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Inclusive Neutral Current DIS: ep—> eX
... Kinematics

x = fraction of proton momentum carried by struck quark

Q% = |4-momentum transfer squared| (photon virtuality)
... measures the hardness /scale of collision
... inverse of (squared) resolved dimension

2
s="¢ /xy with inelasticity y < 1
i.e. Maximum Q? and minimum x ;
governed by CMS energy



Crude Mapping Between Physics & Facilities

Partons with decreasing x

High x (fixed Target)
Basic Structure

Intemediate x (EIC)
Emergent properties

Low x (HERA / LHeC)
QCD radiation
dynamics
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HERA, DESY,
Hamburg

[sep ~ 300 GeV

. equivalent to a
50 TeV beam on a
fixed target proton

)&/\/ PETRA_

SR 41 992 2007)‘.’_,‘
§ - So far still theonlycolllder of electron
¥ % and proton beams ever
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- Taught us much of what we know
about proton structure

- Only ~0.5 fb"! per experiment .

- No deuteron or nuclear targets



Example Inclusive Neutral Current
Data from Previous Experiments

- Inclusive cross section
measures (charge-squared
weighted) sum of quark
densities

- Similar / better data at
many other values of QZ,
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QCD Evolution and the Gluon Density

H1 and ZEUS

- Q% dependence sensitive to
gluon density via splitting
function ...

g 4949

i: ® HERANC ep 04 b
10 e m HERA NCe'p0.5fb
e mmosemsin Vs = 318 GeV
07 . pp— x"’s;j = 0.00013, i=19 O Fixed Target
P ol naryeeotig === HERAPDF2.0 ¢ p NNLO
105 -»:_ﬂ ', =00005,i-16  mmmm HERAPDF2.0 e'p NNLO
E X, = 0.0008, i=15
- i ._'r'..-"’m X, = 0.0013,i=14
wil _M"‘ Sy = 0.0020, =13
; . .W xsj s <
C M Xg, = 0.008, i=11
10°- . W X, = 0.008,i=10
; - W X = 0.013,1=9
2- v - - - Sm=0.02,i=8
107 - . eevoveeseesd X, =0032,i7
- : eseresesstet—t X, =005i=6
| -oenot o ¢ )
10 = P - ob-a—8— Sm =0.08,i=5
= N—— X, = 0.13,i=4
- . xp; =0.18,i=3
1 E Xgy =025, i=2
o G e a X = 0.40,i=1
E : [
- t
0L . Xy, = 0.65,i=0
) -II 1 1 Illllll 1 1 IIIIIII 1 1 Illllll 1 1 IIIIIII 1 1 lllllll L1 11111
10 2 3 3 B
1 10 10 10 10 10
2 2
Q7/ GeV

- DGLAP equations describe QCD
evolution (to NNLO and
approximate N3LO accuracy)

- EW effects give different
quark sensitivities (Z-exchange
separates e*p v e'p, W-exchange
gives charged current (ep 2 vX)
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Proton PDFs from HERA only (HERAPDF2.0)

H1 and ZEUS
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« At x ~ 102 : ~2% gluon, 1% quark precision
» Uncertainty explodes:

- below x=10-3 (kinematic limit)

- above x=10"" (limited lumi) 8



Proton PDFs from HERA only (HERAPDF2.0)
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FCC-he |
HERA - BM
EIC nggs  ~=
BCDMS
NMC
SLAC
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precision
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LHeC (>50 GeV electron beams)
E.ms = 0.2 — 1.3 TeV, (Q% x) range far beyond HERA
run ep/pp together with the HL-LHC (= Run5)

P32 P33

O ING INFRASTRUCTURES
@ HL-L

LHeC F;‘i/\

L-LHC and future x
facilities? /
(~2038++) 4
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Future High Energy ep
and eA Options at CERN

- Combined function of energy-frontier
collider (Higgs, searches...) and DIS for
QCD / structure exploration

- Extensions to lower x (10-¢ at HL-LHC,
107 at FCC-eh)

- Ongoing studies towards Euro strategy

FCC-eh (60 GeV electron beams)
E.n.s = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic | LHC
Underground Infrastructure )
\ Beam
- - .

John Osborne - William Bromiley - Angel Navascues

Together
with FCC-hh
(~2070)



The Electron-lon Collider (BNL)

New electron ring, to collide with RHIC p, A

- Energy range 28 < Vs < 140 GeV, accessing

moderate / large x values compared with HERA

World’s first ...

- High lumi ep Collider

(~ 1034 cm2s1)

- Double-polarised DIS collider
(~70% for leptons and light hadrons)

- eA collider

ﬁ

Tomography (p/A)
Transverse Momentum
Distribution and Spatial Imaging

Spin f the

Nucl uclei

Internal Landscape
of Nuclei

(lons ranging from H to U)

=—1100

— 10

1034 L
c}JE
A
..Z’ 1033 -
Specifications driven by science goals: g
- 3D proton structure £
— 10 |-
- Proton mass
- Proton spin
- Dense partonic systems in nuclei °

50 100
e-N Center-of-Mass Energy [V(Z/A) GeV]

Annual Integrated Luminosity (fb™")



EIC Machine Design Parameters

Double Ring Design Based on Existing RHIC Facilities

Hadron Storage Ring: 40, 100 - 275 GeV Electron Storage Ring: 5 - 18 GeV
RHIC Ring and Injector Complex: p to Pb 9 MW Synchrotron Radiation
1A Beam Current Large Beam Current - 2.5 A

10 ns bunch spacing and 1160 bunches
Light ion beams (p, d, He) polarized (L,T) > 70%  Polarized electron beam > 70%
Nuclear beams: d to U Electron Rapid Cycling Synchrotron
Requires Strong Cooling: new concept >CEC Spin Transparent Due to High Periodicity

One High Luminosity Interaction Region(s)

25 mrad Crossing Angle with Crab Cavities

Challenges from high lumi requirement include short bunch spacing
and high beam currents ...
- Synchrotron load management

—> Significant crossing angle
12



Status / Timeline

- Total cost ~$2Bn (US project
funds accelerator + one detector)

- Still several steps to go, but on
target for operation early/mid 30s

CD-0 (Mission need)

CD-1 (Cost range)

CD-3A (Start construction)

CD-3B

CD-2 (Performance baseline)
CD-4 (Operations / completion)

Dec 2019
June 2021
April 2024
Oct 2024
April 2025
2032-34

Technical Design Report: end 2025 (prelim 2024)

Fv19 | Pv20 | Fv21 | Fv22 | Fv23 | FY24 | FY25 Fv27 | FY28 FY30 | Fy31 Fy33 | Fy3a | Fyv3s
a1)az]as s |asfaz|as|as]as a2 |a3| asjas|az|asfas]as |az a3 |ae as|a2|as|as]as |az |3 as fasfaz]as|as] a1 a2 |3 as jas|azfas|as]as |az]as e fas|az|as|add o |az] a3 | aefasfaz|as|adf a1 | a2| a3 | aefasaz|asfadfas | a2| as] o
o ¢ ¢ o [T > >
L wser ll J e 5 o Construction Phase poei e
| I |
Research &
By | :‘\ Conclus Science Phase
[]]] RHIC operatiops
- -
1 I l I |
s ll 1
| T.._." o
Comstruction & | ! . : |
» 1 Procurement, fabrication, Installation & Test
I i | | | |
1 = ;
I g~ S A
& Pre-Ops l Basaciar Commissioning & Pre-Ops
1 | 112
10
w | waa et [ Gl — o




Inclusive Observables / Detector Implications

- Traditional DIS, following on from fixed target
experiments and HERA - Longitudinal structure

... high acceptance, high performance electron
identification and reconstruction

Semi-Inclusive

scattered lepton

incoming lepton

target nucleon : !
String Breaking - P

Exclusive / Diffractive

- Single particle, heavy flavour & jet spectra
- py introduces transverse degrees of freedom
- Quark-flavour-identified DIS
- Separation of u,d,s,c,b and antiquarks
... tracking and hadronic calorimetry
... heavy flavour identification from vertexing
... light flavours from dedicated PID detectors

- Processes with final state ‘intact’ protons
—> Correlations in space or

momentum between pairs of partons

... efficient proton tagging over wide
acceptance range

... high luminosity .




SCIENCE REQUIREMENTS

EIC Experiments

cecrmonion et Tie - Yellow Report (arXiv:2103.05419):
“‘€T>”’ €1C Yellow Repor ... explored physics targets and
corresponding detector requirements
.. defined baseline detector

s - ePIC = Project detector
- funded through US DoE and international
partners (now including UK)

- Second detector?

.. an essential ingredient,
but not yet funded or
designed in detail

.. should bring an

Fol rwadC I rlmety

,,D al-radiator RICH

.nglmgelc-fgcused :ad%Direc‘tg' » Overlapping, bUt
complementary physics
programme

15




United States
India

Italy

South Korea
Japan

UK

China

Taiwan, Province of China

Israel
Germany
Poland
Czech Republic
Norway
Hungary
France
Canada
Ukraine
Spain
Slovenia
Senegal
Saudi Arabia
Jordan
Egypt

Armenia

°®o 0o 0

ol

ePIC Non-US
Institutions

md

# Institutions =

ePIC Collaboration
Demographics

Over >850 participants
so far, from ~173
institutes in 24 countries

Part of a wider ‘EIC User Group’
organization with around 1400 members,
including theorist colleagues

16



A Detector for the EIC

New 1.7 T SC solenoid, 2.8 m bore diameter

Tracking

* SiVertex Tracker MAPS wafer-level stitched
sensors (ALICE ITS3)
Si Tracker MAPS barrel and disks
Gaseous tracker: MPGDs (LRWELL, MMG)
cylindrical and planar

*  high performance DIRC (hpDIRC) e u
dual RICH (aerogel + gas) (forward)
proximity focussing RICH (backward)

ToF using AC-LGAD (barrel+forward)

EM Calorimetry|

imaging EMCal (barrel)
W-powder/SciFi (forward)
PbWO, crystals (backward)

Hadron calorimetry

FeSc (barrel, re-used from sPHENIX)
Steel/Scint — W/Scint (backward/forward) PrOton/Ion beam Electron beam

- 9m long x 5m wide

- Extensive beamline instrumentation not shown (see later)
- Continuous streaming readout with emphasis on FEB zero-suppression
- Much lower radiation fluxes than LHC widens technology options

17



Tracking Detectors

Primarily based on MAPS silicon detectors (65nm technology)
- Leaning heavily on ALICE ITS3
- Stitched wafer-scale sensors, thinned and bent around beampipe
- Very low material budget (0.05X, per layer for inner lavers)
- 20x20um pixels
- 5 barrel layers + 5 disks (total 8.5m? silicon)

MAPS
Support
AC-
Backward MPGD Outer Barrel | Inner Barrel [ Forward MPGD ] LGAD
Disks MPGD | MPGD Disks
MPGD
Barrel AC-LGAD Forward AC-
ToF LGAD ToF Disk \
TR o Hff 5 40 0.55
5.7, 01
4.8, 0.05 30.0.25
3.6, 0.05
Black numbers
are radii in cm
S Eorward 5i Red numbers
Bacoﬁii > i SI'Vertex Disks are material in
% X0
LGAD layers provide fast timing (~20ns) 18

Outer gaseous detectors add additional hit points for track reconstruction



- Different technologies in barrel and end-caps, .
as required for varying performance targets Calorlmeter

- New ECAL designs / technologies, Overview
- HCAL partially recycles previous detectors
- All read out with Si PMs

Electron Endcap EMCal

bwo | - Hadron Endcap EMCal
PbW tals - roPix: silicon
Bxternal structure & - Flangeof the Barrel Imaging EMCal teliihon

f sensor with

cooling beam pipe 500x500um? pixel
— size developed for

the Amego-X NASA

mission

cooling plates

Cables

beam pipe

Internal structure &
cooling

ScFi Layers
with two-sided
SiPM readout

read-out boards
PbWO, crystal &

internal support structure
universal support frame  p|rC bars

High granularity W-powder/SciFi EMCal

Hadron Endcap HCal

Electron Endcap HCal Longitudinally separated HCAL  SiPM-on-tile

Barrel HCal Steel{§5/% wy/s ;i:dwich read;::ﬂu:wv + h.igh
it T T R A — .
SPHENIX barrel
calorimeter with granUlar] ty
SiPM .
e insert at

. Steel/Scint Sandwich (10 layers)
Reuse of STAR scint. tiles

largest

19

tower module -20 cm x 10 cm x 140 cm
-85cmx 5 cm LFHCal towers




Barrel ‘Imaging ECAL’

- 4 MAPS (Astropix) layers for position resolution.
- Interleaved with 5 Pb/SciFi layers
for energy resolution

- Followed by large Pb/SciFi section

AstroPix: silicon
sensor with
500x500um? pixel
size developed for
the Amego-X NASA
mission

Resolution ofE [%]

7 2% | 05
—~—— +0.5%
E VE
& e .,n=10
e e ,n=05
8 < « e7,n=0.0
» » e ,n=-05
« e ,n=-1.0
6 8 ScFi Layers
¢ ey With two-sided
) wd SiPM readout
<
L3
L
2 ' . ,
20

0.0 2.5 5.0 7.5 100 125 150 175 20.0
Eq- [GeV]



. . o R [ PYTHIA€(18) +p(275) =~
Particle Identification §f wkao |
a | - (gas)
- SIDIS programme relies on °E -
n / K/ p (and other PID) separation ... [ T L)
- Cerenkov detectors at high ;-
momentum, augmented by L
AC-LGADs / ToF at low momentum Lk g | ActoAD | A ;
n

High-Performance DIRC Dual-Radiator RICH (dRICH)
o Quartz bar radiator (reuse BaBAR 1 . o C,Fg; Gas Volume and Aerogel
bars) ep'@ deteCtor de5|gn - PI D o Sensors: SiPMs tiled on spheres

o Sensors: MCP-PMTs o /K separation up to 50 GeV/c
o T1/K separation up to 6 GeV/c

Fused silica
prism

—— ——
Fused silica | \

/ bar 1

'

Photon sensor Aerogel

Focusing lens

Sensors

N

Mirrors

AC-LGAD TOF
~30 psec /s =30 um

and central barrel

Barrel TOF Forward TOF _—

~ aerogel container Proximity Focused (pfRICH)
- i‘-’:r:ilriccg:iecral mirror Long PrOXimity gap (~40 cm)
Sensors: HRPPDs (also provides timing)
1t/K separation up to 10 GeV/c
e/m separation up to 2.5 GeV/c

— HRPPD sensor plane

. — outer conical mirror
77777777 vessel

O O O O

9/28/2023



Interaction Region / Beamline Instrumentation

- Extensive beamline instrumentation integrated into IR design

X (m)

2.0

0.5 1

0.0 ;

—0.5 -

Hadrons

Magnet

fLum. detectors \

—~

Far-backward region

-40

=20

Forward spectr

[o]

)

Detector

Z(m)

f-morment

F-moment

<

Electrons

m detectors l_J ,
Roman Pots

m detectors 2
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Interaction Region / Beamline Instrumentation

- Extensive beamline instrumentation integrated into IR design

- Tagging electrons and photons in backward direction for lowest Q2
physics studies and lumi monitoring via ep—>epy
W-SciFi 2.0

- Lumi Pair Hadrons

>
spectrometer ;

Electrons
<

Detector

Calorimeter

Tracker
4 Layers

Forward spectrimetér

in BO)

0.0 ;

/ ..

Tagger 1

Tagger 2

Of-momentdm detectors 1
l Roman Pots

OF-moment
. . _0'5 ] - i
T1mep1x4- Far-backward region
based ~40 . 0 20
tracker

40
Z(m)



Far Forward Region

B2apf

RP

BO detector

=

BOpf combined function magnet

Zero-Degree Calorimeter 6 < 5.5mrad Neutrons, photons
(zDC)
Hermetic forward Roman Pots (2 stations) 0* <8 <5.0mrad Protons, light nuclei
. (*100 beam cut)
coverage outside and ,
L. . Off-Momentum Detectors 0 <0 <50mrad Charged particles
inside beampipe (2 stations)
BO Detector 5.5 <6 <20 mrad Charged particleg, tagged

photons



Kinematic Reconstruct’n: HERA approach

- Use electron only where possible (E,’, 6, usually very well measured)

/
... BUT ... resolution degrades as 1/y Ye = 1 — % sin” g
[E.’ large, towards the ‘kinematic peak’] ‘
- limitation on measurements at high x 2
(central part of EIC programme!) ol Q=12GeV A
L e Q*=35 GeV?
... AND ... initial state radiation corrections 20 |

(and uncertainties) grow as y—=>1 (i.e. at low Xx)

0

Other methods exploiting redundancy through _» :_ e
measurements of Hadronic Final State e

1) Hadron only method (CC)
3) Double Angle methods (6., 63)

- insensitive to calorimeter energy resolution
4) Sigma methods (Ee,r Oe PT,h> (E = P2n )

- insensitive to forward hadronic losses & ISR

25
Choice depends on kinematic region and details of detector performance.



Detector Calibration

e 3

& H1

- The redundancy in NC kinematic variable
reconstruction lies at the heart of the
detector calibration methods used in DIS.

~
—

ol 1 # b
Typical approach: . Jhp > QED Compton
1) Electron calibration from ‘known’
resonances / kinematic peak 6 s Mo 150 s %

2) Hadronic final state from pT and
E-p, balance relative to electron 0.03

L]

kin. peak

v DATA-HERWIG

.. <0.5% on electrons and <1% on hadronic S0er O DATA-ARIADNE

energy scale achieved at HERA.

High performance detector simulation /
Monte Carlo modelling is essential for
precise calibrations 0.02/-




02<y<05 0.1<y<02 0.05<y<0.1 0.01 <y <0.05

05<y<038

Modernising Kinematic Reconstruction

Why not use all available information from electrons and hadrons?
E;, 0., (E —p,)n, Prp always all contain useful information
1) Neural network approaches
2) Kinematic fit
... matches best individual method everywhere and reconstructs
ISR photons as a bonus (extends kinematic range, F, ...)
... developing in ePIC framework and benchmarking on H1 data

2 method JB method DA method e method KF method
w 6 T T T T T T
oyly oyly uyly uyly lyly E]_O L TrueEY I | | _-
—— Fitted ]
210°% 3 ;
>10° k-
| m ]
T 05005 T 05 0 05 T 050 08 TT5T00s T 05005
T 205005 T 050 05 T 050 08 T 05008 T05 0 05
T05 008 T =05 005 TS50 TH5008 T05 008
705 0 05 T 05 0 05 T 05 0 05 705 0 o5 95 0 03
e
705 0 08 T 05 0 05 105 0 05 7050 05 T35 0 03




EIC: Performance and Measurement
Strategy for Neutral Current

8 - Detailed simulation work to
s optimise resolutions throughout
§ phase-space

- 5 bins per decade in x and Q?

ep at 18 x 275 GeV oS

" Best Reconstruction Method for y:
103 = Electron Method
- eY Method

F y Resolution:

-  Pseudodata Kinematic

coverage:
Q> 1 GeV?,
| 0.01 <y (=) < 0.95,
5 o 2
.- W2 (= L8295 10 GeV?
2 0° X

- Lower y accessible in principle,
~--3; but ultimately easier to rely on
overlaps between data at
different /s

=-37

28
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Inclusive ePIC Pseudo-data

- Estimated luminosities corresponding
to 1 year of data taking with each of 5
different beam energy configurations

(c.f. H1 + ZEUS @ HERA was 1fb")

e-beam E

p-beam E

Vs (GeV)

inte. Lumi. (fb~1)

18

275

140

15.4

10

275

105

100.0

10

100

63

79.0

5

100

45

61.0

5

41

29

4.4

- Systematic precision estimated from experience at HERA, expected EIC

detector performance, and guesswork

- Dominant sources at HERA were:

- Electron energy scale (intermediate y)
- Photoproduction background (high y)
- Hadronic energy scale / noise (low vy)

EIC will improve in all areas - Current (conservative) assumption:

-2 1.5-2.5% point-to-point uncorrelated systematics

> 2.5% normalisation (uncorrelated between different Vs )
[Statistical uncertainties negligible by comparison]

... pseudodata on this basis (not yet a fully simulated measuremezr91t)




Inclusive EIC Pseudodata v HERA

2 2
Q° (GeV) [arXiv:2309.11269]

105? 1 IIII]"I 1 lllllll' | llllllll I lllllll" ] llIllllI LA
- HERA HERA data have limited
jo'k  EIC ep 18X275 GeV e high x4sen51t1v!ty due to
. EIC ep 10X275 GeV D ”Q factor !n cros§
; g+ section and kinematic
BRI | 2 :
10°F EIC ep 10X100 GeV RERERE s x / Q* correlation
£ EIC ep 5X100 GeV el §§§§
B i i
o E At
Eiipidbafntcc:
- ettt r.r MO OEOCCD . .
" SEtivSoseoRooooooe EIC data fills in
ety pig =gt Bl w fu § -~ Rulal all ol ol ol =
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- — . OoJuUuUoUoUUoooocy . . .
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Impact of EIC/ATHENA on HERAPDF2.0

Fractional total
uncertainties
with / without
simulated EIC data
included with HERA

(linear x scale,

Q= Q)

... EIC will bring

significant reduction

in uncertainties

for all parton species

at large x

... most notable
improvements for
up quarks (charge-
squared weighting)

gy
N
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44, HERAPDF2.0 NNLO
< HERA + EIC
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Taking o, as an additional free parameter

- o nans T—————————————— 3 - HERA data alone (HERAPDF2.0)
R 60— NNLO * HERA and EIC Inclusive data — . . L.
L | eHEmAmcusieda v penaanamcoE-sscenmewseana | STIOWS ONLy limited sensitivity when
. . 7 fitting inclusive data only.
sof- " -
ik | 1 - Adding EIC simulated data has a
- | 1 remarkable impact
2E | f =
- % / ° .
1o~ \ o 1  |as(M2) =0.1159+0.0004 (exp)
o— teeeeer e — +H0-0002 (model + parameterisation)
0.105 0.11 0.115 0.12 0.125 0.13 02.135
(M)

T T T T
«— Hadron Colliders
—e— Category Averages PDG 2022
—»— HERA Data
—«— Lattice Average FLAG 2021

Adding EIC (precision high x) data
to HERA can lead to o, precision

[Derived from
An ATLAS figure]

+— World Average PDG 2022
—e— HERA and EIC Data

a factor ~2 better than current Chg Sots - — Gt - Gaot

world experimental average, and = fpan----- - . xeeEEERELEE 3178 % 00010 |
QQ Bound States d 0.1181 + 0.0037
PDF Fits —— il 0.1162 + 0.0020

than lattice QCD average

Scale uncertainties remain to be
understood (ongoing work)

e* e Jets and Shapes
Electroweak Fit

ZEUS Incl. Jet Data (w/o Prel.)
H1 Inclusive Jet/Dijet Data
H1 and ZEUS Inclusive + Jet Data

HERA Incl + Jet and EIC Incl Data
HERA and EIC Inclusive Data

0.1171 £ 0.0031
0.1208 +0.0028

0.1142 +0.0018
0.1166 +0.0030
0.1156 +0.0031

+0.0007
+0.0004

0.125°4 0.13

(M)



Proton Spin from Inclusive Data

- Spin Y2 is much more complicated than TT! ...

- EMC ‘spin crisis’ (1987) ... quarks only carry
about 10% of the nucleon spin

- Viewed at the parton level, complicated
mixture of quark, gluon and relative orbital
motion, evolving with Q?, but always = 12

Jaffe-Manohar sum rule:

AZ/ HAG+H¢ l+ h/2

Quark helicity Gluon heI|C|ty Quark canonical Gluon canonical
orbital angular orbital angular
momentum momentum

.| Cunientpolaiized DIS e/y+p data: [
19°F Curient polaiized RHIC psp data: [l

3

3

Very little known about gluon
helicity contribution or importance
of low x region

Resolution, @° (GeV?)

-
o
LRLLL | ™TTT

L1l L L lllllll 1 1 LAl lll 1 1 L L1l 1 L Ll LLL
10 10? 10% 10" 1
Parton momentum fraction, x



Spm EIC Vlrtual y Asymmetry sim’n (4})

12}

A7 — 3 x logi0(X5)

- x5=0.0001

-+ + =+ X3=0.0013 2% pol. unc.
..... Xg = 0.0020 (not shown)
R R Xz = 0.0032

- T ——— xg = 0.0051

® 9Or > > o o o= xg =0.0082

ECCE Slmulatlon
DJANGOH ep, 10 fb!

+~+ xg=0.0002 § 5x41 GeV

I 18x275 Gev
- -+ Xg= 0.0003

Stat + unfolding/

e« -« xg=00008 CONtamination

- + =< xg=0.0005

O XS S - - - xg =0.0205
e OIC e & x > o o -=- xg=0.0325
e o ol eox = = = = = xg=0.0515

© o o ol mexr = = = == Xxg=0.0815

20 0 © % mexx x x = xp=0.1292

me e :mn=0.2048

seeee0ddgizx = xg=0.3246

zszseedfdI I x=05145
$§33 33 = x3=08155

10°

104 10°
Q2 (GeV?)

10! 102 10°

Asymmetries between NC cross sections with
different longitudinal and transverse
polarisations ...

s_ 3 -1 _ .~
c-—o0 o' —o
A” = and AJ_ =
oS + 0> o>+ o074
- Aj(X) & 81(x)/F1(x)

.. measure the quark and antiquark
helicity distributions ...

210 = ) (Aq(x) + Ag(x))

.. Which gives gluon sensitivity from Q?
dependence (scaling violations)

Previously measured region (in green)

EIC measures down to x ~ 5 x 103
for 1 < Q%< 100 GeV?
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0.15

Impact on Helic

<

0.10F

0.05F

0.00

P

EIC Data Region
rAg

Q? =10GeV?

—— DSSV 14
+ATHENA DIS /s = 45 GeV

_005F B - ATHENA DIS /5 = 45 & 20 GeV
I ~ATHENA DIS \/? = 45& 63 GeV
B - ATHENA DIS /s = 45 & 105 GeV
_0.10F Il ATHENA DIS \/? = 45& 140 GeV
10-° 10~4 103 102 101
xr

- Simulated NC data with integrated
luminosity 15fb-1, 70% e,p Polaris’n

- Very significant impact on
polarised gluon and quark
densities using only inclusive
polarised ep data

ity Distributions

0.30

0.25

0.20

0.15F

- Orbital angular momentum similarly
constrained by implication

— DSSV 14

I +ATHENA DIS /5 = 45 GeV
B - ATHENA DIS /5 = 45 & 29 GeV
B - ATHENA DIS /5 = 45 & 63 GeV

| BN +ATHENA DIS /5 = 45 & 105 GeV
B - ATHENA DIS /5 = 45 & 140 GeV

r AY

0% = 10 GeV?

EIC Yellow Report

DSSV14 dataset I

1.5 Il +EICDIS /5 = 45GeV !

w
5 I + EICDIS /5 = 45 — 140GV
€ 1.0} T—— 1
®© = i
2 g — !
S g 0.5 . *\\ 7 5
o = . —==05
So + 00 ’
ER 7 =
0 | o = e
e 8 I: 1 —0.0 T L
ey = i TS0
O X —1.0f " ‘
£ £ . Q% =10 GeV?
Qg 1
n 3 —-1.5 .
1
—0.6 —-0.4 -0.2 0.0 0.2 0.4

1/2'_[11() ;;(Ag + 1/2AE) dx

Room left for potential OAM contributions to the

proton spin from partons with x > 0.001




EIC nuclear PDFs: high parton densities

- Nuclei enhance density of partons
(~AY/3 factor at fixed x, Q?)

- Results usually shown in terms of nuclear
modification ratios (change relative to

simple scaling of (isospin-corrected) proton = 04 EPPS21 ‘\
Q&m 02 __ HCTEQ15WZ \\‘t J
A 2 A 2 2 i 1 I 11111l 1 1 lIIkIIl'lNNPI];)IEIZII.O 1 1 I‘\\ 1
(2, @) = RA(z,Q%) 7 (2, Q") 0 LSt R
10 10 10 10
i

... poorly known, especially for gluon

-
(=]
>

Existing Measurements with A = 56 (Fe): [l

and at low x

_
o
w

e+A

-
o
N

- EIC offers large impact on eA phase space,
extending into low-x region where density
effects may lead to novel emergent QCD
phenomena (‘saturation’?)

-
o

T II\IIHl T IIIIIII| T IIHIHl T IIIIIII| T IIIHH‘

Resolution, Q2 (GeV?)

—_

| | m

o
Y

11 L1111 1 1 11 3 M’i Il 11111l
108 102 VT
Parton momentum fraction, x
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Impact on Nuclear PDFs

o

> : . e .

S o U, 3 - Nuclear effects in PDFs not fully
e . . 3 understood.
= “’" 5 _f - Important e.g. for initial State in
Ema;z: EIC simulation QGP Stu d.l es

5" L . | v

< g B X
< Usually expressed in terms of nuclear
S modification ratio relative to scaled
o isospin-adjusted nucleons:

5 o= ,
%:r;jj R = fz/ A - measured
<L X o6 EIC simulation ~~ d if | ff
m;‘“’ n | | A fz s expected if no nuclear effects
< D ¢
‘% - - Sensitivity of EIC relative to EPPS21
O - - g recent nuclear PDFs (EIC-only fit)
S —> Factor ~ 2 improvement at x~0.1
e

ok

<

Ty ¢ " x ' = Very substantial improvement
‘ in newly accessed low x region 3,
EIC eA data limit EPPS21 data limit



Exclusive Processes and 3D Structure

Exclusive processes, yielding intact protons,
require (minimum) 2 partons exchanged

- Sensitivity to correlations between
partons in longitudinal / transverse
momentum and spatial coordinates

—> access to 3D tomography

Q? (GeV?)

103

10 Z B
E Planned DVCS at fixed targ.:

77 COMPASS- do/dt, Acsuy, Acst
JLAB12- do/dt, ALy, Auw, Al

10

F ® ZEUS- do/dt

A HERMES-A;
L A HERMES- Ay, Au,, AL
A HERMES-Ayr *
% CLAS-Awy

Current DVCS data at colliders:
O ZEUS- total xsec

EI H1- total xsec
H1- do/dt

- H1-Acu

Current DVCS data at fixed targets:
A HERMES- Acu

Hall A- CFFs

% CLAS-AyL

[erw 1304 0077]

. Q%=50 GeV?

-4

10

-3

10

e.g. Deeply Virtual Compton Scattering, ep 9 eyp:

EIC fills gap between (high stats) fixed target & (low stats) HERA déta



Exclusive Processes and Dense Systems

-
TTTTT T T

o
»

0.06 |-

AVAVAVAVAVAVAVAY)
7(Q)
.Additional variable (Mandelstam) t is conjugate to
transverse spatial distributions 9 9
- Large t (small b) probes [ P P
small impact parameters etc. T | = —
(t)
(figure
from C. Weiss.) /
[arXiv:1211.3048]
ok Jh > coheren o sauraon e.g. Coherent J/¥ production at small t

< e ey | in @Au measures average density profile,

$ e el with dips at larger t sensitive to saturation

Q u] . °

€ ol or other novel effects in dense regions

K]

s F

E: 10§ 0.1 (b) T#pzSaSt

_?3 0083_ 0ods-saxon

s

3

F(b)/[F(b) db

0.04 [

Fourier

101 In(edecay)l <4
E p(edecay) > 1 GeV/c 0.02 :_
- (a)  eut=5% transform o2
10-2IIIllllllllllllllllllIlIIIIIIIIIlIl 0_ 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 -10 -5 0 5 10
It] (GeV?) b (fm) 39

Experimental challenges from incoherent background and resolving dips



Inclusive Diffractive DIS

- DVCS / vector meson production are higher twist
(Q? suppressed) processes

- Dominant diffractive DIS mechanism is
leading twist production of multi-particle
final states

- B, Q2 dependence interpreted in terms of partonic
structure of exchange (similar to inclusive case)

HERA conclusion:
DIS from universal(ish)
soft colourless target
... sometimes referred

toas a pomeron’
40




HERA Pomeron Parton Densities

... extracted from DGLAP fits to
inclusive (& jet) diffractive DIS
data, similarly to inclusive DIS

... dominated by gluon density
extending to large momentum
fractions, z

... describe diffractive final state
data remarkably well.

z ¥(z,Q%)

0.2

0.1

0.2 |}

0.1F

Singlet

02 04 06 0.8

Y4

H1 2006 DPDF Fit A

E== (exp. error)
L__| (exp.+theor. error)

Gluon 2
0.5 - '\‘:*\K [GeV7]

8.5

r 20
0.25 |

0.5 N
- 90
0.25 |-

0.5 "\
E 800

0.25 -

02 04 0.6 0.8
z

—— H1 2006 DPDF Fit B
----- (exp.+theor. error)
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Diffractive data from HERA: beyond IP

e H1FPS (|t|=0.25 GeV?) — Regge fit IP+IR - IP only

—~ 35 —~ 35
a E— — — —— T A F® Chapinetal. W =129 GeV S
'> 0.08 = Q= 2.7 GeV* = Q* = 2.7 GeV* = Q= 2.7 GeV* = Q' = 2.7 GeV’ = S 3 — All terms 6' 0F Chapin et al. W = 15.3 GeV
ry . - g =0.02 = g =0.06 - B =0.15 = B =0.35 = _5- : —— Diffractive terms =
g 0.06 [ — — - - 25 Non-diffractive terms E: 25
B - 3 3
[ - - - - S S
% 0.04 - B S 20 F $ : S 20 F 4
b" 0.02 Mf‘i — *.\...’ *.\. — . F L 4 s ° l‘_ r | -
2 I S S S R S PP —= | e N e = el
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008|— g-002 [~ g=006 g=0.15 8=0.35 g=07 3 3 s
0.06| - - - - S OsE R
0.04 E E L3 =t ! = !
! | :7 :7 :7 :7 0 1 L 1 Il 1 I 1 0 L 1 1 1 1
002 H"!; .*L};M_! B ™ - 4 5 678910 . 4 5 678910 o0
ok | I S N = N Eh | IR ! My (GeV) My (GeV')
F @*=10.7CeV* |- @*=10.7GeV* |- @*=10.7GeV* |- @*=10.7GeV* |- Q* = 10.7 GeV* 6 6
0.08/— g_002 [~ g=o006 |~ g=o015 |~ p=035 [~ p=07 EA 2
- = - - B =~ o e H1W=187GeV =~ N e HI W=231GeV
0.06 E & sk & s
0.04f t*}} = s = 3 F 3
0.02 RN & r&ij{ L.J—i :I\}}j B ,;, 4 R +
= B <= = S - < F s f
Y I A =N N N s E ¢ N
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Generally decomposed into two components:
- Leading ‘Pomeron’ (IP) at low &
- Sub-leading ‘Reggeon’ or ‘Meson’ (IR)
at largest &
Sub-leading term poorly constrained
Proton vertex
- Isoscalar? - Isovector? A

- Combination of multiple exchanges? (X, t)u
p p




Q2 [GeV?]

Diffractive DIS Phase Space at EIC

104 - ZEUS-LRG | .
P HLIRG Iq the a!asence of fixed target
A diffractive DIS data, EIC fills in the
0.005 <y < 0.9 currently L_lnknown high x (=¢),
102 | 8205 low Q? region
1ot b EIC complementarity to HERA:
-3 Gove- - - constrains the DPDFs at large z
100 | Hera / - constrains sub-leading Reggeon (IR)
s ‘é/ &
101 A VAN | | Pseudodate produced to assess EIC
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Diffractive PDFs from EIC :

Proton vertex

factorisation
(X, t)
p ~ p

Relative precision from
1 year at highest +/s ...

- New level of precision
for pomeron.

- Reggeon precision
similar to HERA pomeron
- Mostly dominated by
normalis” uncert’y (lumi)

Gluons

AVA

0.04 F a7

0.02 -

-0.02

-0.04

0.2 - El=o.o1 = ‘:agge 1+

1F g=01
Q2 = 60 GeV?2 Q2 = 60 GeV2 0.04 - 42

0.02

Further gains by adding
lower /s data, especially
for Reggeon

-0.02

o2l -0.04 |
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Summary

The Electron lon Collider will transform our
understanding of nucleons, nuclei and the parton
dynamics that underlie them

Monte Carlo developments will be fundamental
to commissioning and obtaining the best
possible physics return

[with thanks for input to very many EIC colleagues] 45



