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Scattering Experiments Exploring Matter

1911, Rutherford discovery of atomic nucleus

“It would be of great scientific interest if it were
possible to have a supply of electrons ... of which
the individual energy of motion is greater even than

1950s, Hofstadter, 200 MeV electrons ‘}
on fixed targets o
First observation of finite proton size g

Beamls - .-

1969, SLAC, 20 GeV electrons on fixed targets

Absence of dependence of (suitably expressed) cross
section on g? (= squared 4 momentum transfer)
implies scattering from point-like quarks 3




- The only ever collider of

electron with proton beams:
Isep ~ 300 GeV

- Equivalent to 50 TeV
electrons on fixed target

.. Resolved dimension
~ 1020 m

- Source of much of our
knowledge of proton
(longitudinal) structure
extending to partons

of x<104 mom™ fraction

BUT ...

- Only ~0.5 fb! per
experiment

- No deuterons or
nuclei

- No polarised targets




Proton PDFs from HERA (HERAPDF2.0)
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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) 5



Current and Future
ep Colliders

Ongoing fixed
target @ JLab
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Physics questions to be addressed at EIC

- How is proton mass generated
from quark and gluon interactions?

Atom: Binding/Mass = 0.00000001
Nucleus: Binding/Mass = 0.01
Proton: Binding/Mass = 100

- What does the proton look like in 3D? 'k; ____________ zP,
g _ P
10

- How is proton spin generated?

=
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- How do the
dynamics of high
density systems of
gluons tame the
low x growth?
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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




A Detector for the EIC

New 1.7 T SC solenoid, 2.8 m bore diameter

Tracking

*  Si Vertex 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)

* FeSc (barrel, re-used from sPHENIX)
Steel/Scint — W/Scint (backward/forward) PrOton/Ion beam Electron beam
- 9m long x 5m wide

- Hermetic (central detector -4 < n < 4)
- Extensive beamline instrumentation not shown (see later)

- Much lower radiation fluxes than LHC widens technology options !°



UKRI-Infrastructure-Funded UK Involvement

WP1: MAPS - 65nm CMOS (wafer scale) stitched sensors, developed
from ALICE-ITS3, to be deployed in central tracker
- Construction of 2 barrel layers, corresponding to around
1/3 of silicon tracker

WP2: Timepix - Application of pixel sensors for beamline electron tagger
for luminosity and physics at Q?=>0

WP3: Lumi Monitoring - Novel pair-spectrometer, beamline y—>ee counting
WP4: Accelerator - Primarily SRF systems for Energy Recovery cooler.

—> Also crab-cavity RF synchronisation, beam position
monitoring, Energy Recovery modelling and design

IVCI'SIty Lancaster - & eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

¥« | Brunel
B = University Glasgow University # Daresbury Laboratory
< & London Rutherford Appleton Laboratory
UNIVERSITYOF
BIRMINGHAM ASTeC

2’4 UNIVERSITY OF

z S ) : ':-Ag
, LIVERPOOL 9 '“"“ ¢ \M The Cockcroft Instltute




Tracking Detectors N L

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 layers)
- 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) 12

Outer gaseous detectors add additional hit points for track reconstruction



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 photon counting in ep—>epy
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More ePIC Detector Components
with synergies elsewhere in HEP

Imaging eCAL Comprehensive Particle ID
AstroPix: silicon 5 N PYTHIA e(18) + p(275) =
sensor with S L
500x500um? pixel 3 dRICH
sizexdev;?peﬂxfir % - K 30 i (gas) 10?
the Amego-X NASA - = a
mission 0k = ’L s _;jt o
- -:__- "“:—-:-:_:-5-::;_-':5; 10
s
g
sl r
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SiPM readout

BO detector

Forward
instrumentation
integrated with

beamline and

magnets
BOpf combined function magnet
9/28/2023




Impact of EIC on Parton Densities
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Proton Spin

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

- EMC ‘spin crisis’ (1987) ... quarks only carry
~10% of the nucleon spin (spin ¥2 more than T1T!)

Jaffe-Manohar sum rule:

- Very little known about gluon helicity AY/2 +LA4(_}}+@l+‘£g’: h/2
ContribUtion and lOW X region Quark/helicity Gluon/helicity Quar}(canonicaI}uoncanonical

orbital angular  orbital angular
momentum momentum

- Simulated EIC inclusive data (15fb', 70% e,p Polaris’n)
shows very significant impact on polarised gluon and quark
densities - orbital angular momentum constrained by implication

EIC Yellow Report
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Room left for potential OAM contributions to the

proton spin from partons with x > 0.001



Proton Mass

- Constituent quark masses contribute ~1% of the proton mass

- Remainder is "emergent’ - generated by (QCD) dynamics
of multi-body strongly interacting system

trace anomaly (20%) quark energy (29%)

- Decomposition along similar lines to spin:

Ji’s proton mass
decomposition

my = mpy + Mg+ mg+ mg

/ \ quark mass (17%)
gluon energy (34%)
Valence and sea QCD trace anomaly
quark masses (purely quantum
(including heavy effect - chiral
quarks) condensates)

Quark and gluon , . :
‘KE’ and ‘PE’ from Understanding 3D relative location

and motion of partons within proton
is pathway to understanding
proton mass emergence 17

confinement and
relative motion



Beam-spin asymmetry

Exclusive processes, yielding intact protons,

3 D Structu re require exchange of >2 partons

—> Sensitive to parton correlations in longitudinal
& transverse momentum and spatial coordinates

CLAS experiment: DVCS (ep = eyp)

v. kT
e o ." ............ ?.:.‘E‘?...p
-t=0.18 GeV? b :
L5 P,
T
« 0
! 6

Hints at rich 3D picture from JLab

5[ Proton
- dpresbsure - Gluon radius (~0.5fm) smaller than charge
i Repulsive . t . t : E1.5

or pressure StribUtion radlUS (”0.85 fm) Y

—

- Repulsive inner core and A =
attractive outer region | |
- Peak pressure greater
s | than core of neutron star . A
<— | - Tangential stress forces o
oo - change direction near r=0.45fm

0O 02 04 06 08 10 12 14 16 18 20
r (fm)

rp(r) (x1072 GeV fm™)
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Status / Timeline

- Total cost ~$2.5Bn (US project
funds accelerator + most of
one detector)

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

CD-3B

CD-0 (Mission need)
CD-1 (Cost range)
CD-3A (Start construction)

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

Dec 2019
June 2021
April 2024
March 2025
2025?
2032-34

Technical Design Report: end 2025 (prelim 2024)
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ePIC demographics and
Current UK Leadership

- Currently >850 collaborators (UK is 4t" largest)

- UK physicists deeply involved through initial

motivation, collaboration formation and now

ongoing roles

TECHNICAL COORDINATOR

S. Dalla Torre (interim)

ELECTRONICS, PID
READOUT AND DAQ | — oOskar Hartbrich (ORNL)
Fernando Barbosa (JLab) Thomas Ulrich (BNL)

Jeff Landgraf (BNL)

Jin Huang (BNL)

TRACKING
Ernst Sichtermann (LBNL)
Matt Posik (Temple)

CALORIMETRY
Oleg Tsai (UCLA)

’
A

Working Groups

SPOKESPERSON’S OFFICE
J. Lajoie (ISU), Spokesperson
S. Dalla Torre (INFN), Deputy Spokesperson

SOFTWARE AND COMPUTING
COORDINATOR
Markus Diefenthaler (JLab), Coordinator
Wouter Deconinck (Manitoba), Deputy
Sylvester Joosten (ANL), Deputy
Torre Wenaus (BNL), Deputy

PHYSICS AND
DETECTOR
n SIMULATION
Kolja Kauder (BNL)

PRODUCTION
Sakib Rahman (Manitoba) [+
Thomas Britton (JLab)

Chao Peng (ANL),

USER LEARNING
Holly Szumila-Vance
(JLab)

Kolja Kauder (BNL) i Shujie Li (LBNL)
Derek Anderson (ISU)

ANALYSIS COORDINATORS
Salvatore Fazio (Unical)
Rosi Reed (Lehigh)

SEMI-INCLUSIVE

PHYSICS

Charlotte Van Hulse (Alcala)
Stefan Diehl (UConn)

INCLUSIVE PHYSIC
Tyler Kutz (MIT)
Claire Gwenlan (Oxford)

EXCLUSIVE,
RACTION AND
TAGGING

Raphael Dupre (Orsay)
Rachel Montgomery

JETS AND HEAVY
FLAVOR
Olga Evdokimov (UIC)
Brian Page (BNL)

(Glasgow)

VALIDATION
Tori Jeske (JLab) ANALYSIS TOOLS
Dmitry Kalinkin ’ Kong Tu (BNL)
(Kentucky) TBD

STREAMING

Marco Battaglieri (INFN
Genova)
Jin Huang (BNL)

COMPUTING MODEL

BSM AND PRECISION
EW
Ciprian Gal (JLab)
Michael Nycz {Virginia)

Paul Newman (Birmingham) - Executive Board
Nick Zachariou (York) - Conferences and Talks Committee

Africa

dRICH
DSL/DSTC: Marco Contalbrigo (INFN)

hpDIRC
DSL/DSTC: Greg Kalicy (CUA)

BACKWARD RICH
DSL/DSTC: Alexander Kiselev (BNL)

FAR FORWARD
DSL: Alex Jentsch (BNL)
DSTC (BO}: Zvi Citron (Ben-Gurion)
DSTC (Roman Pots/OMD}):
Alex Jentsch (BNL)
DSTC (ZDC): Yuji Goto (RIKEN)

LUMINOSITY
Co-DSL: Nick Zachariou (York)
Co-DSL: Krzysztof Piotrzkowski
(AGH Krakow)
DSTC (Pair Spectr.}):
Dhevan Gangadharan {(Houston)

Si TRACKERS
DSL: Ernst Sichtermann (LBL)
DSTC: Laura Gonella (Birmingham)

BACKWARDS ECAL
DSL: Tanja Horn (CUA)
DSTC: Carlos Munhoz (lJCLab)

FAR BACKWARD
HIGH RATE TRACKER
DSL: Jaroslav Adam (CTU)
DSTC: Simon Gardner (Glasgow)

DSL/DSTC: Leszek Kosarzewski (OSU)

BARREL ECAL

Co-DSL: Hwidong Yoo (Yonsei) | @
Deputy DSL: Maria Zurek (ANL)
DSTC (Si): Jessica Metcalfe (ANL)
DSTC (SciFi/Ph): Zisis Papandreo
(Regina)

BARREL HCAL
Co-DSL: Stefan Bathe (Baruch)
Co-DSL: Megan Connors (GSU)

Co-DSL: Sylvester Joosten (ANL) '#.‘&

FORWARD ECAL
Co-DSL/DSTC: Oleg Tsai (UCLA)
Co-DSL: Huan Huang (UCLA)

4%
North America
45% Asia
37%
Europe
27%
SPOKESPERSON’S OFFICE
J. Lajoie (ISU), Spokesperson
S. Dalla Torre {(INFN), Deputy Spokesperson
TECHNICAL COORDINATOR
Silvia Dalla Torre (interim)
BACKWARDS HCAL

@

*

FORWARD HCAL
DSL/DSTC: Friederike Bock (ORNL)
Deputy DSL/DSTC: Miguel Arratia

(UCR)

AC-LGAD TOF
DSL: Zhenyu Ye (LBL)
Deputy DSL: Satoshi Yano
(Hiroshima)

GASEOUS TRACKERS
DSL: Kondo Gnanvo (LBL)
DSTC: Maxence Vendenbroucke
(Saclay)

,
A\

Detector Subsystem Collaborations




LHeC and FCC-eh

" Injector
10-GeV linac )

1.0 km

20, 40, 60 GeV

10, 30, 50 GeV Total
Circumference

~9km Final
Electron

LHC
proton
beam

2.0 km

10-GeV linac

Interaction
Point /
Detector

LHeC (>50 GeV electron beams)

E...=0.2—1.3 TeV, (Q%x) range far beyond HERA
run ep/pp together with the HL-LHC (= Run5)

O NG INFRASTRUCTURES i T
@ HL-L
LHeC ;

- Recirculating Energy-Recovery
Linac (ERL) colliding with LHC (or
FCC) hadrons at CERN

- ‘Sustainable’ acceleration:
~100 MW (similar to LHC today)

- Technology development for
electron machines or injectors?

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

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic
Underground Infrastructure |
John Osborne - William Bromiley - Angel Navascues



Energy Recovery

108 — RN REENN

@® Completed ,ooh/\ S N
| |@ Ongoing (cold) e o o,
0 105 |- @® Ongoing (warm) S| ([ ] @ o

Ll n aCS "| @ In progress *C‘O\\\C\ERC ERCC
[ ) Prop(\)sed . f’"@,,(:‘ s,
. 104 = _ CEBAF o
- Demonstrating ERL 5 | "

scalability is critical path 2 1) i
2 |
- Prototype (PERLE @ IJCLab / 10° |
Orsay) implementation started ol “
g,
First stage (one turn) by 2028 100 Lt 0 ; 2 .
10 10 10 10 10 10 1C

HV tanks

Electron DC-gun
Photo-cathode

CDR: J.Phys.G 45 (2018) 6, 065003

multi-turn ERL based

on SRF technology
(3-turns, 500 MeV, 20 mA)




Structure of CERN-mandated LHeC /
FCC-eh study towards European Strategy

n n n
More information: 2023 = 2024 S 2025 E
https://indico.cern.ch/event/1335332/

proton and nuclear structure from EIC and HERA to LHeC and FCC-eh
novel QCD with hioh-ziiciyy vis pnysics. w2t do we discover when breaking protons and nuclear matter in smaller pieces
Nestor Armesta, Claire Gwenlan, Paul Newman

= five thematic physics
and technology
working groups

general-purpose high-energy physics program: precision physics and searches * annual ep/eA

en~Eliuy airect aiscove: ;o and measurements in EW, Higgs and top physics with high-energy DIS collisions workshops (WS)

Monica D’Onofrio, Uta Klein, Ch istian Schwanenberger

= final thematic
workshop with closing
reports to inform the
upcoming Strategy
process with impactful
information (TWS)

ep/eA-physics empowering pp/pA/AA-physics (LHC and FCC)
improving the ATLAS, CMS, LHCb and ALICE discovery potential with results from a high-energy DIS physics program
Maarten Boonekamp, Daniel Britzger, Christian Schwanenberger

developing a general-purpose ep/eA detector for LHeC and FCC-eh
rriticui ueicctor R&D (DRD collaborations), integrate in the FCC framework, one detector for joint ep/pp/eA/pA/AA physics

Paul Newman, Yu'i Yamazaki Subscribe to mailing lists via
https://e-groups.cern.ch/ :

use the search option, and
developing a sustainable LHeC and FCC-eh collider program search for “lhec-feceh-all” or
design the interaction region, power and cost, coherent collider parameters & run plan, beam optimization, ... “ep-eA-WG” in all e-groups
Oliver Bruning, Yannis Papaphilippou

[Coordinator
A largely UK-conceived project and still Jorgen d’Hondt]

with UK leadership throughout 23



Running Scenarios Considered in CDR

- etp 50 GeV x 7 TeV with lepton polarization +0.8 / 0 / -0.8

Parameter Unit Runb Period Run6 Period Dedicated

Brightness N,/ (ve,) 10Y"m—1 2.2/2.5 2.2/2.5 2:2/2.5

Electron beam current mA 15 25 507

Proton g* m 0.1 0.7 0.7

Peak luminosity 10°%em %™ 0.5 12 24 .
Proton beam lifetime h 16.7 16.7 100 [Pile-up ~0.1]
Fill duration h 11.7 11.7 21

Turnaround time h 4 4 3

Overall efficiency % 54 54 60

Physics time / year days 160 180 185

Annual integrated lumi. fb—! 20 50 180

Running concurrently with pp at HL-LHC:
... integrated lumi of 20 fb-1 per year at Run 5 = 50 fb-" initial dataset
... integrated lumi of 50 fb-1 per year at Run 6 > few 100 fb-! total @ HL-LHC

Running in standalone ep mode:
... integrated lumi of 180 fb-1 per year - 1 ab! total target in a few years

- eA 50 GeV x 2.76 TeV at 10 fb-1 per year



LHeC Physics Targets and
Detector Implications

Standalone Higgs, Top,

EW, BSM programme

10

(] FccC-he
[ LHeC
[ ] HERA
F NMC
[] BCDMS
[[] SLAC
’/
| Precision
"'./," QCD'as .
PDFs
/ (pry1lp") .
4 T SR
Non-linearQCD |
/ RN e
/ = e S e e et A
/ e IR Sl
./
vl sl A8 el g o ol g i
-8 -7 -6 -5 -4 -3
10 10 10 10 10

10

enannl
=

10

1

X

4| = General purpose

particle physics detector
- Good performance
for all high p; particles
- Heavy Flavour tagging

Precision proton PDFs,

including very low x

parton dynamics in ep,eA

- Dedicated DIS exp’t
- Hermeticity

- Hadronic final state
resolution for kinematics
- Flavour tagging / PID
- Beamline instruments
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Detector Overview (as in 2020 CDR Update)

All Numbers [cm]

Compact P 1330 oo seseeeessssssssees s .

13m x 9m (Cf « 489
CMS 21m x 15m, T
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172 578
Hermetic

- 1° tracking

Fwd Tracker Central Bwd H
acceptance B — %&m—'}

fo r'wa rd & bac kwa rd | Tracker

53? EMC-Barrel
v

S e e e e e AR -
Beamline also . _

‘Could be built now’, but many open questions:
A snapshot in time, borrowing heavily from (HL)-LHC (particularly ATLAS)
Possibly lacking components for some ep/eA physics (eg. Particle ID)
Not particularly well integrated or optimized
.. Synergies with EIC, LHCb, ALICE, future lepton colliders still to be explored




Detector technologies build on LHC and EIC
and inform future lepton colliders

7 Fwd-Tracker Wheels ..4 strip layers
+ .4 macro-pixel layers

0’ 4 . . . .
K .::1 p!xel c!rc.-ell!pt!cal-layer
*»» 1 pixel circ.-elliptical-layer

e.g. Silicon tracker
design in CDR

- HV-CMOS MAPS with
bent / stitched wafers
(as ALICE and ePIC) and
semi-elliptical inner
layers to cope with Pl
synchrotron fan > ~20%  .commoims i
X, / layer up to n~4.5 pixel rings ¢

5 Bwd-Tracker wheels

e.g. Forward proton spectrometer in
cold region (~420m)?

Detector acceptance [per mil]

- Reuse of technology proposed for LHC,
accessing protons scattered at very
low momentum loss

% 0z o4 os o8 1 12 14 18 18 2 @The FP420 R&D Project: Higgs and New Physics with 27

Good acceptance for 0.002<£<0.013 &= 100 forward protons at the LHC




LHeC: Revolutionary Proton PDF Precision

e.g. High x
Gluon Density

gluon distribution at Q% = 1.9 GeV?
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- Extends upper mass reach of many LHC BSM searches
- Facilitates LHC precision measurements

(e.g. My 2 2 MeV from PDFs, sin?60 = 0.03%)
- Elucidates novel very low x dynamics

e.g. Parton luminosities for pp at 14 TeV

gg luminosity, Vs=14 TeV qq luminosity, (s=14 TeV

()

1

Relative uncertainty
Relative uncertainty




LHeC (SM) nggs - Dominant production mechanism

charged current (WW), easily
Program me distinguished from sub-dominant

neutral current (Z2)

e.g. Expected Future Collider
sensitivities combined with HL-LHC
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A 2040s Bridging Opportunity?

- LHeC is not the next major new collider for CERN
- LHeC could be an impactful final upgrade to LHC ...

- potentially ‘affordable’ on required timescale

- technically realisable for late 2030s
(ERL technology = critical path)

- extending energy frontier sensitivity within a
few years of running

- complementing and enabling HL-LHC programme

- ensuring continuity of collisions and scalar sector
exploration in the 2040s

- exploring SRF, ERL options & detector technologies

... as a testing ground (injector?) for a future major facility
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SUMMARY

From the early 2030s:

The Electron lon Collider will transform our
understanding of nucleon and nuclear structure,
scientifically complementing past / future energy
frontier DIS facilities.

From the late 2030s:
The Large Hadron electron Collider offers an
achievable bridging project for CERN, with an
impactful physics programme, including further
empowerment of the LHC and exploration of the
scalar sector.

... see following talks from Claire & Monica

“Circles in a circle”
Wassily Kandinsky (1923)
Philadelphia Museum of Art
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