 Geya_
(D F PYTHIADIS 0.01<y<0.95

- Z-axis: fraction of eve

Don’t lose much of
the (x,Q?) space

10k

35



Inclusive DIS and Kinematics

Resolutions for (x,Q?)

For perfect angle measurements:

0 o 0 _lo
Qo> E x yFE

Defines the precision of unfolding technique
to correct for smearing due to detector effects

Results in statistics migration from bin to bin
—> bin survival probability

From HERMES experience: ~80% needed

Enough precision for scattered angle from\>

EMCal position resolution —> no effect on bin
survivability

Jacqget-Blondel method (with hadronic final
state) will help at lower y and higher Q?

Plan to exercise with full unfolding to
quantify the detector and radiation effects

F Z-axis:6,/Q Z-axis: o, /x

" ePHENIX e+p 10 Ge
0’ PYTHIA DIS 0.01

10F

% F ePHENIX e+p 10 GeV x 250 G
O - PYTHIA DIS 0.01<y<0.95
S N
N

e/

Stat. survival prob. in

1025-

10¢
10 102 102 10" 1 36



Semi-inclusive DIS and hadron ID

10°F 100 10 l
ePHENIX e+p 10 GeV x 250 GeV % ePHENIX e+p 10 GeV x 250 GeV
dN, .. 9 dN, |
—“’z‘ from PYTHIA DIS 510 o~ —""; from PYTHIA DIS |
5| dxdQ 3 O , 3 dxdQ |
107 0.3<2<0.35, W10 GeV? - 107} 0.7<2<0.75, W10 GeV? 1
=10* =
102 LO VV Z iw‘ 102 ngh Z ﬂ
L =10° + =
10 10
10
1 -4 3 ‘ -2 1 ! 1 -4
10 10 10 10 1 10

x,Q?) loss if not have
(x.Q°) I—

given detector

All three detectors are important

G (x,Q?) coverage with K

N§

AGEL+DIRC

‘AGEL+DIRC+RICH

| 0.3<z<0.35

N;GEL+D| RC

N’;GEL+DIRC+RICH
0.7<z<0.75

0.95<y<0.01
W10 GeV?

K
Noirc.nich

10 GeV x 250 GeV

K
NaGeL+DIRC+RICH
0.3<2<0.35

M;mcmlcn

NC
'AGEL+DIRC+RICH

K
NieL.ricH

NK
'AGEL+DIRC+RICH

0.3<z<0.35

K
NiageL.ricH

NK
'AGEL+DIRC+RICH




Hadron ID with gas RICH

80FePHENIX e+p 10 GeV x 250 GeV
70EPYTHIA DIS Q%1 GeV?, 0.01<y<0.80:
F Hadron z > 0.2

e-going barrel

Hadron Momentum [GeV]

5 4 3 -2 4 0 1 2 3 4 5
Pseudorapidity n

» PID up to ~60 GeV/c

» Currently limited by ring
resolution (2.5% per
photon - the current
feedback from EIC R&D)

» Much smaller smearing
due to magnetic field and
off-center-vertex tracks

Gas RICH (CF4): 1<n<4 - -
AeroGel
. 200 -
nghest momentum measurements
require: _ 150}
e
. g
* Good momentum resolution = 100l
(combination of tracking and HCal)
. . 50+
* Good ring resolution Chy
; i
Need to balance efficiency and purity — s 50 5%
Pra, (GeV/c)
to get best measurement e
£ 1 s
& B (
0.8 L |
- |
- ' \\\ .
06l } A
|| ePHENIX + PYTHIA e+p 10x250 GeV, n = 4.0 ]
04| —— xat90% Effic. ]
L K at 90% Effic. ]
0.2 =-=-0==- K at 65% Effic. (asym cuts) —
I-| =——e—— p at 90% Effic. —
OAI.LllJ I | T R B B
0 10<11.3> 20<20.8> 30<29.1> 40<37.3> 50<45.7> 60<54.0> 70<62.5>
Reconstructed Momentum [GeV] <True Momentum>
35_0 W=40andp | =30GeV j 450_‘0 n¥4.0 andp  |=50GeV J soook.| " =4.0andp __ '=70GeV 3
30 E 4o0p 7000F E
= Pl 29 GeVie s00f Puy~46(GeVie {  TUF Pirh~63 GeV/e
20f B 250F- 3
®F E T::: 3000F fﬁh 4
10H] -
100) 2000 /\ 3
AV LA SN AN N 1 38
0 020406 08 1 12 14 16 1.8 0.2 04 0.6 0. 1 121416 1.8 0.2 0.4 06 0. 1 12 1416 1.8
Reconstructed Mass(p,t) [GeV] Reconstructed Mass(p,) [GeV] Reconstructed Mass(p,t) [GeV]



Diffractive Measurements

 Measure most forward
going particle, to determine

rapidity gap

HCal with -1<n<$5 and
EMCal with -4<n<4 are

excellent in separation of
DIS and diffractive

e 7ZDC to measure nucleus
breakup

x
©
£ n<5 n<4
o 5
S 10°F 1
Z " [ e+p 10 GeV x 250 GeV — 4
— Diffractive
RAPGAP generator
10°F F |—oIs -
10° 3 3 3
10 3 3 !-
1 1 1 1
-5 0 5 -5 0 5 5
]]max nmax nmax
>
=R rmmmmmeeeanl e e,
5 -
o
'o ]
g — Efficiency
L>,‘ - =+ Purity
g v
§ 0.5
L
1
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100 - l']=+1/ 4
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p 100
R (cm) /;/",/ R (cm)
300 — 300
B, dL P
= e H—Ca' T BN
T 200 — n= 1" iz e ==\ NN 200
1\ 1\\ VANV : WARNN
!& =S - - z<45m
o [DIRE|. H\} =S Pre el N "
NS = e oo el - Outgoing
— = SR § 1 hadron
SN i B I
o A== = T T L RS- 1) ) bear
4‘ =300 -200 -100 é 100 200 D D D
z (cm) GEMs GEMs GFTM GE - ZDC  Roman Pots
Stationl Station2 ~ Station3  Stationd
z=12m  z»10m
Integral of transverse field
! I I ! ! !

e—gbing

barrel

h-géing

—z=0to;1 m
- R =0to 80 cm
—z=0t0o3m
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LEGS TPC

Chevron-type readout pattern
with a pad size 2mm x 5mm

Achieved pos. res. 200 um

=

‘.‘v-

(A
MNANARA

Fig. 1. A schematic illnstration of the LEGS TPC.

ePHENIX TPC:
R=15-80cm, |z|<95cm

Gas mixture with fast drift time: 80% Ar, 10% CF4, 10% CO2
For 650 V/m -> 10cm/us -> Drift time 10 ps
2x10mm pads —> 180k pads (both ends readout)

Pos. resolution 300 um (twice longer drift distance tha LEGS)

and 40 readout rows =>c,/p ~ 0.4%xp 41



Improved pos. res.
with mini-drift GEM

Tracking with GEM

R (cm)

e-going direction

Station 1-2: z=30, 55cm r=2-15cm

Station 3:z=98 cm

-3<n<-2: 50pum with 1mm pad
-2<n<-1: 100pm with 2mm pad

R (cm)
— 300
e — = o4 Ll
‘ '((-LZF AAAAA ——= /—z<45m
DIRC = _EMCaL& Preshowerj_/ L 100
— S 5 - P Outgoing
: " - \\'\\_ i had
e T d =4 beam
o/A , — b l \AJ 1 -'*722_ ..... 22_._..;
: - (Tl
2 (cm) GEI\/IS GEMS GEM NGEM z (cm) 7DC Roman Pots

tttttt 1 Station2  Station3  Station4
z=z12m z>>10m

h-going direction

Station 1: z=17 and 60cm with r=2-15cm
Station 2-4: z=150, 200, 300 cm, 1<n<4
2.5<n<4: 50um with Imm pad

1<n<2.5: 100pum with 2mm pad

Ar=1cm for St1-2 and Ar=10cm for St3 Ar=1-10cm

Collision vertex is necessary in e-going direction: Total channel count: 217k

BBC: n=4-5, z=3m, 0,=30ps (with MRPC or MCP) ->
0,=5mm -> const term in 0,/p~2%

Large area GEMs are being

(needed for our St 2-4)

developed in CERN for CMS
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EMCal coverage -4<n<4
HCal coverage -1<n<5

Readout: SiPM

e-going direction

Crystall EMCal:

2cmX2cm

5k towers

6/E ~ 1.5%/\E
G, ~ 3mm/\E

Calorimetry

n=,+1’:aoo
R (cm) P 4 R (cm)
e 4 I
F\ DA\ ) 74 - (=
RN ——— / S | 7<4.5m
100 W [I. \su@mwweshowa_glv RICH \\\ . /_7100 —
’ = .\\'\\,-\\ TPC — / /‘Ni ' - hagdroﬁ
7 S EM{F— = ey o e If/ﬂ‘%n?g‘ ''''' 22_2?62
" Z(Com) h GEMS GEMSO GENJ G\_f\TGEM ‘:m) %' RomDaE]Pots
Barrel (sSPHENIX) h-going direction
Tungsten-fiber EMCal: Pb-fiber EMCal:
2cmX2cm 3cmX*x3cm
25k towers 26k towers
6/E ~ 12%/~NE 6g/E ~ 12%/NE
Steel-Sc HCal: Steel-Sc HCal:
10cmx*10cm 10cmx*x10cm
3k towers 3k towers

6/E ~ 100%/\E

6./E ~ 100%/E
E 43



DIRC

-1<n<1

Mirror focusing ?

Threshold for n/K/p:
0.2/0.7/1.5 GeV

850

Ppap (GeV/c)

Hadron PID

Gas RICH (CF4)

I<n<4

Mirror focusing

Threshold for n/K/p:
4/15/29 GeV

6 azimuthal segments

Aerogel

I<n<2

Proximity focused

Threshold for n/K/p:
0.6/2/4 GeV

Photodetection: GEM with CsI

Area 6x0.3m? —> 96k
In gas volume!

200 -

¢ (mrad)

g}1

150
100+

50+

AeroGel

CFEF,4
1 2 5 10 20 ,, 50

Prab (GeV/c)



Cerenkov Angle in CF4

n=1.0006

1.00062

0L0B6|—+------roeeeeeoeee o =

0.034

0.032

0.03—---

Cerenkov 0 [radians] with n

0.028—--;

0.026/—-1-

0 10 20 30 40 50 60 70 80
True Momentum [GeV]
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Hadron PID: gas RICH

Goals and assumptions/restrictions

Im gas volume along the track => F=1m => R=2m

7Z>1.5m (optimal sagitta plane)
7<3.0m (EMCal)

Photon detector inside tracking volume —> GEM as thin —> flat

Low number of edges between mirrors

Small area for photon readout

Moving mirror center to beam line:
* Focal plane not flat

» Steeper impact angle on the
photon detector

* Photon detector closer to beam
line

e RICH volume moves to z<1.5m

R (cm)

Focal plane and
photon detector

150

100

Mirror Center:
Z=100cm
R=40cm

N

N

RICH Gas

";«
o,
Volume \\

50

0

®

»
0
IP center

50

100

150

GEM

Station2

Entrance
Window




Hadron PID: gas RICH

Purity

|

CF4 (n=1.00062)

I![I\Il\lT‘!TI[YI!I

°° ePHENIX + PYTHIA e+p 10x250 GeV, 1 =4.0 ?
° ° 04| —— 7 at90% Effic. _:
Ring resolution s :
0.2f— ===-0=--- K at 65% Effic. (asym cuts) —
———— p at 90% Effic. E
. . . | Lload L ) P 1 1 — 1
Ring radius resolution: 2.5%/VN, R O e i
From Current EIC R&D Studies 35-:0'“=4.0 and P °"=30 GeV : ::'W)\]s‘a.o an!p'_wn=SDGeV : “°°°j n=4.0and Pocon= 70 GeV :
LHCb and COMPASS claimed 1% per o | _
photon i : ] iZZ:/ /\
Residual magnetlc field (~0.5 T) bends Mk 3. BB A ALA R Fr e e

tracks radiating photons => ring smearing -
2.5r 1 7>

Since field is near parallel to tracks the s FICH ting rtor 6t = A0/ VN, 106V 175
effect is minimal @ £ "5

g 1°g

Off-center vertex tracks have shifted focal 2 lox
plane => ring smearing Rl b2
For n=1 and z=40cm => ring dispersion S sl iz%’
5%/VN,x(10 GeV/c) / p

ES
»
'S

For larger n effect is smaller
Ring resolution limits PID at higher p*’



Hadron PID: Aerogel

Allows to identify K for 3<p<10 GeV

Focusing
Challenges: " n2 %/
Fringe field e 3§\>
Low light output n1<n2<n3

Visible wavelength range

Limited space for light focusing
Photon detection:

Microchannel Plate Detector
Multi-alkali photocathode
Also ToF with 6=20-30ps

Being developed by
LAPPD Collaboration
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Hadron PID: DIRC

BaBar DIRC

Quartz radiator bars, Cerenkov
light internally reflected

No focusing => Large water filled
expansion volume

PMT for readout

oron®
bt
T

photon detectors

quartz radiator / /* C}frenkov angle Oc

charged particle

ePHENIX DIRC

Mirror Focusing to avoid large
expansion region

Pixelated multi-anode PMT for
readout

Ring resolution limits PID at higher p
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Beamline Detectors

Combined function Quad 2
magnet Quad 3

195m 0845m  1.684 m
(\M\)

1.06m 1.0 m qua(l\\’\v\p"’\eS
NN -

Hadron-going &Electron beam
Direction ~  fI\ | \N/| Y [\ /L] A Y, 5=10 mrad
/ﬂ‘:’m%ra%d """ 5 - : - neL_ltrons . .
IP 2 3 ! 4 6 | |I.|./ B A0 = 14 ~20m
R S m d —_—
.................. - 5 mra / ‘D Hadron
0=4 mrad beam
< 4.50 m N Roman
< Pots
J ePHENIX detector use 11.0364m R
/ZDC Roman Pots
12 m downstream >20 m downstream
5 mrad cone opening of the IP is Similar to STAR design

available from ePHENIX and IP design
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GEANT simulation

GEANT4 description of ePHENIX exists
Simulation and analysis software common with SPHENIX and PHJENIX



Ee vs Q2&x

10°

DIS kinematics: angle from EMCal

10?

With perfect angle measurements With angle smearing due to EMC;
pos. resolution -

Z-axis: o /x Z-axis: o, /x

10*

1 e
10" 10 102 10" 1 10" 10 10? 10" 1

% ePHENIX e+p 10 GeV x 250 G
g PYTHIA DIS 0.01<y<0.95 PYTHIA DIS 0.01<y<0.95
NO ,|_Stat. survival prob. in Stat. survival prob. in
10
10
1
1 10" 10° 10?2 10" 1
3 . .
10 10 102 10 1 X

X

Only minor effect from angle measurements with EMCal

10" 1
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d

Tom H: Momentum and angle resolution
5 GeV (e) x 100 GeV (p)

=
=3

=3 =3 = = =
= = = = 1= =3

[
1=

O_IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII

- Inclusive measurements:
l.'r.‘ e 2
| - 6I:)/F) —os 8O, Ored = F;(x’ Qz)_);—FL (x’ Qz)

L 0.06

(%, Q%) = (p,6)e

0.04

0w 29%,

Resolution — Systematics — Unfolding

=)

Assume: o,~1/5 of systematics

syst

0.1x0.1 binning in log,4(x) xl0g,(Q?)

p/A-beam < Electron’ Direction 6 (degrees) — e-beam

n
=

°_III|III|III|III IIIIIII|III|III|III

"100 Require: 1% uncertainty in each bin

|
i

110 “Reasonable” resolutions may be enough:
op/p ~ 2-8%
00 ~ 1 degree

II 1 IIIIIlII (I

1=

10?

e b b b b e b b |
2 4 6 8 10 12 14 16 18 2

Electron’ Momentum (GeV/c) h



Electron

0’ = 4EE'sin2(g

E' %
=1-—cos’| =
el

)

Electron vs
Jacquet-Blondel

JB
Q2 _ plz“,h pz _ » 2+ » ’
JB -y T.h Z xh Z VA
(E-p.)
2Ee : <E p)h=2(Eh_p h)
_ 0%
SY sz

y—0: o,/y ~ const



EIC group studies:
https://wiki.bnl.gov/eic/index.php/Q2-x bin_migration

10°¢ 1

JB and DA methods give
better resolution at lower y

and higher Q?

Q* (GeV?)

Electron

10—

Our studies:

» Enough to measure L
hadrons 1n |n|<4

» Hadron PID is
important

ALl
10* 10* 10? 10" 1

Particularly for lower Q?
» For y<0.2 — enough to
measure in -1<n<4

The acceptance we’ll
equip with hadron ID




JB: 5x100 Q2>10

log10(yreco) vs log10(y) log10(yreco) vs log10(y) log10(yreco) vs log10(y)

0 0 0
ID-ed h=, y: [n|<4 [ h=, y: n|<4 | Electron method > Enough FO measure
, [ hadrons in [n|<4
-0.5F -0.5F . c
: . » Hadron PID is
I b important
' Particularly for lower Q2
1.5} 45 » For y<0.2 — enough to
[ " measure in -1<n<4
2 a5 a4 05 0 EEEEEEE TR EEEET 11 YR The acceptance we’ll equip
with hadron ID
log10(yrecoly), y~0.05 log10(yrecoly), y~0.2 log10(yrecoly), y~0.5
eoo:- 19008 1000' All
[ H [ i ID-ed h=, vy
600F 100k ] ID-ed h*, y: |n|<4
: ! : =, y: [nf<4
400: ] 500k
ol %1 I . Electron method
:- [ j.—L__,__‘ [, . J . . Green ~ Red
0 olLs L ol ST 1| R T

-1 0.5 0 0.5 1 -1 0.5 0 0.5 1 Blue ~ Yellow 56




(x,Q2) loss due to no ePID in e-going direction

etp 10 GeV x 250 GeV
PYTHIA DIS 0.01<y<0.95 W2>10 GeV?

0.30<z<0.35 0.70<z<0.75
4 - 1 §0¢ = 1
: 8 F
I oI
10’ 3 10° 3
1()2 E_ 102 E_
105— 105—

10% 10" 1

L L il 1 L1 11 1
10* 10° 107 10" 1 10* 10
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ToF for PID?

ToF (ps) VS p (GeV/c)

With 10 ps resolution including t:
e/m separation at <l GeV/c
K/n separation at <4 GeV/c

Need t, (6<10ps) and vertex (c~1mm)
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Cost and schedule

Table 4.1: Estimated equipment costs for the e PHENIX detector (in $M).

Table 4.2: Total estimated labor for e PHENIX detector construction

FY21 FY22 FY23 FY24 Total

Cost Overhead Contingency Total

Calorimeters Endcap Crystal 340 0.47 193 580
Forward EMCAL 141 0.7 084 253

Forward HCAL 3.90 0.68 229 687

Tracking TPC 075 0.19 047 141
GEM Trackers 071 0.18 044 133

Beamline instrumentation Roman pots 0.23 0.04 014 o041
Beam-Beam counter  0.20 0.05 013 038

Particle ID DIRC 12.50 175 713 2138
RICH 2.00 0.50 125 375

Aerogel 1.55 0.22 088 265

Electronics/sensors Endcap Crystal 0.89 0.22 056 1.67
Forward EMCAL 3.09 0.43 176 528

Forward HCAL 0.38 0.05 022 0.65

TPC 2.80 0.81 181 542

GEM Trackers 071 0.18 044 133

DIRC 077 0.19 048 144

RICH 310 0.78 194 581

Aerogel 1.55 0.39 097 291

Roman Pots 0.11 0.03 007 021

Beam-Beam 0.10 0.02 0.06 019

Data Collection 0.60 0.15 038 113

Trigger 0.60 0.15 038 113

Integration/Mechanical 3.00 0.93 196 5.90
Total 4435 8.68 2651 79.54

Physicist FTE
Physicist cost
Engineer FTE
Engineer cost
Technician FTE
Technician cost
Total FTE

Total cost

10
3.02
10
259
1

0.1

5.81

9
278
10
2.66
1
021
19

5.65

10

345

202

1

229

7.77

13 42

460 1385

149 876
19 31
416 6.87
37 104

1025 29.49

lable 4.3: Schedule of Critical Decisions and reviews necessary for construction FY2021-

Y2024
Do

CD1 review

TDR preparation

CD2/3 review

Construction start

4

Commissioning run

4Q2016
4Q2017

4Q2017 - 3Q2019

4Q2019
FY2021 budget briefing 1Q2020

4Q2020 (FY2021)
3Q2024 (FY2024)

1Q2025
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