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LHeC — parameters, timeline, resources, energy consumption
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https://indico.cern.ch/e/LHeCFCCeh one genera | purpose

LH.C (FD) experiment .,

new electron accelerator

E =50 GeV

802.5MHz, 20MV/m in CW, 6x25mA in SRF Ps

ERL 3-turns, 50 GeV (1/3 of LHC circumference)
Start operation after HL-LHC (>2041)
Luminosity above 103* cm2s!

6 years of operation, 1 ab™* (e.g. 2043-2048)
120MW from HL-LHC + 100MW from e-beam

LHeC construction planning | YEAR 1 YEAR2 YEAR3 |YEAR4 YEARS YEAR6 YEAR7

Land negotiations

Environmental Impact
Study
Building permits

Detailed design & tendering

"existing/future

proton accelerator
2041 E=7TeV 3

Construction

for example 2034
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https://indico.cern.ch/e/LHeCFCCeh

Flagships at the energy & precision frontier

Current flagship (27km) Future Circular Collider (FCC)
impressive program up to 2041 big sister future ambition (90km), beyond 2048
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Flagships at the energy & precision frontier

Current flagship (27km) Future Circular Collider (FCC)
impressive program up to 2041 big sister future ambition (90km), beyond 2048
cost ~2 BCHF & one detector / A N\

operational cost similar to HL-LHC FCC-eh/hh [3‘.5/1%)0 TeV]
m— — / W_‘Hﬂ(‘, & SWITZERLAND
N F -

/ ep-option after HL-LHC: LHeC
/N 6y @ 1.2 TeV (1ab)



The LHeC physics
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1.2 TeV ep collisions cover the (Q? x) plane
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marginalising
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1.2 TeV ep collisions cover the (Q? x) plane
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1.2 TeV ep collisions cover the (Q? x) plane
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at these energies and luminosities,
interactions with all SM particles
can be measured precisely

EW, Higgs and top quark physics
AmytHC ~ 3 MeV, AV, | ~ 1%, top-quark FCNC
Asin20,,c ~ 0.0002 (full scale-dependency)
weak neutral couplings to light quarks ~ 1%
Higgs couplings largely improved wrt HL-LHC
improved SMEFT fits (accuracy & degeneracy)

precision QCD physics

Ao~ 0.14% & running of o

complete unfolding of PDFs covering a
vast kinematic range

LH-O
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1.2 TeV ep collisions cover the (Q? x) plane
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direct searches for new physics
unigue environment: eq only EW interactions
e.g. heavy v, dark vy, axion-like particles

EW, Higgs and top quark physics
AmytHC ~ 3 MeV, AV, | ~ 1%, top-quark FCNC
Asin20,,c ~ 0.0002 (full scale-dependency)
weak neutral couplings to light quarks ~ 1%
Higgs couplings largely improved wrt HL-LHC
improved SMEFT fits (accuracy & degeneracy)

precision QCD physics

Ao~ 0.14% & running of o

complete unfolding of PDFs covering a
vast kinematic range

LH-O
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1.2 TeV ep collisions cover the (Q? x) plane
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direct searches for new physics
unique environment: eq only EW interactions
e.g. heavy v, dark vy, axion-like particles

EW, Higgs and top quark physics
AmtHC ~ 3 MeV, A|V,,| ~ 1%, top-quark FCNC
Asin20,,c ~ 0.0002 (full scale-dependency)
weak neutral couplings to light quarks ~ 1%
Higgs couplings largely improved wrt HL-LHC
improved SMEFT fits (accuracy & degeneracy)

precision QCD physics

Ao~ 0.14% & running of o

complete unfolding of PDFs covering a
vast kinematic range

non-linear QCD physics

a new discovery frontier

LH-O
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1.2 TeV ep collisions cover the (Q% x) plane = General Purpose Experiment
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direct searches for new physics
unigue environment: eq only EW interactions
e.g. heavy v, dark vy, axion-like particles

EW, Higgs and top quark physics
AmytHC ~ 3 MeV, AV, | ~ 1%, top-quark FCNC
Asin20,,c ~ 0.0002 (full scale-dependency)
weak neutral couplings to light quarks ~ 1%
Higgs couplings largely improved wrt HL-LHC
improved SMEFT fits (accuracy & degeneracy)

precision QCD physics

Ao~ 0.14% & running of o

complete unfolding of PDFs covering a
vast kinematic range

non-linear QCD physics TH.O

a new discovery frontier >



1.2 TeV ep collisions cover the (Q% x) plane = General Purpose Experiment
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Some physics highlights: strong coupling constant

Measurement of a key SM parameter

* 04 Vvalue at m;: great relative accuracy
of 0.14%

* 0 running: great accuracy over a very
width range of energy scales
* unique opportunity with the LHeC

Figure:

The lower panel displays relative uncertainties

on o4(MR), Wwhere light-shaded areas show experimental plus
theoretical uncertainties and dark shaded areas experimental
uncertainties only.
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Some physics highlights: weak mixing angle

+ Future projections
0.245
Measurement of a key SM parameter I
. . I E158 ]
* sin20,, at various scales: great 0.2401 JoLLER ]
accuracy over a very width range _ - i I
=
of energy scales = I APV(Cs) P2C) = Qweak . ]
« firsttime ever t 0235 eols ! -
* unique opportunity with the - omren ]
LHeC L ¥ Future LHeC projections ]
02301 ¥ Existing data s LHC 7]
- 1 Future fixed target projections .
| § Future EIC projections |
————————
2 eDIS .
£ , fe ‘ LHeC
E 10 E_ APV(Cs) E168 N ‘ _E
Figure: 2 . poey o T st ]
Present and future measurements of the running of the weak a I Soti hetron ]
mixing angle in the MS scheme and prospected uncertainties -% - MOLLER (L=R) .
as a function of the scale p. The red markers and red o) 3l PO(H) 5 1
uncertainties show present measurements and their relative « 10 EL Dl .H | e E

uncertainties, respectively, and further data points display -3 i) - 0 1 2 3
future projections as indicated. log, (u/GeV)
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Some physics highlights: more Electroweak parameters @

. . ‘ T T T T | o > T T T T | T T T T | T T T
Beyond the weak mixing angle, " []LHeC-50 o - []LHeC-50 68 C.L A

the Z exchange also probes weak 0.4 ERH ] OrmmH ]
. . " ----LEP & SLD : | ----LEP & SLD
Neutral Current couplings of light F DO - S
guarks (u,d) to the Z boson. 0.3 * Star]gfard'fnodel éi(beQEation
 Vector and axial-vector I
couplings to light 0.21
quarks: percent level i
precision 0.1
° . . . r | L L | L | L L L )
unique opportunity with 0.4 05 0.6 06 05 0.4
the LHeC g q°
A A
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Some physics highlights: searches for Heavy Neutrinos

At the LHeC Heavy Neutrinos can be produced
via charged current interactions, with cross
sections dependent on the active-sterile mixing
parameter |6 |2.

The most promising channels involve Lepton
Flavor Violation (LFV) and displaced vertices for
which the discovery reach is illustrated in the
coupling versus mass plane in the figure, with
the full and dashed lines respectively.

10—5 .
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© 10 — MEG: ©%=(6,6,|
s/ - DELPHI: ©%=|9|?
N I}
107 — ATLAS: 0°=|6,|?
N, 1
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_____________________ ‘ ‘; — LHeC (LFV): ©%=|6,6,|
108 H — FCC-he (LFV): ©?=|6,6,|

----- LHeC (displaced): ©*=|6,|?
----- FCC-he (displaced): ©?=|6, |2
|

. -
~ -
.. ————
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'Lepton Flavor Violation

5 10 50 100 500 1000
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Some physics highlights: Higgs physics

The LHeC is partially a
Higgs Factory with several
couplings significantly
improved over HL-LHC
expectations, and
combines well with LEP3.

* firsttime ever:
Ke

* greatly improved:
Kp, Kw, Kz

* significantly improved:
Kt, Kr,y Kg

200k Higgses @ LHeC

19



Some physics highlights: Higgs physics

The LHeC is partially a
Higgs Factory with several
couplings significantly
improved over HL-LHC
expectations, and
combines well with LEP3.

* firsttime ever:
Ke

* greatly improved:
Kp, Kw, Kz

* significantly improved:
Kty Ky Kg

Figure:

The relative uncertainty on the coupling
modifiers obtained in the kappa-3 SMEFIT
framework, for different combinations of
the HL-LHC, HL-LHC (with improved
PDFs and o, from the LHeC), LHeC, LEP3
and FCC-ee.

SN
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—_

o

significant improvements
wrt HL-LHC

not reachable
@ HL- LHC

# ||... o ||‘|‘ |‘|I| |I|I‘ I

BHL-LHC W HL-LHC (imp.)+LHeC
for hadron-hadron and hadron-lepton: impose |k |<1

many thanks to the SMEFIT authors (esp. Simone Tentori), 2/05.00006
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Some physics highlights: Higgs physics

The LHeC is partially a
Higgs Factory with several
couplings significantly
improved over HL-LHC
expectations, and
combines well with LEP3.

* firsttime ever:
Ke

* greatly improved:
Kp, Kw, Kz

* significantly improved:
Kt, Kr,y Kg

Figure:

The relative uncertainty on the coupling
modifiers obtained in the kappa-3 SMEFIT
framework, for different combinations of
the HL-LHC, HL-LHC (with improved
PDFs and o, from the LHeC), LHeC, LEP3
and FCC-ee.
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many thanks to the SMEFIT authors (esp. Simone Tentori), 2/05.00006

|I!I\ ||!m ‘lﬂ I‘ ‘I!ﬂ

21



Some physics highlights: Higgs physics

LHeC data is essential to unlock the full potential of FCC-hh

example

Uncertainty [%)]

101

=

Vector Modifiers kappa-3

B HLLHC
I HLLHC(improved)
B HLLHC(improved)+LHeC

I HLLHC(improved)+LHeC+FCChh

I HLLHC+FCChh

S MEFIT

effect of LHeC on FCChh

many thanks to the SMEFIT authors (esp. Simone Tentori), 2/05.00006
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Key accelerator technology for the LHeC

operate a 1000 MW electron beam with only 100 MW of power

need to use the Energy Recovery Linac technology

23



The principle of Energy Recovery

e EEEETE

ACCELERATE
energy in cavities is given
to the particle beam

24



The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

e EEEETE

ACCELERATE
energy in cavities is given
to the particle beam
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The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

phase-shift
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam

to the particle beam goes back to cavities
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The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

phase-shift
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate

the next particle beam .



The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

@ beam dump
phase-shift at low energy
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam
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The principle of Energy Recovery

@ optimal beam

>99.9999%  experiment  100% brightness develops

particles . particles R
@ beam dump
phase-shift at low energy
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate

the next particle beam o



The principle of Energy Recovery

_ @) optimal beam
>99.9999%  experiment  100% brightness develops

particles articles ..
. £ from the injector

multiple turns towards higher energies

@ beam dump
phase-shift at low energy
= '
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam



The principle of Energy Recovery

other beam for collisions

_ @) optimal beam
>99.9999%  experiment  100% brightness develops
pa particles P
. from the injector

multiple turns towards higher energies

@ beam dump
phase-shift at low energy
= '
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam



The principle of Energy Recovery

other beam for collisions

_ @) optimal beam
>99.9999%  experiment  100% - brightness develops
pa . particles

from the injector

ch | power requirement

inosity rea
luminosity oduced

~

physics

best sustainable

ACCELERATE DECELERATE

energy in cavities is given engrgy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate

the next particle beam .
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https://www.nature.com/nphys

ERL to enable high-power beams that would otherwise
require one or more nuclear power plants
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Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully

multi-turn ERL with SRF achieved, Nature Physics volume 19, pages 597-602 (2023)
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ERL to enable high-power beams that would otherwise

require one or more nuclear power plants
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Future ERL-based Colliders
H, HH, ep/eA, muons, ...

bERLinPro & PERLE

essential accelerator R&D labs with
ambitions overlapping with those of
the particle physics community

towards high power

Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully
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PERLE @ IJCLab (IN2P3) Orsay

o growing international collaboration
o design, build and operation this decade
o for e*e” and ep/eA HEP collider applications

multi-turn ERL based

on SRF technology
mu

PERLE will demonstrate high-power multi-turn ERL
small-scale prototype for numerous LHeC key technologies

PERLE — Powerful Energy Recovery Linac for Experiments [CDR: J.Phys.G 45 (2018) 6, 065003]
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From drawings to reality with PERLE

=
o : =
Photocathode Production Facility (PPF) assem!

5 . P}
Laser room installation
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From drawings to reality with PERLE

SRF Cavity design

re-dressing ‘an ESS (medium-beta) cryovessel
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From drawings to reality with PERLE
CANVEUSURN (k) science & Technolog Jefferdonlab f‘; %I‘.éaso

VO N

+ Contributions through iSAS of &‘? INFN

== LASA

PERLE will proceed in phases
» Phase 1: injection line installation (2027)
» Phase 2: ERL single turn (2028-2029)
» Phase 3: ERL 3-turn 250 MeV (2030)




From drawings to reality with PERLE
G [ ) e, (4B €55

+ Contributions through iSAS of &‘? INFN

== LASA

opportunity to test an

additional cryomodule
e.g. for FCC-ee

PERLE will proceed in phases
» Phase 1: injection line installation (2027)
» Phase 2: ERL single turn (2028-2029)
» Phase 3: ERL 3-turn 250 MeV (2030)



Implementation

LHeC — implementation and operational costs

The new LHeC tunnel is 8.9 km

Civil engineering works mostly during HL-LHC operations, plus
one dedicated year to connect the LHeC with HL-LHC

Optimal placement can be in function of the future Higgs
factory (and potentially the Forward Physics Facility)

Total cost of civil engineering and accelerator was estimated
to be 1.6 BCHF anno 2018 (= 2 BCHF today)

Personpower equivalent to HL-LHC implementation (~2500
person years)

Operation
Power is 220 MW (including LHeC, detector and dedicated
HL-LHC operation) LHeC construction planning | YEAR 1~ YEAR2  YEAR3 |YEAR4 YEARS YEAR6 YEAR7
200 days of running > 1.06 TWh/year (+27MCHF per year Land negofiations
compared to nominal HL-LHC) Is'itl;vdi;omﬂtallmpm
eA runs can be integrated Building permits
Personpower for dedicated LHeC runs (1 detector, 1 proton Detailed design & tendering
beam, ERL) equivalent to nominal (HL-)LHC (4 detectors, 2 Construction

proton beams); ~120MCHF/y in CERN MTP (materials+people) 42



Opportunities for improved performance

Innovate for

.

Sustainable
+< Accelerating
Systems
4 D
108 N. Shipmax} et al. (ER}L2019)
72 BB Without FE-FRT
_ W0 s BN \With FE-FRT  |[]
= oS ‘ ]
2 10°| 4
(@) 29:1 kW
* 104} L
10°

Total Peak Fwd. Avg. Fwd.
Electrical RF Power RF Power
Power per Cavity per Cavity

Ferro-Electric Fast Reactive Tuners for 20MW less
power requirements to deal with microphonics

J

4 )
1st cavity prototype
?:1(?() for PERLE/LHeC [. Five-Cell Cavity W
LERRAZ2 2222 W
=
(]
1e10 = — &
—— O
/ " = @
firstiNb 802k =
1e9 v 20 25 30 35
Eacc (MV/m)
LHeC can be done with state-of-the-art SRF and
significant room for improvements
. J
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LHeC detector

S S R R S

L Forward jet reconstruction J

{Synchrotron radiation in the interaction
region (reduced to a comfortable 6kW)
AN

0.15

X [m]

DIPOLE

-15 -10 s [ 10 15 20

&
Distance from IP [m]

~\

major features:

1° close to the beamline (hermiticity)
Tracking & Vertexing
High-resolution calorimetry

All Numbers [cm]
1375

23 e
FEC-Plug-Fwd

467
Muon Detector
<«— 326
HC rrel HCAL-
Endcap-Bwd
Solenoid
<« 156
LAr-EMC-Barrel
«— 95
Tracker Fwd Tracker Tracker Bwd
= = . p/A

BHC-Plug -Bwd

oo 23
BEC.-Plug-Bwd



LHeC detector

mostly ready to be built Opeanoete;f‘
gD ®°
Preliminary cost of 360MCHF N A \1011\

Central Tracker
Calorimetry (3/4 of cost) Vertex

detector?
Muon System 2
C
cost reductions are possible v §
e.g. sampling fraction, granularity, E 'S
UV o
L reuse of LHC detectors y = O e
=Ny
Q
. . . o
synergies with other projects C o
stepping stones O 8 wuni
O wp
2
(]
()
Time of flight”

potentially re-use LHC detectors or one detector for a
joint DIS and Heavy-lon program @ HL-LHC

Eur.Phys.J.C 82 (2022) 1, 40

Position precision

Low X/X,

Low power

High rates

Large area wafers®
Ultrafast timing*)
Radiation tolerance NIEL
Radiation tolerance TID
Position precision

Low X/X,

Low power

High rates

Large area wafers®
Ultrafast timing
Radiation tolerance NIEL
Radiation tolerance TID
Position precision

Low X/X,

Low power

High rates

Large area wafers®
Ultrafast timing®
Radiation tolerance NIEL
Radiation tolerance TID
Position precision

Low X/X,

Low power

High rates

Large area wafers?
Ultrafast timing*)
Radiation tolerance NIEL
Radiation tolerance TID

DRDT

3134
3134
3134
3134
3134

33
33
3134
3134
3134
3134
3134
32
33
33
3134
3134
3134
3134
3134
32
33
33
3134
3134
3134
3134
3134
32
33
33

. Must happen or main physics goals cannot be met @ Important to meet several physics goals

2030-2035

N

&,
(/Yec
4
e,
O( o
A
e, a
e
Cy

M,

2035-

2040 2040-2045  >2045

Desirable to enhance physics reach @ R&D needs being met

Coy,
e
S
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How does the LHeC fits into the collider landscape?

The LHeC is a feasible and impactful alternative for the ESPP.

In addition, the LHeC can be a bridge between major colliders.
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An impactful “bridge” between major colliders @ CERN

[ oD

1L
\ QDKM LOME )

"LHC .. FCC (e or hh) or LEP3
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An impactful “bridge” between major colliders @ CERN

ep-option with HL-LHC: LHeC
e.g. 6 years ep-only@LHC > 1 ab!
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An impactful “bridge” between major colliders @ CERN

ultimate upgrade of
the LHC physics reach

fast-track to new and impactful
opportunities at colliders for
attractive SM & BSM physics
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An impactful “bridge” between major colliders @ CERN

re-use
FCC-hh/eh

essential enabler for the
physics at any new high-
energy hadron collider

ultimate upgrade of P injector
the LHC physics reach < FCC-ee/LEP3

e G QUITZERIND

i.e. SRF@LHeC as prototype series
and training for SRF@FCC-ee

fast-track to new and impactful fast-track to the optimal
opportunities at colliders for SRF performance of a H-factory &
attractive SM & BSM physics cost/risk reduction for SRF at FCC-ee/LEP3
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An impactful “bridge” between major colliders @ CERN

essential enabler for the
physics at any new high-
energy hadron collider

ultimate upgrade of
the LHC physics reach

always collisions at CERN

e.g. enabling careers

fast-track to new and impactful fast-track to the optimal
opportunities at colliders for SRF performance of a H-factory &
attractive SM & BSM physics cost/risk reduction for SRF at FCC-ee/LEP3
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An impactful “bridge” between major colliders @ CERN

essential enabler for the
physics at any new high-
energy hadron collider

ultimate upgrade of
the LHC physics reach

m
«®« Electron-lon Collider

community back to
Europe/CERN

always collisions at CERN

e.g. enabling careers

fast-track to new and impactful fast-track to the optimal
opportunities at colliders for SRF performance of a H-factory &
attractive SM & BSM physics cost/risk reduction for SRF at FCC-ee/LEP3
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Potential roadmap with ERL to LHeC

demonstrated applicability of
high-power ERL for particle physics

enables the ultimate
upgrades of the
LHC/FCC programs

2020'ies (ep collisions)

A
ﬁ; -

essential energy efficient
technologies for SRF accelerators

ESPP’26 - ESPP’32 2'%
2
SRR < i 074 full TDR studies 2
(up to 100mA in the future) further optimise —i %
PERLE @ liCLab schedule, costs, (?& .
multi-turn performance and . /%
i sustainability
y

single-turn ERL being installed
and commissioning in 2028

(thereafter multi-turn) DECISION ESPP'32




The LHeC as an alternative or bridge between major colliders

o A high-energy, high-luminosity electron-proton collider at the LHC is an impactful
alternative collider with excellent results in the Higgs, EW, top quark and QCD
sectors on an interesting timeline.

o LHeC boosts the scientific return of the LHC, and is essential for any future high-
energy hadron-collider program.

o To achieve the best physics for the least power, the Energy Recovery Linac
technology is to be further developed to enable such an electron-proton collider.
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The LHeC as an alternative or bridge between major colliders

o A high-energy, high-luminosity electron-proton collider at the LHC is an impactful
alternative collider with excellent results in the Higgs, EW, top quark and QCD
sectors on an interesting timeline.

o LHeC boosts the scientific return of the LHC, and is essential for any future high-
energy hadron-collider program.

o To achieve the best physics for the least power, the Energy Recovery Linac
technology is to be further developed to enable such an electron-proton collider.

LH-C

The LHeC project emerges as an impactful and feasible bridge
between present and future major colliders at CERN




The LHeC documents & related

Updated CDR
The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p

LHeC ESPP’26 input
https://indico.cern.ch/event/1439855/contributions/6461616/

LHeC as a bridge project document (more extensive document)
https://inspirehep.net/literature/2903314

PERLE as ESPP’26 input
https://indico.cern.ch/event/1439855/contributions/6461453/

Other LHeC related input to ESPP’26
https://indico.cern.ch/event/1439855/contributions/6461558/
https://indico.cern.ch/event/1439855/contributions/6461469/

Indico website
https://indico.cern.ch/e/LHeCFCCeh

Cost estimate
https://cds.cern.ch/record/2652349/files/CERN-ACC-2018-0061.pdf
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LHeC — additional slides

Content

e LHeC - bridge to LEP3

e LHeC - accelerator R&D landscape

 LHeC —risks of ERL performance

 LHeC - bridge to future high-energy hadron collider
 LHeC - more physics plots (including eA)

e LHeC —ring-ring (old CDR) versus ring-linac (new CDR)
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LHeC — bridge to LEP3
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LHeC — bridge to LEP3

LHeC and LEP3 have a comparable number of cryomodules and thus comparable
800MHz power system and distribution lines, i.e. very similar industrial contracts and
the LHeC developments can directly lead into LEP3 orders / productions.
e clear synergies that can be exploited for common design and optimization, e.g.
cryomodules, power sources, cryogenic systems, beam diagnostics, magnets
The current LEP3 design assumes an injection energy of 10GeV which is equivalent to
one of the LHeC linacs. Using both LHeC linacs could easily increase the injection
energy to 20GeV, even without re-circulation.
e one of the LHeC linacs can be the injector for LEP3
* in re-circulation mode, the LHeC could even inject with direct top-up at the Z
energy and possibility up to W production beam energies
One could use one of the LHeC tunnel straight sections for the installation of the LEP3
booster ring RF [1km straight section =2 > 10GeV potential]
e one of the LHeC linacs can be used for the LEP3 Booster ring up to W physics
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Length: 1060m.
Slope: 3.3%

LHeC — bridge to LEP3
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Length: 1060m. /

Slope: 3.3%

LHeC — bridge to LEP3
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LHeC — bridge to LEP3

Length: 560m.

Slope: 5%

T
Jiloiiiid
55
GBS =
l j
R | R

Length: 560m.

Slope: 5% \\
o
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LHeC — accelerator R&D landscape
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Accelerator R&D landscape & Colliders

e*p (and eTA)

RF & ERL technoloqy (.~ 30-60 GeV)

r

\_

ete
RF (& ERL) technology
Ecms ~ 10 GeV (flavour)
Ecws ~ 90-360 GeV (Z/W/H/top)

Ecvs > 1 TeV

pp (and AA/pA)

\

High-field magnet technology

Ecvs >> 14 TeV (LHC)

Eaus > 500 GeV

l!+l!-
first time ever collider
Ecvs ~ 3-10 TeV

J

plasma wakefield
first time ever collider
many applications

65



Accelerator R&D landscape & Colliders

e*p (and eTA)
RF & ERL technologqy (t,~ 30-60 Gev)

4 ete-
RF (& ERL) technology

Ecms ~ 10 GeV (flavour)
Ecvs ~ 90-360 GeV (Z/W/H/top)

Ecvs > 1 TeV

pp (and AA/pA)

\

High-field magnet technology

Ecus >> 14 TeV (LHC)

_ Eavs > 500 GeV

l!+l!-
first time ever collider
Ecws ~ 3-10 TeV

J

plasma wakefield
first time ever collider
many applications
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CDR published: J.Phys.G 48 (2021) 11, 110501

Accelerator R&D landscape & Colliders

focus on the LHeC A
high-energy & high-luminosity

electron-proton FOCUS

e*p (and eTA)

RF & ERL technoloqy (.~ 30-60 GeV)

r

\_

ete-
RF (& ERL) technology
Ecms ~ 10 GeV (flavour)
Ecws ~ 90-360 GeV (Z/W/H/top)
Ecus > 500 GeV

Ecvs > 1 TeV

pp (and AA/pA)

\

High-field magnet technology

Ecvs >> 14 TeV (LHC)

l!+l!-
first time ever collider
Ecvs ~ 3-10 TeV

J

plasma wakefield
first time ever collider
many applications
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LHeC — accelerator R&D for ERL
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PERLE @ 1JCLab (Orsay)

- R Design
mmmmmsmmm  Procuirement / Construction / Installation

DC Gun @350 keV DC gun 20 mA EEEEN

operation
....gxg

Injector installed !
i 20 mA

Commissioning

Injector @ 7MeV

IGLOO ready

PERLE 1-LOOP 89MeV

>

A Q

i S ] 4 =

ERL 1 LOOPS Cryomodul:t-.’ First ERL 2MwW 8
tested ' demonstration : N

Cryogenic : i Cryomodule &

installed : Installed 8

! 3 EEEE =

ERL 3-LOOPS % o
3-loop ERL suw | 2

i i

demonstration ! o

PERLE — Powerful Energy Recovery Linac for Experiments [CDR: J.Phys.G 45 (2018) 6, 065003]



Accelerator R&D review — ERL part

“The readiness of ERLs for deployment in a large-scale facility (LHeC) is that with requested
resources it is likely that high TRLs can be achieved for systems in time for a decision in 2034.”

: : . High Grad Muon Beams & Energy Recovery
m High Field Magnets High Grad Struct/Syst Placma/tacer g litae
R&D Scope OK at high level,
. ey Too many sub-goals,
Definition many not well defined

Need to be expanded to
Multi-GeV issues
(synchrotron radiation)

R&D Too slow Many tasks behind Resources missing.
schedule, many subtasks
Schedule lack well defined schedule.
R&D cost Not using all resources Top level FTE and
available resources consistent with

plan. Infrastructure needs
not as well defined

Integration Integration of HALHF in
P the roadmap and the
within the community unclear.
Labs (?7?)
Overall In the long run....

Confidence
Level




bERLinPro @ Helmholtz Zentrum Berlin

focus on a high-current & high-brightness injector
first beams from the SRF gun

generic accelerator R&D with several aspects as
stepping stones towards HEP applications
and energy efficient accelerator technologies

BERLinPro: Main Project Parameters

Total beam energy, MeV 50
Maximum average current, mA 100
Bunch charge, pC 77
Bunch repetition rate, GHz 1.3
Emittance (normalized), # mm mrad £1.0
Bunch length (rms), ps 2.0 or smaller
bERLinPro — Berlin Energy Recovery Linac Project Maximum Losses (relative) <10° 71
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“Imaging HZB” with electron
beam on first viewscreen

First beam run end of March
to early May 2025

* First time implementation of
a NaKSb cathode in an SRF
gun

* Next run planned for July/August
2025

T. Kamps et al., "First beam commissioning of the HZB SRF photoelectron gun”, in Proc. IPAC'25, Taipei, Taiwan, Jun. 2025, pp. 1683-1686. doi:10.18429/JACoW-IPAC25-WECN2



LHeC - risks of ERL performance
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LHeC - risks of ERL performance

Worse case scenario: LHeC has to operate in non-ERL mode and stay within 100MW
* Physics: 10x less luminosity
* not much impact for QCD physics, including the empowering of (HL-)LHC
e still improvements in EW, H and top quark physics wrt to HL-LHC potential
» still search sensitivity beyond HL-LHC potential
e Accelerator: 2x less beam current in the SRF system
* less constraints on the SRF system
* opportunities to deploy higher gradients, less cooling, etc.
* Synergies: even more synergies with future e+e- Higgs factories (LEP3, FCCee)
e similar opportunities for cost reduction by reusing systems
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Uncertainty [%)]

LHeC — physics impact of non-ERL LHeC (10x less luminosity)

Loop Modifiers kappa-3

R . .
HL-LHC + LHeC’ (10x less luminosity) o] - L S MEFIT
. B HLLHC(improved')+LHeC’
HL-LHC + LHeC (nomlnal) 16| mmm HLLHC(improved)+LHeC
) . 14| T HLLHC+LEP
0 Vector Modifiers kappa-3'*| mmm HLLHC+FCCee(240)
I HLLHC 12 n 111
I HLLHC(improved')+LHeC’ 10
8 B HLLHC(improved)+LHeC
I HLLHC+LEP3 8
Fermion Modifiers kappa-3 B HLLHC+FCCee(240) 6
B HLLHC 6
16] HLLHC(improved')+LHeC' : . 4
14 B HLLHC(improved)+LHeC 9 )
E HLLHC+LEP3 4 Lt LS
12| WM HLLHC+FCCee(240) 0
. Kg Koy Kz
Bl“lm, [95%} Brund' [95%]
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Dark Photons

Present exclusion

i1 Nbkg=0, signal efficiency = 100%
X P X w 1.x107 y ] . Nbkg=0, signal efficiency = 20%
"1 Nbkg=100, signal efficiency = 100%

[l Nokg=100, signal efficiency = 20%

5.x107°

Contour for LHeC presented for 0 and 100
bkg events and for efficiency 100% and
20% (1/5)

(S i

Factor 1/10 in lumi corresponds to
decrease in significance by sqrt(10)~3

- For Nbkg=0 exclusion in between
dashed and solid contours

- Still sensitivity!

https://doi.org/10.1103/PhysRevD.101.015020 0 o w e v




HNLs
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Decays only to photons

Based on 1/ab-1, 95% C.L. limits
For 1/10 of the stat, dashed line are indicative

Still sensitivity complementary to HL-LHC

https://arxiv.org/pdf/2307.00394
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ALPS (2)

Decays to leptons (e.g. muons and taus)

Impact of 1/10 stat of LHeC far smaller than the LHeC
- FCC-eh difference

CL=0 (top) and CR=0 (bottom) — cross sections varies

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.075015
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LHeC - bridge to future high-energy hadron collider
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Relative uncertainty

LHeC - bridge to future high-energy hadron collider

Kinematic range Parton Distribution Functions

~5-7% uncertainty

he o(W,Z,H) ”g B UPhysG a8 021) 11, 110501
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Empowering the FCC-hh program with the FCC-eh

~5-7% uncertainty
on the o(W,Z,H)

pp @ 100 TeV

B PDF4LHC15
NFCC-eh
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Relative uncertainty
o

LHeC/FCC-eh essential to unlock

FCC-hh science potential

~1% uncertainty
on the o(W,Z,H)

Kinematic range Parton Distribution Functions
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dJ. de Blas et al., JHEP 01 (2020) 139

Complementarity for Higgs physics in the FCC program

(Higgs coupling strength modifier parameters x; — assuming no BSM particles in Higgs boson decay)
(expected relative precision)

kappa-0-HL [ HL+FCC-eepqp | HL+FCC-ee  HL+FCC-ee (4 IP)  HL+FCC-ee/hh  HL+FCC-el/hh | HL+FCC-hh | HL+FCC-ee/eh/hh
Kw %] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz %] 0.15 0.14 0.004 0.13 0.27 0.63 0.12
g [%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
iy[%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.71 0.89 0.68
Ke[%] 1.5 1.3 0.88 1.2 1.2 - 0.94
K [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Ky [%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
Ky [%] 4, 3.9 33 0.41 0.45 0.68 0.41
Kz [%6] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
T [%] 1.6 0.87 0.55 0.67 0.61 1.3 0.44
only FCC-ee@240GeV only FCC-hh
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dJ. de Blas et al., JHEP 01 (2020) 139

Complementarity for Higgs physics in the FCC program

(Higgs coupling strength modifier parameters x; — assuming no BSM particles in Higgs boson decay)
(expected relative precision)

kappa-0-HL | HL+FCC-eeosp [ HL+FCC-ce  HL+FCC-ee (41P) HL+FCC-ee/hh WHIL+FCC-ch/hi HL+FCC-hh | HL+FCC-ee/eh/hh
K [%6)] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz %) 0.15 0.14 0.004 0.13 0.27 0.63 0.12
K [%)] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
Ky [ %] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy|%] 10. 10. 10. 0.7 0.71 0.89 0.68
Ke[ %) 1.5 1.3 0.88 1.2 1.2 — 0.94
K [%6] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
K[ %) 0.94 0.59 0.44 0.5 0.52 0.99 0.41
Ky, [ %] 4. 3.9 33 0.41 0.45 0.68 0.41
Kz [%6] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
[ %] 1.6 0.87 0.55 0.67 0.61 1.3 0.44
FCC-ee prospect FCC-hh/eh prospect
only FCC-ee@240GeV only FCC-hh
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Complementarity for Higgs physics in the FCC program

(Higgs coupling strength modifier parameters x; — assuming no BSM particles in Higgs boson decay)
(expected relative precision)

kappa-0-HL § HL+FCC-eeyqp |8 HL+FCC-ee 8 HL+FCC-ee (4 IP)  HL+FCC-ee/hh | HL+Fcenh WHL+ECC-ee/eh/hh

i [%] 0.86 0.38 0.23 0.27 17 0.39 0.14
P 0.15 0.14 0.004 0.13 0.63 0.12
ig %] 1.1 0.88 0.59 0.55 0.74 0.46
iy [%] 13 1.2 1.1 0.29 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.89 0.68
Ke[%] 1.5 1.3 0.88 1.2 - 0.94
Kz [%] 3.1 3.1 3.1 0.95 0.99 0.95
Kp[%] 0.94 0.59 0.4 0.5 0.99 0.41
Ky (%) 4, 3.9 3.3 0.41 0.68 0.41
Kz %] 0.9 0.61 0.39 0.49 0.9 0.42
Tw (%] 1.6 0.87 0.55 0.67 . 0.4

dJ. de Blas et al., JHEP 01 (2020) 139

ALL COMBINED

FCC-hh/eh prospect

only FCC-ee@240GeV only FCC-hh

FCC-ee prospect

Ultimate Higgs Factory = {ee + eh + hh}




Juan Rojo et al.
LOG-SCALE kappad couplings fit
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LHeC — more physics plots
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Log(ep>HX)

Collision energy above the threshold for EW/Higgs/top

DIS Higgs Production Cross Section

1000
LHeC P
- 20006 |
; HERA  200.000 H's

assuming unpolarized electron beams at EIC and
HERA, versus polarized (P=-0.8) at LHeC and FCC-eh

0 1 2 3 4
cms energy /TeV

The real game change between
HERA and LHC/FCC

compared to proton collisions, these are reasonably
clean Higgs events with much less backgrounds

at these energies and luminosities, interactions
with all SM particles can be measured precisely

90



[B. Cole]

Gluons from saturated nuclei

eA atthe LHeC

eA collisions at the LHeC will provide precise information on the partonic structure of nuclei and the dynamics of
dense partonic systems (a new non-linear regime of QCD which requires ep and eA), relevant for all stages of HICs.

o
©

o
=

o
o N

HERAPDF2.0 NNLO, XFitter, Ay*=1"

LHeC

LHeC+FCC-eh

(x,10 gevz)

=3
>

Pb/p
R
2.

&
®

AreI

- Glasma? - QGP
[fixed Q]
DENSE
REGION .
/4
.(\ y //
piute (@ .
x REGION |\ @ %) \
In A

->

=
o
£
j2]
@
=
i<l
=
o
[+
£
[
@
=
(=]

Reconfinement

11

0.9}

0-8[ | ec pseudo-data

[0 )y

T T T T T T
=== Ratio e-Pb/e-p [NNLO,TUJU21]

PDF uncertainty e-Pb/e-p [TUJU21]

jets

P TI  NS S T T B S S O B

¢ e-Pb / e-p (statnot)
1 P T

10 10°



Why DIS for PDFs?

DIS|s'the' |deal.place for determ!nmg PDFs: ' 2407.1 3058, y@FoCaI
* Pointlike object on a composite one (hh=composite on & HETTTTTT D R
composite): better determination of kinematic variables in e E”:‘Qz‘f;;m-dé%/ ] %

. . . = PDF uncertainties given at 90% CL

the PDF, far less convoluted information than in pp. o =
. . .. E = — e o
* Much cleaner experimental environment: larger precision. oo~ '::‘;:::::::::.. eSS
* Theory better established: factorisation proofs, evolution osf- a ) DR e o0 0 3
H 7 nl wit ° 3
equat|0ns to aNNNLO, etc. 04— % ;Egggggilwﬁj:g;?lo LHCb DY) —]1
* PDFs from a single experiment to get rid of inconsistencies T T T T PO T, |

P (GeV/c%

between experiments.

Ty * FoCal covers the same region that LHCb

1071 NC DIS (IA) T EIC FCC-hh D-mesons, already included in EPPS21.
cC DIS (vA) u:D:quF MuCol * LHeC determines better the gluon than
o Fixed-target DY [ 1 LHeC A available EPPS21
105 RHIC // < i e
_ 2L > E HERAPDF2.0 NNLO, XFliter, Ay*=1"
& LHC pPb Q o8
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Searching for new physics with the LHeC

. . 1073
example of long-lived particles heavy sterile neutrinos
(benchmark models for hidden sectors) 107 MEG: ©2=|6,.6,|
—_ MEG: ©2=(6,6,
Portal | Coupling wko oy DELPHI: ©%=|0|2
Vector (Dark Vector, Ay) | —gqoeq.-F, B — ATLAS: ©%=|6,|2
Scalar (Dark Higgs, S) (/.LS + )\HSSZ)HTH b 10 — LHCb: ©%=|6,|?
Pseudo-scalar (Axion, a) + F“,,F » 1:.Gi ,WGW a‘;"w“ R . — LHeC (LFV): ©>=|6,6,|
Fermion (Sterile Neutrino, N) | yvLHN 107 — FCC-he (LFV): ©°=|6,6,|
N _ o : N LHeC (displaced): ©?=|8, |2
compared to pp collisions the signature N O FCC-he (displaced): @=[6, |
is easier to identify in ep collisions 000 0 s 0 so0 1000
My [GeV]
Projections for LHeC (1 ab! ) and FCC-eh (3 ab") - (fixed A=4x10"). Iep toquarks
D 10-1 o T
g 1072 N < I d luminosity: 1 ab"
g 10— ) dark ab
107 - . FCG-e
e (0 N scalars| . S
107 é \\ ":
1()‘8 - = FCC-ch s ===

103 a l“%,d... = = 1
-14 & Preliminary, Grandda 2019~ 3 " -
¥ cimedn 4BA 240000000 1 DR TN TR OO OV i,
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Some physics highlights: Higgs physics

The LHeC is partially a Higgs
Factory with several
couplings significantly
improved over HL-LHC
expectations

* firsttime ever:
Ke

* greatly improved:
Kp, Kw, Kz

* significantly improved:
Kt, Kr,y Kg

Figure:

The relative uncertainty on the fermion,
vector and loop coupling modifiers obtained
in the kappa-3 framework, for different
combinations of the HL-LHC, HL-LHC (with
improved PDFs and o4 from the LHeC),
LHeC, and FCC-ee.

Fermion Modifiers kappa-3

Vector Modifiers kappa-3

10 0
B HLLHC c . B HLLHC c .
W HLLHC(mproved) 2 MEFIT M HLLHC(mproved) S MEFIT
BN HLLHC(improved)+LHeC 8 B HLLHC(improved)+LHeC
X S
Z . ) > 6
= first time ever 55 -
‘? 48 47 T
2 +
g 5
g 4 36 g 4
2 v > S
i ]
0.32
04— 0
Ke Kt Kb Ky Kr Kw Briy. [95%] Brypa. [95/0]
Loop Modifiers kappa-3
18] = HLLHC

—_ =
= >

—_
V]

Uncertainty [%]

(=]

S N S

I HLLHC(improved)
Bl HLLHC(improved)+LHeC

S MEFIT

Koy KZy

significant improvements
wrt HL-LHC
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Some physics highlights: Higgs physics

The LHeC is partially a Higgs
Factory with several
couplings significantly
improved over HL-LHC
expectations, and some even
more accurately compared to
FCC-ee at 240 GeV.

* firsttime ever:
Ke

* greatly improved:
Kp, Kw, Kz

* significantly improved:
Kt, Kr,y Kg

Figure:

The relative uncertainty on the fermion,
vector and loop coupling modifiers obtained
in the kappa-3 framework, for different
combinations of the HL-LHC, HL-LHC (with
improved PDFs and o4 from the LHeC),
LHeC, and FCC-ee.
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Some physics highlights: Higgs physics
LHeC combines well with LEP3

Higgs coupling modifiers kappa-3 in [%], ©SMEFiT
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Some physics highlights

LHeC will further improve the PDF determination in a much larger kinematic region and

by more than a factor 2 compared to HERA+EIC

inty in o

decrease the uncerta
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FIG. 13. Uncertainty in the determination of the gluon distribution at Q% = 1.9 GeV? in logarithmic (left) and linear (right)

X
scale in fits to HERA data plus EIC projections plus LHeC [91].



Ratio to PDF4LHC21

Ratio to PDF4LHC21

Ratio to PDF4LHC21

PDF (68% C.L.)

LHeC projection 50 fb™'
Il LHeC projection 1ab™
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—— NNPDF4.0
— cT18
—— MSHT20
—— ABMP16

Gluon

PDF (68% C.L)
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B LHeC projection 1 ab™
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—— NNPDF4.0
—— CT18
—— MSHT20
—— ABMP16

LHeC projection 1ab™ + HQ
[

" ul
102

Proton PDF Precision

- PDF knowledge transformed over wide
kinematic range, extending from x~10¢to x> 1

- Resolving current ambiguities

= World average [PpG24]

¢ LHC and HERA dijets [NNLO, 2025]

Qs (HH)

- First full and 0201
precise flavour [
decomposition oL

t e*e jets/shapes [NNLO+res]
% EW fit [PpG24)

__Future projections
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- My to few MeV
- sin26,, to 0.0002 including running
- Best axial and vector Z-light quark couplings



Ratio to PDFALHC21

- Extends upper mass reach of many LHC BSM searches

eee

5 2
a
op e .« . s s1f iHixs2
- Facilitates LHC precision measurements Polo ,
. . . 2 |
...Theory uncertainty on LHC Higgs cross section g »
. a8 % e HERAZO o]
... Myy PDF systs = 2 MeV, enabling 3 MeV measurement .| %' ..
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Enabling HL-LHC:
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Expected measurements of Wtb couplings and Vix

= 1in SM

Dutta, Goyal, Kumar, Mellado,
arXiv:1307.1688

Kumar, Ruan, to be publ.

CC DIS top production
.
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LHeC - ring-ring versus ring-linac
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15t Workshop @ Divonne in 2008: Ring-Ring Option LH.O

B Challenge: Integration in the LHC tunnel \\)\C
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15t Workshop @ Divonne in 2008: Ring-Ring Option LH.O

1 Challenge Integrat10n in the LHC tunnel \X\C
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‘ CDR Choices: LHeC: Ring-Ring Option LHO

Without using the survey For the CDR the
gallery the ATLAS bypass bypass concepts

would need to be 100m away were decided to be
from the IP or on the inside of confined to
the tunnel! ATLAS and CMS
L | ca. 1.3 km long bypass
2016 Cornell Sem ca. 170m long dispersiop free arca for B, 104



