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EIC - Electron lon Collider

e High-energy QCD frontier to
study nucleon (hadron) and eRHIC at BNL
nucleus (cold nuclear matter)
from quarks and gluons

e World’s first polarized electron +
proton / light-ion / heavy-ion
collider

e Wide (Q? x) region

e Electron + proton / light-ion
collision
e Polarized beam
* ¢, p,d/?He
e High luminosity
° Lep ~ 1033—34 Cm—zs—l
e 100-1000 times HERA

e Collision energy
¢ +s=20-100 (140) GeV

e Electron + heavy-ion collision
* Wide range in nuclei

Polarized
rol OUrs

- Electron Source ; ’
Coherent Electron Injector Linac
oler -

RCS5 Injéctor
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Physics at EIC

Understanding how the
nucleon structure and
properties emerge from
quarks and gluons and their
interactions from QCD

Q
Precision Luminosity

Measurement

How does the spin of

the nucleon arise?
Spin and Flavor Structure of

ow does the mass 0

the nucleon arise?

3D Picture of the Nucleons
and Nuclei

* Transverse -Momentum

Distribution and Spatial
Imaging

Orbital Motion of Quarks

and Gluons Inside

Systematic
understanding of the
structure of nucleons
and nuclei covering the
wide kinematic range

New Picture

Discovery

What are the
emergent properties
of dense systems of

the Nucleons and Nuclei gluons?
* Gluon Polarization Gluon Saturation at Extreme
* Quarks and Gluons Density

Inside the Nuclei
e Hadronization

* |nitial State of the QGP
(Quark-Gluon Plasma)

November 19, 201



Quark-gluon structure

e 1-D picture
e Parton distribution function
(PDF) of quarks and gluons

e x: momentum fraction of
quarks and gluons

e Significant improvement of

precision of the polarized PDF

at EIC

e especially gluon polarization
* 3-D picture
e Generalized parton
distribution (GPD) function

e charge distribution

* magnetic-moment
distribution

e mass distribution
e Comparison of radii (R)
 New picture to be established
at EIC

November 19, 2019
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Tomography of the nucleon / nucleus

e EIC = color dipole microscope
e Exclusive process and diffractive process

e 3D distribution: transverse spatial distribution
color dipole DVCS (Deeply Virtual Compton Scattering)

Y 7

Electron
scattering

Nucleon
Nucleus

GPDs J.+£/§e %\1_._5

e GPD (Generalized Parton Distributién)
e Spatial imaging of gluons and quarks = tomography
e HERA: 1%t generation
e EIC: 2" generation (high luminosity, heavy ion, polarization)
e Orbital angular momentum

e Ji'ssumrule 1 1/ r1
e Origin of the nucleon spin J§ = Ez Aq + Z L, = E(j xdx(HT + Eq))
-1
q q
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Tomography of the nucleon / nucleus

Spatial distribution of sea quarks at EIC
* DVCS 100 fb! and corresponding density of
e Deeply virtual Compton scattering partons in the transverse plane
Unpolarized Polarized

(:_m;) (;:_‘)‘g‘x)zsbx = am e -7 -. ; (a,gu:{ao_‘;mmu_;
° . X-dependence of spatial distribution
Meson prOdUCtlon . of gluons to be obtained by the
* Gluon tomography by measuring J/v, exclusive J/y production at EIC
(I) ) p ) etC. 1 :sp:o::;:iwzs.mev!

e Precision measurement at large
radius with high luminosity

v, ¢,
p, etc.

Distribution of gluons

0.0016 < x, < 0.0025 —\(* 006
" N 004
0 02 04 06 08 1 \‘\{ 14 16 002
S 0
1 14

br (1m) 7

Y
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Physics at zero degree of EIC

* Very forward proton acceptance for DVCS exclusive

measurement
Measurement
N% DVCS - 20 GeV x 250 GeV - 100"
: Plots from 3
: EIC White Paper:
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Physics observable (cross-section vs impact parameter)
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Requirement:
fL,.=10fb!

0.18<p, (GeV) < 1.3
0.03 < |t| (GeV2)< |.6

Uncertainty in normalization

Lip=10fb
0.44 < p(GeV) < 1.3

Uncertainty in slope and shape
[ L= 10fb!
0.18 < pr (GeV) < 0.8

We need a proton spectrometer
with large acceptance!

shown by Fazio & Jentsch



Gluon saturation in e+A collisions

e Gluon emission mmﬁi
e Divergence at small x

e Gluon recombination %
e Restriction of divergence

 Gluon saturation in balanced

* Based on classical idea of the
saturation

* First observation of a quantum
collective gluonic system

e Precision comparison of experiment
and Chiral Glass Condensate (CGC)
as a theoretical model of the gluon
saturation

e Precision understanding of
nucleus with the quark-gluon
picture necessary as the initial
state of the QGP for
understanding its production
mechanism
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Gluon saturation in e+A collisions

e Diffractive cross section

 Most sensitive way to study the

gluon saturation

e 10-15% diffractive at HERA e+p

e 25-30% diffractive predicted
by CGC at EIC e+A

Large
gap Rapidity
p = —~— Gap
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GPD studies with exclusive processes

Imaging the gluons in nuclei

Diffractive physics in eA
=> Measure spatial gluon distribution in nuclei 11t topic:
- Reaction: e+Au—>e +Au +J/, @, p
- Momentum transfer t = | pau-pau’ |2

» Lumpiness of source?
» Just Wood-Saxon+nucleon g(by)

T. Toll, T. Ullrich, Phys.Rev. C87, 024913 (2013) | O coherent part probes “shape of black disc”
=} JLdt =10 fo- /A O coharant - no saturation . - T . -
0% 1<G2<10Ge® o inooheront-no saturaion [ incoherent part (large 7) sensitive to ~ lumpiness
EE x<0.01 n i_:ohgrem-saturam!'u[bSatJ .
T g memast, et Sy of the source [= proton] (fluctuations, hot spots, ...)
K] 103: o Bbt=5% — —
8 - : ossible Source distribution with b2 =2 GeV '
g .__incoherent P !
=2 o ] ceassnasao0o0G0000 g Jldt =10 fbrl/a o cohement - no saturation
& o ; .En suppress 1(]5;‘:l 1<0? <10 GaVE o incoherent - no saturation
p o & % bv d i e E?Ktm N<d . fﬂ?ﬁ&fﬂﬁ:ﬁ&ﬂﬁlﬁ
b F ke y detecting < 104l DK gonmy) > 1 GOV
Y r $ 4 ETT fth=5%
t E
2 e 0] C*a
: g E 10? 30" ppgpocconcon,
= . § ;
4ot - J/l,l_l S ol
i E: g
102 I I T N '; 10 ﬁnﬂ = O S .t. t
0 002 0.04 006 008 0.1 0.12 0.14 0.16 0.18 t 2 . = % — ensitive to
11l (GeV2) 2 L . ”ﬁn saturation effects!
Coherent requires forward scattered 3 F - "’uﬂ ™,
nucleus needs to stay intact 10 g @ *W‘
'2:|||||||||||IIII||||||||I|||I|||||||
9 VEtD breakupthrough nEUtron 10 0 0.02 004 006 008 04 012 014 0.16 0.18
detection Itl (GeV2)
24 September 2019 S. Fazio (BNL) 20
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Physics at zero degree of EIC

One Pion Exchange (OPE)

¢ Lead I ng ba ryons Fragmentation i

e

e

* Fragmentation
 One pion exchange (OPE) =®

i Y o ATy posnx = Ja/p(XL, D) X dOyns x.
fwelp:: )’ The distribution of pT2 (=t) is defined solely
e n + by the pion flux
,— 14
+1
mw f TN ;
p.2dependence in bins of x_ Vi Sensitivity to the pion flux
p* n
d’cl(dx, dpd) [nb/GeV’] H1 Preliminary
I S - _
wbo | =p %, 14 - H1 Preliminary
P SRR R R I I Q C
p2[Gevy]  Rlcev? (2 12 :—
wo [ 088ex=0ss | o [ 0s6cx<074 L 10 :_
8 :— o P
= T * H1 Data (Prel.)
s — KPP
; L === Bishari
r B ] - Holt
* 11 Data Prel) 2l * gii‘g&g E 4 - -- GOKsmann
0.65xRAPGAP-= L p?<DATEXI GOV | - == FMS-monopole
- 1.21DJANGO [ [ Systomatic uncertainty 2 — - - FMS-dipole
o b b b b b v b -
_E?SZ:TADSs:(PEg 00_3 0_4 0_5 0_6 0_7 0-8 0.9 1 0 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
X 04 05 06 07 08 0.9

X
Slope of exponential pTz dependence compated to various pion-flux models L

_ 18
Inconsistency @ HERA
— Need more data to understand
November 19, 2019 production mechanism 12
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Physics at zero degree of EIC

e Spectator tagging )

* Neutron structure

* Neutron spin structure, S & D waves
* Nucleon interactions

e SRC/EMC at large x

e Diffraction and shadowing at small x

e Geometry tagging in e+A collisions
e b:impact parameter & d: path length
e “Centrality” (high d) & “Skin” (low d)
e Breakup determination & veto with ZDC
* + forward photons requiring wide aperture

* Event generator
e GCF: https://www.mit.edu/~src emc/fri/schmidt 20190322. pdf
e BeAGLE: https://wiki.bnl.gov/eic/index.php/BeAGLE

High—energy
process

Forward RO mMan pOt

spectator

cetea.red ZDC
e+A Intra-nuclear cascading
increases with d (forward
? particle production)

Leads to evaporation of
nucleons from excited
nucleus (very forward)

) /;’/ shown by Weiss, Baker
E . GCF : —=» o and Heuenstein
_____ eneraor | Vpp—

{e"N.p, (A-2)) omery P —=—]CE Events

_________ p ) ‘ SN
== ’- - - (precoil'\!prgemi\_’_m?\/)

(-Bem Enz=p2ut(mactE )~ {A2) D MPJET+FLUKA!
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Physics at zero degree of EIC

Nucleon Momentum Distribution

e Short range correlation (SRC) single

e ~20% of nucleons in SRC pairs g nucleons, z
* 18% p-n pairs . 8
e Large relative momentum (> 300 MeV/c) )
e Small c.m. momentum and spatially very p

>

close each other 5 som!zo%
80% & 20% k

1 .
1 Correlated tail
ior)

1 (2N-SRC behavior)
. SRC pairs

N~1/ke

single-nucleon

e EMC effect

w

* Nuclear PDF significantly modified by EMC and SRC Correlation

SRC pairs
e Tagged DIS at JLab — EIC ? .éy Y
* e+D at JLab: Hall B& C £ o7
e e+D & e+A at EIC g we'
& we
e Tagged SRC at EIC ¢
en gﬁ:’ﬂ;q}ggﬁésﬂ1 SRC pair density (a2)

i
mnn‘cln‘-lnmu Hauenstein 109/24/2019

slides by Heuenstein
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Number of Protons

80

o
o
T

S
o

Physics at zero degree of EIC

* |[sotope tagging

* Nuclear fragments need to be tagged to reconstruct the
Fermi momentum of the struck nucleon

e Rates at the EIC?
 Needs further studies

Nuclei from 2°®Pb and 23U (1s of simulated beam time at the EIC)

N
(=]
T 1 1

cascade +
evaporation

208pb

fission

N

|3 10

II 10
: 1

50

100

Number of Neutrons
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Neutron-rich
fission fragments

238

208Pp (left) produces mainly heavy isotopes from evaporation

238 (right) produces fewer, but heavier isotopes from evaporation. It also produces
very neutron-rich fission fragments (medium-mass nuclei have fewer neutrons).

slide by Nadal-Turonski
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Relation to cosmic-ray physics

e e+p, e+A at EIC
e Limited relation to cosmic-ray physics
e Understanding hadronization

e Cosmic ray acceleration in blazars?
e Source of high-energy cosmic ray & neutrino?

shown
by Liodakis

e p+p, p+A, A+A (at RHIC & LHC)

e More relevance to the cosmic-ray physics
e Understanding air-shower evolution
e Event generator development

November 19, 2019
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eRHIC IR design

e 25 mrad crossing angle

* Forward magnet aperture

e +4 mrad opening angle for neutron (ZDC)
IR 40 m

150% - - ¢

1250

1000 +

750 - Closest Large Aperture,
High Field Quadrupole

ZDC

X [mm]

— p (275 GeV, reference orbit)
— e (18 GeV, reference orbit)
= n (+4 mrad opening angle)
—250 1 R ; Q1EF S 7 (quad. synchrotron radiation)
p (2756 GeV, p; = £1.3 GeV/c)
B p (275 GeV, £100)

500 1 Forward Side - (18 GeV, £150)

Detector Region

0 10 20 30 40 50
Z |m]

November 19, 2019 shown by Montag



JLEIC IR design

50 mrad crossing angle

* Forward magnet aperture

e +10 mrad opening angle for neutron
Roman pots shown by
Furletova & Weiss

End caps

Secondary
focus

Dipole-3 \

By

wﬁt
Dipole-2

Dipole-1 Silicon Roman pots
November 19, 2019 Silicon, EMCAL 18
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Proton spectrometer

GPD measurement
e Normalization (low p;or |t| coverage)
 Slope and shape (high p;or |t| coverage)

Veto of nuclear breakup events in e+A
e for proton detection, with ZDC for neutron detection

Isotope tagging
e with particle ID

e BO sensors and Roman pots at eRHIC
e +1.3 GeV/c p,for 275 GeV proton (Roman pot)

eRHIC IR Layout 0 shown by Jentsch
o T T 1 L =
1507 Central Low E Detectors °
- Detector p/po=40% | T
=1.3 GeV/
0ol Forward 10 sig:nal VN H 7 pLvs_theta

Spectrometer

Horizontal x (cm)

RP | BOsensors

| é
i & i £ = 275 GeV - 100 GeV
50 2 -+ 5
r 1 o
[ .- 51
[ !! I 3
=y Neutron Detector 1 T g 08
O_ = +/- 4 mrad @ pT g
— — ’_—;E::____:___:__: B i L F 06
5 15 sigma w E__ ] 6———
i 0.4/~

0

' I I I
10 12

14 16 18 20
Scattering Angle, 8 [mrad]
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Particle ID

e psTOF in very forward region
e MCP-PMT shows 5 ps capability
e Mass (M) and charge (Z)
e 0.1 ps required for 1% mass resolution I ewrmmre—

Direct light propagates as wavefront — isochronous
Light emitted at “wrong” @ ... longer path or exiting

 Mini-DIRC inside a Roman pot shown by Chiu

e |dentify ions to ~1% in Z?

* |[sotope tagging
e Mass, charge and rigidity

shown by Nadal-Turonski

e Spectroscopy
e Strangeness and heavy flavors

November 19, 2019 20



Zero Degree Calorimeter (ZDC)

e Position sensitive ZDC

e Energy (E) resolution
e Geometry tagging

e Position (or @) resolution

e p,(or |t]|) resolution
 Need both E and @ resolution
* Intrinsic momentum spread from beam emittance
e Spectator tagging
* |sotope tagging
e Uniformity (position dependence)

e Aperture (IR & detector design)
e +4 mrad @ eRHIC
e +10 mrad @ JLEIC

e Radiation dose & hardness

November 19, 2019
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ZDC at EIC

e Detector requirements for spectator neutron tagging
* p;resolution

D(e,e’'ng)X = pyoungle e’ )X
200 GeV/c D =2 100 GeV/c spectator neutron
* Hadronic Calorimeter at 45 m (JLEIC)

* Impact point resolution 1.5 cm rms:
. % = 0.33 mrad = 6p,=33 MeV
* Equivalent to rms beam spread

(35%)

JE/GeV

* (100%)

N VE/GeV

. 6E
* |f energy Resolution =

+
s =A== [1 + En
P4 MNIpeuteron Rest—Frame

e da = 6—; = 3.5% =» dp, et = 35 MeV/c

(100%) D-rest
e If~—===> p, ~ 100 MeV/c
C.Hyde EIGEV 9/25/19

November 19, 2019 slide by Hyde



ZDC at LHC

e CMS ZDC (M. Murray’s talk) T

e W-quartz sampling calorimeter

ATLAS

EXPERIMENT

cn g » ZDCs located in the TAN

i (140 m from IPs)
_‘_“‘r—\;\{ » W - quartz sampling calorimeters
See talk by » ATLAS: EM + 3 Hadronic modules
E. Adams

» CMS: EM + 4 Hadronic modules

RICCARDO LONGO 4 26/09/2019

L]
 JZCaP collaboration
MOTIVATION - RADIATION DAMAGE
e ATLAS + CMS joint R&D effort Lo spac i ot D5 (e o -1 e T8 € e Z0€ ocules o R,
» TAXN ~ 15 m closer to the interaction point compared to TAN.

° R d . t . h d f d . | . d + Radiation levels will further increase.

a I a I O n - a r u S e S I I Ca ro S Current ZDC rods (GE 214 fused quartz) » Hardening the detector for pp running

1 - allows flexibility in installation to
] . i e di . a. )

* Increasing H, concentration Dl o e

of pp running

HL-LHC pp dose map (TAXN region - 1year)
@ 2

» Fused quartz with high level of impurities
inadequate for any pp running and damaged
during PbPb running.

RICCARDO LONGO 8 26/09/2019
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Detector r equir ements
e TOPSIDE / CALICE ;..g. ........................................... .,.I,

* Imaging calorimeter

* Improving e/h with software <
compensation ;

e EIC HCal R&D = o

* Improving e/h with timing | shown
(dual-gate offline by Repond
compensation)

e Energy resolution better than
~40%/E (GeV) + few% is
challenging

e ALICE FoCal

Signal leakage counters (arb. units)

shown
by Tsai

November 19, 2019 24



Detector requirements

e Position layers (or Shower Max Detector)

e Scintillation fiber/bar
e Plastic fiber
e Crystal bar (~1mm)

* Cherenkov
e Quartz fiber

e Silicon sensor

| Plasticfiber | Crystal bar | Quartzfiber | Silicon __

Source Scintillation Cherenkov
Signal good good weak good
Rad Hardness poor OK excellent OK
Cost S SS SS SSS
Position
Resolution good good poor best
Large OK position OK OK
acceptance dependent

November 19, 2019 25



Summary

e Physics at zero degree of EIC

e GPD, gluon saturation in e+A, leading baryons, spectator
tagging, geometry tagging, SRC/EMC, isospin tagging,
spectroscopy, ...

* IR & detector requirements
* Proton spectrometer, partic ID, ZDC, ...

* Next goals

e Physics, detector and IR requirements at zero degree to
be compiled in an EIC detector R&D letter of interest of
the zero-degree apparatus (January, 2020)

 Next meeting to be planned before making an EIC
detector R&D proposal (July, 2020)

e Please consider to join us

November 19, 2019 26
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