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The EIC project and the ePIC Collaboration

@ Necessity for a new Electron-lon Collider, its
physics goals and detector requirements have
been discussed since the early 2000s.

@ January 9, 2020, Washington, D.C. - DOE
selected BNL as the site for the EIC.

SCIENCE REQUIREMENTS
AND DETECTOR
CCONCEPTS FOR THE

ﬁ:ET)'J ELECTRON-IOE:‘ICS«itl;?E[’:

@ December 2021: Detector Proposal Advisory
Panel (DPAP) begins review of three detector
proposals: ATHENA, CORE, and ECCE.

@ March 2022: ECCE adopted as
reference design for the first
detector; ATHENA and ECCE p,
proto-collaboratjons merge.

@ July 2022: L Collaboration
was officially established.

@ 2023 NSAC LRP for Nuclear
Science: “"We recommend the
expeditious completion of the

EIC as the highest priority for
facility construction.”

ssssss
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https://www.energy.gov/articles/us-department-energy-selects-brookhaven-national-laboratory-host-major-new-nuclear-physics
https://www.energy.gov/articles/us-department-energy-selects-brookhaven-national-laboratory-host-major-new-nuclear-physics
https://doi.org/10.1088/1748-0221/17/10/P10019
https://arxiv.org/pdf/2209.00496
https://arxiv.org/pdf/2209.02580
https://science.energy.gov/np/nsac/reports/reports-archive/
https://wiki.bnl.gov/eic/upload/EIC_White_Paper_Final2.pdf
https://inspirehep.net/files/cb14a9bc2ce6ef53e56bf500efbc1126
https://www.nap.edu/catalog/25171/an-assessment-of-us-based-electron-ion-collider-science
https://doi.org/10.1016/j.nuclphysa.2022.122447
https://wiki.bnl.gov/EPIC/index.php?title=Main_Page
https://nuclearsciencefuture.org/wp-content/uploads/2023/11/NSAC-LRP-2023-v1.3.pdf
https://nuclearsciencefuture.org/wp-content/uploads/2023/11/NSAC-LRP-2023-v1.3.pdf

EIC accelerator main parameters

Injector
Linac

Polarized
Electron
Source

| Electron ®
Injection
41GeV
Arc

Electron
Storage Cooler

Ul

Electron
Gun

GP@ Eleclro;\V

/ Electrons

Electron
Injector (RCS)

(Polarized)
lon Source

Booster

M. Przybycieri (AGH University)

ePIC Experiment Physics Program

Making use of RHIC infrastructure: ion
source, pre-accelerator chain, ion storage
ring (circum. 3.83 km).

New infrastructure: electron source,
electron accelerator (RCS), storage ring.

Beam energies:
E.=25—18 GeV
E, = 40 — 275 GeV
Ex = (Z/A)E,

VBer = 20 — 141 GeV

# of bunches per beam: 1320;
collision every ~ 10 ns

Luminosity: 10 =3 c¢m

—2,-1
Beams polarization (L, T): > 70%
e, p, light ions (d, ®*He) - polarized sources

+ spin rotators and “siberian snakes”
> =) ada ax)

lon species: p - Uranium

## of interaction regions: 1 — 2
Krakow, 8-12.01.2024




Open questions in QCD - main physics goals of the EIC

@ How are the sea quarks and gluons, and their
spins, distributed in space and momentum

inside the nucleon?

@ How do the nucleon properties like mass and
spin, emerge from them and their interactions?

Quarksmass
812 Mevic?

@ 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 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 nuclei?

Does it saturate at high energy, giving rise to a

gluon
emission

gluonic matter with univarsal properties in all

nuclei, even the proton?

Proton mass
938 Mev/c?

gluon
recombination

-~
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Uniqueness of the EIC am

@ High luminosity & wide reach in /s. = ERE %, ot oo T o iss _
— Bascline z
- o High L - ) 5 £
@ No other facility has plans for: = T Bucine J Loperating both IRs with a fairshare =
. é 7.9 10 - 10% é
e polarized lepton & hadron beams, S o b 100 £
. 2
o (polarized) nuclear beams. Z i
£ 103 L 10 B
39 10 2
SO E 5 E
0 = ep Facilities & Experiments: ot I
o [JLAB/CEBAF "é L‘f:;::n.: & £
\g/wae L S I Past Coliders 8 102 e 1 E
% E s [ colider Goncepts E
81037 L - Past Fixed Target L 4 L <
£ F - 0 40 80 120 150
g £ [ ongoing Fixed Target Center of Mass Energy E., [GeV] ——
—oel [ Ec Project
- Inclusive DIS - precisely measure
07 scattered electron - (z, Q?)
£ LHeC/HE-LHC
FCC-he
10% = -1 1 -
o LHOCMLLHG - Semi-inclusive DIS - detect the
s scattered lepton in coincidence
10% = compass LHeG/CDR . . s .
E hareo g with identified hadrons, jets, ...
1032; BCDMS . . .
E Exclusive processes (diffraction)
F . IHH I _ . . ‘e
L s i all particles are identified
E HERA (ZEUSIHD) (need for hermetic detector

Ll Ll Lol including far-forward region).

2 3
10 10 10 s (GeV)
M. Przybycieri (AGH University) iment Physics Program Krakow, 8-12.01




electron-Proton /lon Collider (ePIC) Detector

protons /ions
F / . o clectrons

53 m

Hadronic Calorimetry

e Fe/Scint reuse from

e hpDIRC (barrel)

o Dual RICH (forward) sPHENIX (barrel)
e Proximity focusing RICH Steel /Scint - W/Scint
(aerogel) (backward) (backwards/forward)

o TOF (~30ps): AC-LGAD _
(barrel and forward) m streaming readout

- & | Tracking

o New 1.7 T SC solenoid, 2.8 m

o Si MAPS (vertex, barrel,
forward, backward disks)

o Gaseus MPGDs
(LRWELL/uMegas) (barrel,
forward, backward disks)

o Imaging EMCAL (barrel)
o W-powder/ScFi (forward)
e PbWOy crystals (backward)

high.Qe

o
Y
g
)

. Lepton
e erca S

Detector

M. Przybyciei (AGH University) ePIC Experiment Physics Program



Interaction Region and Far Forward detection systems

2.0

Hadrons Electrons
Hadrons 4—Flectrons

\ lop ) ’
be e
Detector N 4 N / hY

1.5+

. ‘
< = SN / \ L
10 & / T AN
T o, detectors %
= ] TN A ) oeross = 5

(in BO).

Offmomentum detectors 1

"~ Bunch de<rabbing

0.0+

g offmomentum detectors 2 W
—0.54 crabbing
—-40 -20 0 20 40
z(m)

@ Zero Degree Calorimeter (ZDC):
photons, neutrons; # < 5.5 mrad.

PbWO, EMCal

Roman Pots  BlapL

@ RP stations (two): protons, light
nuclei; (100) < 6 < 5 mrad.
o o Off-momentum detectors (two):
Focusing Qs ser e Calrimeter charged particles; 0 < 6§ < 5 mrad.

@ BO detector: charged particles,
tagged photons; 5.5 < 6 < 20 mrad.

(AGH University) Krakow, 4 6/27

BOpf combined function magnet



Far Backward detectors and luminosity measurement

Luminosity measurement using ep
Bremsstrahlung process. The photon E.
spectrum will be measured using two

methods: convertion to ete™ pairs and

direct photons. Q?

Precise luminosity measurement at the
EIC, with 6L/L<1%, and of 10~* for E,

E,

H

1

=
~<

relative measurements from bunch to bunch, is both crucial to achieve its main physics
goals and very challenging (ep: &~ 10 hard bremsstrahlung photons every 10 ns; e-+Au:

more than hundred of such photons).

Forward electron detectors will also suffer from event pileup (ep: &= 3 bremsstrahlung

electrons every 10 ns, assuming its
acceptance range 0.65 < E'/E < 0.85.
For e+A collisions the event pileup will
scale approx. with Z2/A).

Low-Q? taggers will allow to measure
clean photoproduction signal over a

limited region 107% < Q% < 107! GeV?

ePIC Experiment Physics Program

M. Przybycieri (AGH University)

Counts normalized to event rate in MHz

-9 -8 -7 -6 -5 -4 -3 =2
Reconstructed 1010(Q?) (GeV?)

Krakow, 8-12.01.2024



Deep Inelastic electron-proton(nucleon) Scatterlng (DIS)

@ Virtuality of the probe - measure of resolution power:
1

NeE

/ Collision products

Q'=-¢ =—(k—k) A x
Q2 = 2E5Eé(1 —cos 0.)

2.

small distances distances large distances
elementary quarks constituent quarks Nucleon

. . L electron
@ Relative lepton energy loss (inelasticity):

p-q E; 2<Ge)
:7:1—7 —
Y ok . Ccos 5

/A xp
@ Momentum fraction of struck quark: p_(Pz_{ w
9 R 5 proton/
Lo @ _Q @ nucleus

2pq sy  W2+Q2

@ CMS energies squared in ep and yp frames: « 2
s=(k+p)’ =4E.E,  W?=(q+p)’

M. Przybycieri (AGH University) ePIC Experiment Physics Program



Kinematic coverage f EIC

@ EIC will allow to explore the QCD landscape over a wide range in = and Q? often
complementary to other collider and fixed target experiments.

@ Access to low-x regime will allow to study high-density gluon matter and modifications
of gluons in nuclear environment complementing heavy ion programs at RHIC and LHC.

@ Polarized beams will allow to study spin-dependent structure functions and precisely
understand the sizes of different contributions to the nucleon spin.

@ e+A DIS will allow to directly measure modifications to the nucleon structure when
immersed in a nucleus. This study will be performed for different nuclei species.

T T 10*
Current DVCS data at colliders:

FO ZEUS-totalxsec O Hi-total xsec
B - golat

Measurements with A = 56 (Fe):

o eA/uADIS (E-139, E-665, EMC, NMC)
JLAB-12

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

© DY (E772, E866)
DY (E906)

>
©

® ZEUS- doldt

Current DVCS data at fixed targets:
4 HERMES-A; & HERMES-ACU
& HERMES- ALy, AuL, A

4 HERMES-Ar * Hall A- CFFs
¥ CLAS-Aw % CLAS-Au

102

Planned DVCS at fixed targ.:
COMPASS- do/d, Acsu, Acst
JLAB12- doldt, Ay, Au, A

Q2 (GeV?d)

PRI AR RN AT
10* 10° 10° 10 1 10 10 103 102 107! 1
X x

M. Przybycieri (AGH University) Krakow, 8-12.01



Multi-dimensional nucleon tomography

@ Wigner distributions encode all quantum information of how partons are distributed

inside hadrons (PRL 91, 062001 (2003)) €
e
W(x,b,,k;) *
Wigner distributions Q2 v
~ ¢
[db, [d'k, A X
Fourier trf. ps
KN 174l b<A
Sfx k) fb) » Hxop ¢ 1
transverse impact £==A generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
¢ N - -
X
[k, Jan, [ax [ dxx
2 K < -
. . p, A
fx) F( A, (O+AEA (D) + e
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors
lattice calculations
c vy
2
€
3
4
= p,A
£
S
3
S
§ identified
£ hadron(s)
2
=
£
z X

10/27


https://doi.org/10.1103/PhysRevLett.91.062001
https://www.anl.gov/phy/quantom

Generalised Parton Distributions and OAM

@ GPDs can be understood as a Bjorken-z decomposition of form factors. GPDs provide
information about the longitudinal momentum and the transverse position of partons
(see e.g. M. Diehl, Phys. Rep. 388 (2003) 41-277).

@ 4 chiral-even and 4 chiral-odd Quark polarization

(or transversity) GPDs at leading
Uu|L T
twist for a spin-3 hadron.
=

@ Can be accessed via hard g-g v o
exclusive processes: cross | g L H Er
section and asymmetries = %‘ = =

T|E| E|Hr,H

in DVCS and DVMP. = oeT

@ The 2D FT of the GPD H%(x,0,t) yields the distribution q(x,gl) in impact parameter
space for unpolarized quarks and target:
- dQAL q 2\ —ib, A e ./ _
Q(I7bl.): 2H ($707_AJ_)6 ) AJ. =PL —DPL
(2m)
@ E(x,0,t) describes the transverse deformation of quark distributions in a transversely
polarized target and allows e.g. to relate the average transverse deformation to the
contribution from the corresponding quark flavor to the anomalous magnetic moment.

1
Aq+ Ly = % / dxx [H(x,0,0) + E%(x,0,0)]
Jo

N[ =

@ Access to quark OAM via Jg =

M. Przybycieri (AGH University) ePIC Experiment Physics Program Krakow, 8-12.01.2024


https://doi.org/10.1016/j.physrep.2003.08.002

Transverse Momentum Dependent distributions

@ TMDs represent the intrinsic (confined) motion of partons inside

i . identified
the nucleon (in momentum space: z, kr). )

@ TMDs can be accesed in SIDIS processes with single hadron or in
other semi-inclusive processes (di-hadrons, jets) in the final state. x

@ TMDs provide information on partons’ orbital B
motion, spin-orbit correlations and color gauge '

invarinace (differences between processes). 3,
@ Sivers function (right): deformation of up and
. . -0.5 -0.5
down quarks TMDs - unpolarized quarks with
_ H H P 05 0 0.5 05
z = 0.1 in polarized (along y-axis) nucleon. b (GeV)
Quark Polarization
U L T
= e 0 SNONO)
/** Ph .g unpolarized Boer-Mulders
<
N 1
g g ( :)»—(: P hu : P - : Pl
% L . longi-transversity
o helicity (worm-gear)
g
2 h| -
g T fir - Q gir - transversity
Z Siver trans-helicity hir -
(worm-gear) protdlosty

M. Przybyciei (AGH University) ePIC Experiment Physics Program Krakow, 8-12.01.2024



Spacial imaging of quarks and gluons at the EIC

HERA, dip. fit
HERA, exp. fit
HERA+EIC fit

@ EIC will enable parton “femtoscopy” - correlating
information on parton contributions to the proton’s spin
with their transverse momentum (TMDs) and spacial
(GPDs) distributions. e

HO(x,x,1,0%)
AN e s oo

0.8

0.2 0.4 0.6
@ The 3D parton structure (GPDs) is uncovered in DIS by —t1GeV’]
measurements of exclusive final states, wherein the proton 25 &
. < g
remains intact, e.g. DVCS and DVMP (J/v¢, ¢, 7, K). 220 )
. o . 5s g
@ Measurements at EIC will provide significant constraints at £ g
low-x and enable extraction of as-yet unknown GPDs. = 05 &
o 0.2 0.4 0.6 0.8 -
—t[GeV?]
e+p—e+p+y Vs = 140 GeV Zj 2
Judt=101b" o 1.6x10° < x < 2.5x10° Q
10 < Q%< 17.8 GeV? o Ve = 45 GeV - B
o6 6.3x102 <x<0.1 S
os os &
=
T o8 o4 T 10<Q<178GeV? B
= 0rE o Vs = 45 GeV. = =]
=z 06 1.6x102 < x < 2.5x102 3 g
5 osf ) 3
E 0af 07 "0a ot 2
x 03¢ Vs =140 GeV x :
02 1.6x10% <x <2.5x10°3 02 g
01F 0.1 o
[ o L s . 3’.
0 0.2 0.4 06 08 1 12 0 0.2 04 0.6 0.8 12 4

M. Przybycieri (AGH University)
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https://doi.org/10.1007/JHEP09(2013)093
https://doi.org/10.1088/1361-6633/aaf216

10°E
® COMPASS  h*: P, <16 GeVic

O HERMES 107, K" Py, <1 GeVie
® JLab Hall-A ' P, <045 GeVic
R JLab 12

10°E o STAR 500 GeV -1 <1 <1 Collins
© STAR 200 GeV -1 <1 < 1 Collins
® STAR 500 GeV 1 <1 < 4 Collins.
O STAR 200 GeV 1 <1 < 4 Collins.
1021 7 STARW bosons

Q2 (GeV?)

T T T
Current data for Collins and Sivers asymmetry:

20 0.5 0.75 1.0

I krGev)

<1077

Significant extension of kinematic reach
at EIC for Collins and Sivers asymmetries.

Access to TMDs primarily through SIDIS
for single hadrons, as well as other semi-
inclusive processes with di-hadrons and jets.

EIC has large potentail in significantly
reduce uncertainties in TMDs for valence
quarks and provide new measurements for
sea quarks and gluons.

fitac »[2GeV]

2

S

a

5]

o

1.0) \ g
05— 0.1 s
o

K; b

M. Przybycieri (AGH University)

iment Physics Program Krakow, 8-12.01


https://doi.org/10.1016/j.nuclphysa.2022.122447

Spin of the nucleon

@ Spin (or an intrinsic angular momentum) is a fundamental property of all elementary
particles: matter particles (quarks and leptons) have a spin of 1/2 (in & units), and
force carriers (like photons and gluons) have spin 1.

@ Spins of atoms or nuclei are well understood within the QM as the sums of the spins
and the orbital motions of their constituent objects.

@ We know that the spin of the nucleon is 1/2, but we do not understand how are quarks
and gluons, and their intrinsic spins distributed in space & momentum inside the nucleon.

@ From the current fixed target experiments, it is known that the total spin carried by
quarks and gluons does not amount to 1/2, one needs orbital angular momentum:

1_1 1 5 1 ) 1
5—2/0darAE(as,Q) + /deAG(a:,Q) + /de(£q+£g)

= Gluon Spin Gluon angular momentum Current polarized DIS ep data:
= Quark Spin Quark Angular Momentum 10* | P P
©0CERN aDESY oJLab-6 0 SLAC ™JJLab-12

Current polarized RHIC pp data:
* PHENIX2" 4 STAR 1-jet ¥ W bosons

Current status: >
AY ~25-30%, AG ~25—-30%, Lq7, L47 ' N

M. Przybycieri (AGH University) ePIC Experiment Physics Program Krakow, 8-12.0:



Polarized DIS - spin structure functions

@ Unpolarized structure functions F (x, Q%) and Fy(z, Q?):

‘“dE'ZQ it = 86{%“(9/2) [%FZ(“* QM)+ %tgz (8/2)F: (w, 622)]

° Polarized structure functions 91 (z, Q%) and ga(z,Q?):

b E’dQ -1 = MQ2 L |:(E +E cose)gl(;p,Q2> - %92(% QZ)]

d%o 402 sin 0 E'? 2
T T 0 (= —1=) = “NMQZ 2E [1/(11( , Q%)+ 2Eg:(z,Q )}
- o
gt quark spin 1] proton mom. =
g1 X & > i S,
q~ quark spin 1| proton mom. (e
1 2/ 4+ v 1 2 quark helicity
T) == = T o A A 1
91 () 2 Zq €q (q (z) —q (w)) 2 q &) 9(@) distribution
B
S--8-

2 2
oy —on _ 224%R4@,Q7)  gi(2,Q%)
@ Inclusive asymmetry: A (x, Q> = =
& onton > eq(x,Q?) Fi(z,Q%)

R eala(e, Q%) Dy (2,Q%)
ol —o ¢24\T, q\%
@ Semi-inclusive asymmetry: A% (z, z, Q° Tl 1
1( IS 011 N+ ok Zq ezq(z, Q?) Dy (2,Q?)

M. Przybycieri (AGH University) ePIC Experiment Physics Program Krakow, 8-12.01.2024



Current polarized DIS data:
down to z ~ 0.005, Q* ~ 1 — 100 GeV?

50

20

10

T

T — T

x=5.2x10° (+52)

0

T T

9,(6Q) +const(x) |

8.2x10° (+43) — Dssv+
Q/%’ ¥ EIC 5x100
1.3x10° (+36) 4 EIC 5x250
o—2 © EIC 20x250
21x10° (+31) covered by
present data
— 3.3x10* (+27)
M 5.2x10°* (+24)
o ox—oa—o— 8.2x10 (+21)
aon—oA—ea—o—>0 13x10°(+19)
2.1x10° (+17)
3.3x10° (+15.5)

,A_".__‘—QA——H-O—A gt o
8.2x10° (+1§)

Ak Gh—OA—O&—0——0 33x10° (+10) |

Lol P

i Lol

5.2x10° (+9)
A —Ck—OR—04—0 82x107(+8) |
e Ch—oA—o0A 13x107 (+7)
——A—a—a—oa—o0A 21x10" (+6)

e A 33x107 (+5)
e 52x10" (+4){

@ EIC will allow for measurement of g1

— with greatly improved precision, and

(7, Q%)

10°°

BNL EIC Science Task Force

2 3
10 Fcev? 10

ePIC Experiment Physics Program

@ To estimate its impact on gi, EIC
J pseudodata at /s = 45 GeV have
1 been included in new global DSSV fit.

in significantly extended phase space:
z~ 107" and Q* ~ 1 — 10° GeV?

Q% =10GeV?

—— DSSV 14
B EIC./5 = 45GeV
E EIC /s =45 — 140 GeV
4 EIC 45 GeV
¢ EIC 140 GeV

PRD 102, 094018 (2020)

1074

1073 1072 107!

@ Polarized d / *He will allow for
measurement of gi in neutron.

Krakow, 8-12.01.2024
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https://doi-org.ezproxy.cern.ch/10.1103/PhysRevD.102.094018

Spin of the nucleon at EIC

@ Estimation of quark contribution to proton spin requires integration of g1 (z) from 0 to 1

@ g is also sensitive to gluon contribution Ag at higher orders via scaling violations:

0.30

0.25

0.20

0.15

0.10

0.05

0.00

—0.05

—0.10

0.15

—— DSSV 14
BN (EICDIS 5 = 45 GeV
W EICDIS 5

Q? =10GeV?

1077 101 0% 1072 0! 10°

Q* =10GeV?

—— DSSV 14
B EICDIS 5 = 45 GeV
R L EICDIS /5 = 45 — 140 GeV.

107 107 107 102 10 10°
z

(AGH University)

o 891 (‘T7 Q2)
0log Q2

@ Sensitivity to sea quarks helicities via SIDIS
measurements with pions and kaons through
measurements of semi-inclusive asymmetries
AT (Am), AT (Ad), AK(As)

@ Improved constraints on the spin of quarks/gluons
will further constrain contribution of orbital angular
momentum (OAM) of partons to the proton spin.

— DSSV 14
HEICDIS 3 = 45 GeV

W EICSIDIS V5 = 45 GeV

B EICSIDIS 5 = 140 GeV

rAd

Q?=10GeV?

107" 107 1077 107 1072 1071 107° 107> 107" 107¥ 1072 1071 107 107 1071 107 1072 107
z x r

ePIC Experiment Physics Program Krakow, 8-12.01.2024



Parton distribution functions (PDFs) in the proton

@ Gluon density at low-z is strongly rising - what tames this rise?

gluon gluon
emission recombination
mmnﬁ = At Qg

o Black disk limit for scattering on a sphere: oot < TR>
o In QCD - Froissart-Martin unitarity bound: otot o< In? s

From BFKL growth of gluon density: oot o s*
clearly violates F-M bound at high energy.

o Saturation scale Q% (z): scale at which gluon emission and recombination become

In 1/x

Y=

comparable (BK-JIMWLK evolution, non linear).

tG(z,Q*) =R, = IQ3(Y)=)\Y

o
Gluons start to overlap (MV model): QSQ
2
A In Q%(Y) o
saturation
region
S o !
g R
QQ ‘§
2 107
£
=] a7
£ 1 BFKL 102
&
=
o
c

HERA
Q2 =10 GeV?

—— HERAPDF1.0
[l experimental uncertainty

I:l model uncertainty
[ parametrization uncertainty

=3
S
DN
©
s}

L L R
102 107 1

X
Krakow, 8-12.01.2024

L
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High energy limit of QCD - Color Glass Condensate (CGC)

@ What happens to the gluon density at high energy? Does gluon recombination leads to
saturation in to a gluonic form of matter of universal properties?

@ Non-linear evolution equation (BK):

ON (z,rr) 2
W =as;Kprrxr ® N(I,TT) — Qs [N(l TT)}
n ( /l) splitting recombination
Low Energy High Energy |
v~ kg
Xp >> X “‘I— f \
= 3
- 2
3 ]
parton &
many new ! kno@how t
Proton smaller partons ~ Proton R | Rsics herd
(X0, Q2) are produced (x, Q2) '
“Color » as~1 Aqco Qs ag <1

kg
Color gluons have color,

created from “frozen” random color source, that evolves slowly compared to
natural time scale,

Condensate High density! occupation number ~ 1/, at saturation.

M. Przybycieri (AGH University) ePIC Experiment Physics Program Krakow, 8-12.01.2024



Access to gluon saturation via elect

@ Gluon density per unit of transverse area: 10

n x zg(x, 622)/7rR2

@ Cross section for gluon recombination: o as/Q2

Q2 (GeV?)

@ Saturation: 1 <no = Q?< Qg(fﬂ) o A3 (%)A

where A = 0.2 — 0.3.

@ Saturation regime is accessible at much lower
energy in e+A collisions than ep collisions.

Color Glass Condensate ;.

Confinement Regime
120 "5

-2
A 10

10°

0

Coverage of Saturation
Region for @2 > 1 GeV?
- Vs,,,=90 GeV

— s,,=40 GeV

x<0.01 B
; S
| EIC Vspa, = 90 GeV (Au)
[T w
; per regime
I T } } } 1
OT 0.5 1 15 25 10+
2 2,
» QZ (Gev?)
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Measurement of saturation at the EIC

0.50

N —
[ p®>2GeV mep

@ Observables: di-hadrons, di-jets in ep and e+A,
photon-jet/di-jet, also in diffraction, ... A0 PFE S s> 1Gey oo smeared
@ To directly probe the Weizsicker-Williams (WW) N _———
gluon distribution and gluon saturation effects at low gmog Vs =90 GeV
x, one can measure the azimuthal angle difference T 0.20]
between two back-to-back charged hadrons (or jets): ’
do (v HA—hithotX) /do(y*4A—hi14X)

0.101

C(A¢) = dz1 dzg dA® dz1 dAg l
do (4 +A—hythat X) 00T s s 4 45
X F(x ® A¢ (rad
dz1 dzg d?pr 1 d?pr 2 (@9, g7) R ‘(‘/)‘(‘ ‘(‘>‘ e
H(zq, kr,1,k1,2) ® Do(21/7q,pr,1) ® Do(22/2qp1.2) M, = Ym0 cey iy
s r o Vs=90 GeV ]
@ Due to saturation, the WW gluon TMD can provide & 1-2[# i
additional transverse momentum broadening to the 8 1: T“# 777777777777777777 +f
back-to-back correlation and cause disappearance of g\ i e S I Sl
the away-side peak when saturation is overwhelming. ;§ 08k i e BN S ]
= I A, —h—e— ]
@ Clear differences between the ep and eA: suppression © [ Co ]
of the correlation peak in eA due to saturation effects. 0'6; 1
. H e el
@ EIC will allow to unambiguously map jche transition 0.4, 25 3 35 1
from a non-saturated to saturated regime. A¢ (rad)
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Nuclear shadowing

@ How quarks and gluon distributions in the proton

get modified in nuclei? Rr,
@ Measure the ratio of cross section on a nucleus to ! / _ _ Fermi
the proton (scaled by mass number A): n 9 gmc  Mmetion
A 2 shadowing
0. 0') = 3
A-Fj (z,Q?)
@ General features of Rf‘;z (z, Q?) behaviour: o4 03 08 X

e Fermi motion: for z 2 0.8 - due to motion of bound nucleons inside the nucleus.
e EMC region (EMC effect): for 0.3 < = < 0.8 - discovered by the EMC Collaboration.

Possible explanation: Short range correlations . o coeyy

between nucleons, most nucleons are not 02 2 3 Qz;sgevz
modified but some experiencing SRC are ol H;E%* 1 |
modified (about 20%). Quf’o }%; z §_§~- N Y
o Antishadowing: R’}Z >1for01<z<503 Zof M i ;§
- momentum sum rule (7) | A, [eR
o Shadowing: R, < 1 for z < 0.1 R R o
Shadowing inreases with increasing A and with = * gﬁggc = Pb:l?csélc é
decreasing x. 107 o7 3 4% 1074}(1073

Shadowing decreases with increasing Q2.
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clear structure - impact of the EIC

@ Precise measurement of nPDFs for

wide range of nuclei and wide

kinematic range with negligible stat.
uncertainties and syst. uncertainties

of few percent.

O'r(fL’,QQ) 5
= F2(IL’,Q2) T

2 ©
WFL(x,QQ) z

nCTEQ15wz
nCTEQ15wz EIC

EPPS16*
EPPS16* EIC

NNNPDF2.0
nNNNPDF2.0 EIC

Q%2=1.69 GeV?

5F e+Au .
.

10

a5k JLdt=101b"/A %

n
(¢}
T R e L

Vs = 31.6 GeV.
Vs = 44.7 GeV
Vs = 89.4 GeV
World Data (A = Fe)

L — CT14NLO+EPPS16
Gt --- Vs =40 GeV

kinematic limit

0102 10"
X

Rep. Prog. Phys. 82, 024301 (2019)

=
=
o :
9 AT s o T
T . X= ;
& x=13x10
(>j<' _“/— x=20x10%
o - ———— x=52x102
15 o on— ot em—om———° x=8.2x10?
o 0 x=1.3x10"
1E e $ o X=20x10"
- oo X= 32107
vE e X =5.2¢10"
M| M| M| L
1 10 10? 10°
Q@ (GeV?)

1002 10=)
X

1073 1072 107!
X

@ Significant impact of the charm cross section
on the gluon nPDF at high-z.

EPPS16*
m— EPPS16* + Opc
EPPS16* + Opic+ 0g2™

EIC Yellow Report
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EIC - best place to study diffraction in 21th century

@ Diffraction in the ep or e+A collisions proceeds via
exchange of a color neutral object called Pomeron
(two gluons in the lowest pQCD order). k

@ Define additional (to DIS) kinematic variables:

q-(p—p) Q@ +M3

Trp = ~
q-p Q2+ w2
O GRS p
2¢-(p—p) =z W2+ M
3|
@ Diffractive processes are most sensitive to the & ~5 s JLatt =10 A
underlying gluon distribution and give access to AGE CAUSEER 1

the spacial distribution of gluons in nuclei.

N
T
1
L

@ Production of (heavy) VM sensitive to saturation
effects in nuclei.

saturation model

@ Special detection techniques required (Roman Pot

Ratio of diffractive-to-total cross-
section for eAu over that in ep
o

detectors for scattered protons and ZDC for 1t ]
ted nuclei) non-saturation model (LTS)
exci ;
0.5 7
@ Prediction for EIC: TeV electron hits a nucleus stat. errors & syst. uncentainties enlarged (x 10)
with binding energy of ~ 8 MeV /nucleon - nucleus o~ e Fre———
remains intact in at least 1 in 5 events! M (GeV?)
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Diffraction at the EIC

@ Exclusive VM production as a probe of saturation:

Py &, J /¢
leoh ~ 31—
coh ~ oz
for z~103 get
leoh 100 fm
p,A S~ - p’,A’
A

@ Coherent collisions (nucleus stays intact) depend on
the shape of the source (provide average distribution).

@ Incoherent collisions (nucleus breaks up) provide
information on the fluctuations of the source.

@ Coherent distributions can be used to obtain
information about the gluon distribution in the
impact parameter space:

- dqq docoherent
F(b) = = Jolab)\| —=
0 2m dt

J/1 is smaller, less sensitive to saturation effects.

(AGH University) ePIC Experiment Physics Program

¢ meson is larger, more sensitive to saturation effects.

ol® +AU= ¢+ AV WGt (nb/GieV?)

dol® *Au= Ayt (nb/GeV?)

] JLdt=10 /A a coherent - no saturation
10%fg 1<Q? <10 GeV? o incoherent - no saturation
x<0.01 = coherent - saturation (bSat)
In(edscay)l <4 « incoherent - saturation (bSat)

Plegecay) > 1 GeVc
i = 5%

0.02 004 006 0.08 0.1 0.12 014 0.16 0.18
It (GeV?)
JLdt =10 foV/A o coherent - no saturation
1<Q?<10 GeV? o incoherent - no saturation
x<001 = coherent - saturation (bSat)
1n(Kgacay)l <4 « incoherent - saturation (bSat)

P(Kaoeay) > 1 GeVic
St = 5%

0 002 004 006 008 01 0.12 0.14 0.16 0.18

1tl (GeV?)
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The EIC will be the first high-luminosity e + p/A collider with polarized both
projectile and target and with a large kinematic coverage.

The EIC project is on schedule - the ePIC Collaboration was formed to build the
first EIC detector and implement the science potential of the EIC.

The ePIC detector design is mature and uses innovative technologies.
A Technical Design Report (TDR) is planned to be ready in this year.

EIC will be a superb “stereoscopic camera”, which allows us to depict the 3D
internal structure of protons and heavy nuclei with unprecedented precision and
significantly advance our knowledge of hadron structure.

Main physics topics to be explored at the EIC are nucleon structure - full 3D
momentum and spatial structure, as well as its spin structure, the origin of
hadron mass, and study of dense partonic systems in nuclei, diffraction,
saturation, hadronization, and many more.

EIC science program will profoundly impact our understanding of the most
fundamental inner structure of the matter.

More details on EIC science and detector requirements in

Thank you for your attention!
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Physics opportunities beyond the EIC's core science

Snowmass 2021 White Paper: Electron lon Collider for High Energy Physics
@ New Studies with proton or neutron target:

o Impact of precision measurements of unpolarized PDFs at high x/Q?, on
LHC-upgrade results(?)

o Precision calculation of as: higher order pQCD calculations, twist-3.

e Heavy quark and quarkonia (c, b quarks) studies with 100-1000 times lumi of HERA
and with polarization.

e Polarized light nuclei in the EIC.
@ Physics with nucleons and nuclear targets:

e Quark Exotica: 4,5,6 quark systems...? Much interest after recent LHCb results.
e Physics of and with jets with EIC as a precision QCD machine:
@ Jets as probe of nuclear matter & internal structure of jets: novel new observables, energy
variability.
e Entanglement, entropy, connections to fragmentation, hadronization and confinement.
@ Precision electroweak and BSM physics:

o Electroweak physics & searches beyond the SM: parity, charge symmetry, lepton
flavor violation.

o LHC-EIC synergies & complementarity.
o Study of universality: e+p/A vs. p+A, d+A, A+A at RHIC and LHC.
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Schedule of the EIC project

6 8 9 0
KCD4A CD4
'Approve startApprove proj.
Decisio CD-0(A) CD-I(A) CD-3A CD-213 of operations  completion
Dec 2019 Jun 2020 Jan 2024 Apr 2025 Apr 2032 (Apr2034
I
f
Accelerator Early CD-4A Early CD-4
Resea & Systems Completion Completion
Develobme | Apr2031 Apr 2032
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Infrastructure
Desig ‘
Accelerator
Systems
Detector ]
! I
\ \ \
Infrastfucture Conventional Construction L 7, 7
I L I .
s : | '
Accglerator Procurement, Fabrication, Installation & Test v ) Full RF Power Buildout
& o stems 78 ]
1 ! 1 ! ‘
Deetector Procurement, Fabrication, Test L 7, 7}
I I }
T I
Full RF Power Buildout
I Aectorator [ Commisioning & Pre-Ofs /227 A% 2
. = | . —
& Pre-Op Commissioning
DTzecmr & Pre-Ops
L 1

(A) Actual

- Completed
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Data
Date

Level 0
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Critical
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The legacy of HERA

H1 and ZEUS

x =0.00005, i =21
x=0.00008, i = 20
x=0.00013, i=19
x=0.00020,i= 18
x=0.00032,i=17
x=0.0005, i =16
x=0.0008, i =
x=0.0013

el

@ HERANC ep 0.4 fb*!
B HERANC e*p 0.5 fb*!

Vs =318 GeV
O fixed target
— HERAPDF2.0 e"p NNLO
— HERAPDF2.0 e*p NNLO
15
,i=14
020, i=13
0.0032, i =12
x=0.005,i =11
x=0.008,i= 10
x=0.013,i=9

L] M x=0.02,i=8
. e

x=0032,i=7

x=0.05,i=6

H x=0.08,i=5

———

x=0.13,i=4

T

x=0.18,i=3

Xx=025,i=2

x=0.40,i=1

—
e
ﬁ__\!\; f

H x=0.65,i=0

1073
1 10

| T

102

T T TTIT

Q¥

H1 and ZEUS Coll., EPJ C75 (2015) 580

II| 1L Hll
10° 10*
GeV?

LRI |

10°

T T TTIT

Reduced cross section:
O'r(I, QQ) = F2($7 QQ) -
2
Y 2

_7}7’

1+(1 *?/)2 L(I,Q )
Covers five orders of
magnitude in z and Q2.

Consistency with old
fixed-target data.

Scaling with Q% at  ~ 0.1
& scaling violation elsewhere.
Splitting at high Q? results
from v—Z interference term.
Crucial input to PDF fits:
any parton at given (z, Q%)
can be source of partons
atz’ <z and (Q)? > Q2.
PDFs are universal -

factorization of long and
short distance physics.
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Picture of the proton in pQCD

H1 and ZEUS

@ Proton structure is embedded % [ $ manchosnt
in the quark and gluon PDFs. & w} :

s =318 Gev

O Fixed Target
= HERAPDF2.0 €p NNLO
== HERAPDF2.0 ¢'p NNLO

@ Gluons dominate for z < 0.1
@ So far we have only the
longitudinal information.

. . — HERAPDF1.0
@ Need transverse information I cxporimenal uncarainy
to understand the full structure

of the proton at high energies.

[ model uncertainty
[ parametrization uncertainty

. . .
10° 102 107
X
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Scattered electron reconstruction
: E', =90 GeV High y

52507 e Large photoproduction bkgr.
to DIS electron and large QED
e =200 radiative corrections.

""" Detector needs very good
electron identification at
low/moderate momenta, and

1=-313  the ability to reconstruct the
total E — p, for the event.

Intermediate y / lower Q2

e Scattered electron goes into
endcap - i.e. it has small
scattering angle w.r.t. electron
beam, and large momentum.

o Detector needs very good
tracking and EMCal resolution
in the endcap, allowing tracker
momentum and calorimeter

energy to complement each
other.

104 TP T T
Scattered Lepton Angle S

Scattered Lepton Energy

ol

10,1 i | | l Il
107° 107 10° 107 107"
B

N

o Reconstruction of zp using the scattered electron
becomes impossible (due to 1/y dependence).

o The detector needs to use information from the
hadronic final state to reconstruct zp. This
requires good energy and pr resolution in the
hadronic endcap.
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Cutaway view of the ePIC detector

Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

Forward Calorimetry
(EM and Hadronic)

Backward
Calorimetry

Dual-radiator

High-performance RICH

Endcap
Electromagnetic
Calorimeter
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General requirements for the ePIC detector

@ Large rapidity coverage of central detector + specialized FF & FB detection systems.

@ Hermetic coverage of tracking, electromagnetic & hadronic calorimetry.
@ High precision low mass tracking and high performance PID for 7, K, and p, separation.
@ High control of systematics (luminosity monitors, electron & hadron polarimetry).

Flux return

Barrel hadron calorimeter

Barrel electromagnetic calorimeter

Diffraction of
internally reflected
Cherenkov light
(DIRC)

SC solenoid

Lepton endcap

Dual RICH
[
= « Hadron calorimeter endcap
Silicon detector \
PF-RICH detector
Electromagnetic calorimeter »
» Detector carriage
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PIC tracking syste

icle identification

MPGD and AC-LGAD TOF detectors provide
@ additional hit points for track reconstruction,
@ fast timing (~ 20 ps) hits for background rejection.

Inner Barrel Forward MPGD
MPGD Disks

Forward Si

Backward Si Si Vertex Dl

Disks

Silicon Vertex Tracker (SVT)
Inner Barrel (1B)

Si Barrel

Outer Barrel (OB)

High-Performance DIRC (hpDIRC)
@ Quartz bar radiator; MCP-PMTs sensors.
@ 7 /K separation up to 6 GeV/c.

Fused silica N Fused silica
/ bar

',/,’I

s &

______ MRS

e E &
£ «
- o
g
[l acrogel container —
- acryiic iter
y inner conical mirror
B -~ HRPPDsensorplane  Aerogel
” N

outer conical mirror

@ Long Proximity gap (~ 40 cm)

@ Sensors: HRPPDs (also provides timing)
@ e/ (< 2.5 GeV/c), m/K (< 10 GeV/c)
Dual-Radiator RICH (dRICH)

2 curved silicon vertex layers
1 curved dual-purpose layer

1 stave-based sagitta layer
1 stave-based outer layer

@ CyFg Gas Volume and Aerogel.
@ Sensors: SiPMs tiled on spheres.

Electron/Hadron Endcaps (EE, HE) - 5 disks on each side of IP

@ 7/K separation up to 50 GeV/c
Krakow, 8-12.01.2024
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ePIC electromagnetic calorimetry

Electron Endcap EMCal
PbWO, crystals

External structure &
cooling

Flange of the
beam pipe

cooling plates

Cables

beam pipe

Internal structure &
cooling

read-out boards
POWO, crystal &

internal support structure
universal support frame  DIRC bars

T T
YR Requirements (ECal and Tracking)

#_SPICEEMG inualon (35 <n<-15) |
-e-- EEMCit:0/E = 1.8VE ©

o/ E (%)
g

egmng(as< n<-2)
- ECal: o E®10%
Tracking: o/
e-going (-2 < n<
ECal: 0/E = (4-8)%/E ©2.0%
Tracking: o/E = 0.04%p ©2.0%

PP I
|0|2|416|B

20
Eyl p,, (GeV)
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Barrel Imaging
EMCAL

Hadron Endcal EMCal

AstroPix: siicon
sensor with
500x500m” pixel
size developed for
the Amego-X NASA
mission

ScFi Layers
2 with two-sided
SiPM readout

........................................... Bl Aaaa naaa e s b e e ]
20- YR Requirements (ECal and Tracking) Ezo YR Heqmremenls (ECal and Tracking) 7
# oPIC BEMC simulation (-1.5 <1 < 1.5) [ 8 oPICFEMC simulaton (35 <n<-15) |
[ BEMC fit: 6 /E = 4.6/VE ©0.1 ® H - FEMC: o /E = 7.1NE ©0.0
[ 0ing (1 < n < 25)
15 central (-1 <n<1): 15 b ;q(47|2)?,5'\‘5e)2,0% |
( O/ = (1214)%WE ® (23)% | Tracking: o/E = 0.04%'p ©1.0% |
i Tracking: o/E = 0.04%'p ® 1.0% p-going (2.5 <1 <3.5):
: r E - 12PN E ©2.0%
it T Tracking: o/ = 0.04%p ©1.0%
10+ -
=
5 % ST .
I
*
* R el B e
N N AT PP PP TP TOT O T
q) 2 4 6 8 10 12 14 16 18 20 (6 2 4 6 8 10 12 14 ‘15 |8 20 '
Eyl Py, (GeV) Eyl P, (GeV)
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ePIC hadronic calorim

Hadron Endcap HCal

Electron Endcap HCal

depth ————

1.086 Longitudinally separated HCAL SiPM-on-tile
n Steel/Scint. & W/Scint. sandwich readout
o =
2.00 /

T / e Steel/Sci (10 1.)

SR 0 ‘ Reuse of STAR
‘ cint. tiles
A Barrel HCal
1.086 show/sr/

SMD

Pb/SS

o post W tower mocule - 20cmx 10 140
RIS g oner RS amas U fower

r YR Requirement OHCAL ePIC simulation 4
| — OHCALTB:o/E = 75.0//E 0145 HCal standalone |
OHCAL: 0, /E = 7L3NVE 0172 single T

YR Requirement LFHCAL
001 -*-LFHCAL: o, /E = 44.3/fE 055 -

50— - —

-

High-granularity insert at most

t . I
i ] forward pseudorapidity
L T S SEHENIX BﬁCal to aid in reconstructio of HFS
- ’ : 1/ JE Gev) with new SiPMTs
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~100 m fiber

Switch/Server / | Switch/Server /
Buffer

Factor of 100 in
data reduction

Front End Board (FEB) Readout Board (RDO) Data Acquisition (DAQ) Rates quoted are at
[ 100 Tbps = 10 Tops 100 Gbps i

output of each stage

@ Triggerless streaming architecture gives much more flexibility to do physics.

@ No external trigger - event selection can be based on full data from all detectors.

@ All collision data digitized, but zero suppressed at FEB.

@ Low/zero deadtime.

@ Collision data flow is independent and unidirectional - no global latency required.

@ Data volume is reduced as much as possible at each stage ensuring that biases are
controlled.
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