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[A personal perspective driven by things | have worked onl]



... the sort of talk | was giving 10 years ago,
before | started to understand how
different the EIC programme is from that of HERA

Fundamental questions for EIC

What does the proton look like in 3D?
... How is proton mass generated
from quark and gluon interactions?

... How is proton spin generated?

. Mechanism behind confinement?| -.to™: Binding/Mass = 0.00000001

Nucleus: Binding/Mass = 0.01
Proton: Binding/Mass = 100

How are parton properties and

dynamics altered in nuclei?

... How do quarks and gluons
interact with the nuclear medium?

... What is the QCD-science of
high density systems of gluons?

... How is the low x growth : ~— N\ ]
of the gluon density tamed? T L

»
o

- CTEQ6.5parton |
- distribution functions
Q* =10 GeV?

w
&

gluons

w
o
T

N !
(=]
T

_._‘
o »
——

u

mentum Fraction Times Parton Density
[\
<)

o
S w»




... the sort of talk | was giving 10 years ago,
before | started to understand how
different the EIC programme is from that of HERA

Fundamental questions for EIC

What does the proton look like in 3D?
... How is proton mass generated
from quark and gluon interactions?

... How is proton spin generated?

. Mechanism behind confinement?| -.to™: Binding/Mass = 0.00000001

Nucleus: Binding/Mass = 0.01
Proton: Binding/Mass = 100

How are parton properties and

dynamics altered in nuclei?

... How do quarks and gluons
interact with the nuclear medium?

... What is the QCD-science of
high density systems of gluons?

... How is the low x growth p Uo—— N
of the gluon density tamed? il FimenimGarali Pt

»
o

- CTEQ6.5parton |
- distribution functions
Q* =10 GeV?

w
&

gluons

w
o
T

N !
(=]
T

_._‘
o »
——

u
d

mentum Fraction Times Parton Density
[\
<)

o
S w»




Example of Technical Evolution

- Many methods of kinematic

variable reconstruction exploiting
both electron and HFS developed
at HERA and being applied at EIC.

- epat 18 x 275 GeV

| Best Reconstruction Method for y:
103 | Electron Method
e> Method

10° _ y Resolution:
E
'y - They lead into more modern
. techniques involving kinematic
1L oy g e . .
o fitting / machine learning
0.03 @
This redundancy is crucial in determining ' v DATATIERWIS
0.02 - o DATA-ARIADNE

systematics - eg hadronic energy scale
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<1% achieved at HERA! < PeE A
; iR
ePIC will invent ever-more clever calibration Sl B ———
techniques, particularly at low py i
Our current assumptions on systematics are e Yy ey R

based on pessimistic extrapolations from HERA! | n*



Obvious HERA - EIC Differences

[F Eisele, ~ 1986
Centre of mass energy g o RN R

Luminosity
Polarisation of targets
Nuclear targets
Detector Technologies | N
Forward region emphasis el e e .
Particle ID emphasis R T




Crude Mapping Between Physics & Facilities

Partons with decreasing x

Very Low X
(LHeC,FCC-eh)
The unknown

High x (Fixed Target/JLab)
Basic Structure

Intemediate x (EIC) Low x (HERA / LHe() 6
Emergent properties Non-linear dynamics




HERA Inclusive Data & Longitudinal Structure

- Photon-exchange component of NC o _ f - Eezx G +3)
=
measures quarks  dxdQ? - 2
H1 and ZEUS - Q? dependence sensitive to _
B e HERANCep0Am gluon density via splitting g — qg
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i e L o / - DGLAP equations describe QCD
e L e oo :
T eewmesemeeeer S 000 evolution (to NNLO and
102 e . — ,=0.032,i=7 : 3
e noscsssntl sl approximate N°LO accuracy)
T s I
1 L s - EW effects give different
0L R S [x.fmm quark sensitivities (Z-exchange
! separates e*p v e'p, W-exchange
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- b gives charged current (ep > vX)
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Proton PDFs from HERA only (HERAPDF2.0)

H1 and ZEUS H1 and ZEUS
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Input to
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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



Q? (GeV?)

Constraining PDFs with LHC Data
Cotder o . —

107 4 Fixed-target DY P

Collider gauge boson production p %

Collider gauge boson production+jet

Z transverse momentum q W,Z q
106 4 Top-quark pair production I

Single-inclusive jet production q _—

Di-jet production —_— q
Direct photon production p g
Single top-quark production = p

105 4

T - LHC impacts PDFs mainly at
. large x & helps flavour decomp

1 [NNPDF4.0] - Not fully convergent between
100} different global fitting groups
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... could many of the tensions between data sets / methodologies 9
be avoided if it were possible to constrain PDFs from DIS data only?..



Inclusive EIC Simulated Data v HERA

2 2
Q° (GeV?)
] oy RSB e A TR, ERETLTA R

-  HERA
10'k- EIC ep 18X275 GeV f oo

= EIC ep 10X275 GeV . -

I .1t ArcoD
10° - EIC ep 10X100 GeV RERSEE e

= EIC ep 5X100 GeV et g Egggﬂ'g

B .:._:':"‘:":E]g =
102k ﬁ:émmmmgnm-

= Yy & ooC

s P

B ST SeaBooo0D

w——— e m e AR OC D

10F s ddbpboghooooce

3 —ri . U000 DOOED

» e AUUEEOQAOQOOOCOCO

B i< -@@E0n0@O0E0OoOnC

STl AAAANEOAROADDDDOD
1 f OCOpEMOOMOOOOOOOO;
- AN DD-DD-DEIEI.IJ.AIJ.IJ_I_I_.,‘

107"
1078 10°

1073 1072 107" 1
X

- Overlapping kinematic

ranges at different /s fill
broad x,Q? kinematic region
without needing extreme
(low y) measurements

HERA data have limited
high x sensitivity due to
1/Q* factor in cross
section and kinematic

X / Q? correlation

EIC data (especially lower

Vs configurations) fill
large x, modest Q?
region with high precision
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EIC Impact on DIS-only
Proton Parton Densities

Fractional total
uncertainties with /
without simulated
EIC data added to
HERA (lin-x scale)

... EIC brings reduction
in large x uncertainties
copared with HERA for
all parton species

Up quarks improve
relative to global fits

including LHC (not shown)

This can still be relevant
in (late) LHC
interpretation
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a Q2 =1.9 GeV

;> %4, HERAPDF2.0 NNLO

x > HERA + EIC
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Taking o, as an additional free parameter

Mo nesmimomsenan 3 - HERAdata alone (HERAPDF2.0)
L | eHEmAmcusieda v penaanamcoE-sscenmewseana | STIOWS ONLy limited sensitivity when
i . 1 fitting inclusive data only.
sof- " =
s0f- | 1 - Adding EIC simulated data has a
ok % % 1 remarkable impact
u % / 2 E
1of- \ T 3 as(M2) = 0.115940.0004 (exp)
) N anead T e T T T = +H0-0002 (model + parameterisation)
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. W, Z Inclusive ————— 0.1188 +0.0016
world experimental average, and e -t 17 00075
than lattice QCD average o — o1z a0
2 8 piaeen | Tel o GRS
- . e T N —— o o
Scale uncertainties remain to be B ST s o
understood (ongoing work) e e
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F. as a powerful additional observable

Fi(5) = 0.227 £ 0.191
----- F(9) = 0.187 4 0.063
—F;(17) = 0.092 =+ 0.030

Yy

2
or(z,Q%y) = Fa(z, Q) — L-Fi(z, Q) # yo
06, \?\Tj‘

- Cross section measurements at high y
are sensitive to F_ as well as F,

0.55

O-'I' (:E’ Q27 y)

0.5¢

- F_ vanishes in QPM 0.45|
- Sensitive to lovy x gluon dens!ty in QCD ¥ it
- Complementarity / opportunity to
see tensions in theory eg due to saturation "0 02 01 s
(applying to eA will be very interesting)
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Measurement at same (x,Q?) but varying | - EICS-5, optimistic scenario

\ +}' e EIC S-9, optimistic scenario

Vs (hence y) sensitive to F; (Rosenbluth) ; t o * EICS-17, aptimistc scenario

Precision strongly dependent on Wl ity
statistical uncertainties and systematics wl b

that are uncorrelated between different Vs  « + ;

- Experimentally challenging, but multiple

beam energy configurations at EIC



F, as a powerful additional observable
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New Dynamlcs in Dense Parton Svstems7
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T
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= 0.0001 0.001 0.01 0.1 1.0 Q o
Fraction of Overall Proton Momentum Carried by Parton (5 06
e.
- HERA just about saw ln 1/x effects? X o —
. . . n- -0.2
- Large effects in inclusive EIC ep 3 nﬁ".bj: IR
unlikely, but possibly from tension with v - . .
. < 107 107 102 10 x
F, or final states
€>\ i T T T T
- Much more promising in nuclei e - gogmun (]
o 0.4;— i
Sensitivity of EIC-alone relative to %l |
EPPS21 global fits (include LHC pA) s C
fio.s;:
- Factor ~ 2 improvement at x~0.1 LE
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The Hadronic Final State / Semi-Inclusive

| - Structure Functions
e |
) RN

o L

Precision QCD tests

Parton dynamics

Rapidity Gaps, Diffraction

- HERA collider experiments emphasised
precision jet and charm measurements
as tests of pQCD and low x dynamics

- Somewhat different from our focus on
TMDs - 3D structure, flavour decomp.

- Is photon structure under-represented
In EIC physics - both in its own right and
for understanding our EIC hard probe data?

[Frank Krauss et al]
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Exclusive Diffraction & DVCS @soe:

- H1/ZEUS were lumi-limited in e.g. DVCS,

but they did establish pQCD treatments of

vector Mesons

—> proton size (t dependence / B slopes)
- scaling between different VM species

—> dipole models

—> gluon constraints (= UPCs at LHC)

- Potentially big sensitivity to saturation

from exclusive VMs in eA ...

X
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Q2 [GeV?]

The Structure of Colourless g ==
Exchange (DPDFs)
- Inclusive diffraction was a HERA
success story > diffactive PDFs .
X - ‘Diffraction’ is an asymptotically i - W
high energy process TR e e
== et T expetheon aroh
- EIC opens up completely new " temseor eren
kinematic region (higher &) Fixd g v energy H1 vp
104 L ZEUSLRG - I b : k,éf :éi)lrf:f:f?ﬁ:cﬂ?;lfms . E;j:k e
" LERAFLPS | | - Expect rich mixture RESSANE & T
oy : E R =S ) g S
s | of (possibly interfering) i1 ™ . it
IP, IR, texchange at EIC ‘i = v
102 H1: high energy My (GeV?) M (GeV)
I %:7 e HIW=187GeV _E? :¥ ® HIW=231GeV
o~ - Unfolding offers k’s e +j
opportunity to study R
100 = . . i o™ 1}
meson structure in detail T -
Tt M, (GeV’) 1 8 M, (GeV')
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Pomeronglion — Precision on Exchanged
| PDFs in Sullivan Process

. - Encouraging results in simple 2-component
T s s s e s e e s model (big improvement for IP and IR
121 408 e 1 572 cur - constrained for first time).

- Real life likely to be much more
complicated (and much more interesting!)

Reggeon quark

£=0.01
Q% =6 GeV2

roton vertex

actorisation
(X, t)

'l A ' 1 1 1 1 < 1
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
z z



Inclusive Diffraction from Nuclei at EIC:
Selected Simulated Data for e Au 2 e X Au

- Inclusive diffraction from nuclei never previously studied
- Comparing eA / ep may reveal non-linear (saturation) dynamics
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Simulations based on 2 fb-1, 5% systematics for different versions of FGS
model (H, L, with different strength colour fluctuations) - illustrates
accessible kinematic range & ability to distinguish widely varying mddels



Thanks for the Excellent
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- The Hadronic Final State at HERA [1308.3368]

- Combination of Measurements of Inclusive Deep Inelastic ep Scattering
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- Diffractive longitudinal structure function at Electron lon Collider [2112.06839]
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Distributions [2309.11269]
- Extracting the partonic structure of colorless exchanges at the
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- Prospects for measurements of the longitudinal proton structure function F, at
the Electron lon Collider [2412.16123]

The impact of inclusive electron ion collider data on the strong coupling
determination in a global PDF fit [2512.06092]

Inclusive electron-proton measurement prospects in the Electron-lon Collider
early science stage [2602.00860] 21



