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LHeC: LHC x Electron Energy Recovery Linac

- Power consumption constraint (< 150 MW) and need for high
luminosity imply energy recovery for electrons

- With 20 MV/m acceleration, ey s Comprst ey Loss Cnperssion.
5.4km racetrack well matched AT y—
to 50 GeV leptons Matehing/Spreader Recombmer,Maw:.Zm
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Revised
mandate (2022)

- LHeC might be an

Possible DIS Futures at CERN?

Following the publication of the updated CDR, CERN
continues to support studies for the LHeC and the FCC-eh as
potential options for the future and to provide input to the
next Update of the European Strategy for Particle Physics.

option in latter stages

of LHC or as an extension

- In current scenario,
FCC begins with ee, so
eh beyond mid-century?
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LHeC Physics Targets and

Detector Implications

Standalone Higgs, Top,

EW, BSM programme
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- General purpose

1 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

Complementarity with EIC
in physics scope, timescale
and technologies.



Log(ep~>HX)

DIS Higgs Production Cross Section

Example Standalone
FCeh Physics: Higgs

1000 fb

LHeC

200 fb )
HERA 200,000 H’s

- Signal:Background ~ 1-2
for bbbar

1 2 3 4

- With 1ab-!, interesting
precision for multiple decay
| Eic modes,complementing pp
at LHC
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Overlaps with EIC / Detector |l Physics

Inclusives

Common approaches,
overlapping
kinematic ranges

Semi-Inclusives

scattered lepton

incoming lepton

virtual photo T
L 0
dv’qﬂf\"ﬂ_}'
: W
uud ! :u”\no
target nucleon : !
String Breaking - P
Limited at LHeC
(lacks PID

except vertexing)

Exclusive /
Diffractive

€

GG0000
1099909

b 5P
Similar channels, but
different physics focus
... low x physics
v 3D imaging

CHANNEL PHYSICS DETECTOR Il OPPORTUNITY
/—\
( Diffractive dijet ) Wigner Distribution detection of forward scattered proton/nucleus +
detection of low py particles
DVCS on nuclei Nuclear GPDs High resolution photon + detection of forward
BenCh mal'kS scattered proton/nucleus
[Pawel] Baryon/Charge Stopping  Origin of Baryon # in QCD PID and detection for low py pi/K/p

F, at low x and Q2

Probes transition from partonic
to color dipole regime

Coherent VM Production uclear shadowing and
sa

turation

Maximize Q2 tagger down to 0.1 GeV and
integrate into IR.

High resolution tracking for precisiont 6
reconstruction




Experimental Overlaps with Detector i

[Rene]

Unique opportunities for Det || @ IP8

A. MAGNETIC FIELD - Solenoid field up to 3T, allowing for high resolution
momentum reconstruction for charged particles.

B. EXTENDED COVERAGE for precision electromagnetic calorimetry - important
for DVCS on nuclei

C. MUONS - enhanced muon ID in backward and barrel region.

D. BACKWARD HADRONIC CALO - Low-x physics, reconstruction of current jets
in the approach to saturation

E. SECONDARY FOCUS - tagging for nearly all ion fragments and extended
acceptance for low pT/ low x protons. Enables detection of short-lived rare

isotopes.

- LHeC solenoid is 3.5T ... tracking commonality with ‘A’

- ‘B’, ‘'C’ and ‘D’ are all major topics for LHeC (see following)
- ‘E’ 2 Very interesting! Low & proton tagging acceptance in
ep and ion fragment detection in eA are big challenges ... ’



LHeC Electron Acceptance Requirements

% r LHeCE i :
Ng 10 6? me lepenment.
o F HERA Experiments:
Access to Q?=1 GeVZin ep mode for " s
all x > 5 x 107 requires scattered 0t =2 v
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‘Even lower’ Q? region enhances

10

saturation sensitivity and maps
transition from partons to hadrons:
- Q? < 102 GeV? covered by
: A\ beamline instrumentation
ol YT ;31 - 2> 102 < Q? < 1 GeVZcurerntly
x uncovered - cf FDC ideas ...




Acceptance Requirements, F

3285 Event 19967 Class: 13 15 16 17 18 23 26 28 Date 3/0:

5/1994
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- Also, forward hadrons for kinematic recn at low y / in CC
Hermetic coverage for ECAL, HCAL and muons essential!



LHeC Detector Philosophy and Status

Fluences

1 MeV Neutrol

- Conditions are relatively ‘easy’ ;uw— e
... fluences are <102 of LHC
... pile-up ~ 0.1 (cf 200 at HL-LHC)

n Equivalent Fluence [cm]

i % 8 & 3

- Most challenging technology |
aspects (not discussed here): ST T T e
- Interaction region (dipole - complex synchrotron mitigation)
- ERL (factor = 100 in power over current systems - PERLE)

- Most of current ‘baseline’ detector leans heavily on LHC
(especially ATLAS) technologies

- Partly over-specified? (e.g. Lar accordion geometry)

- Sometimes misses ep and eA subtleties? (e.g. beamline)

- Current designs are just a ‘sketch’ and detector technologies
evolve fast & opportunity to share new ideas with DetectotIl
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. Must happen or main physics goals cannot be met ) Important to meet several physics goals Desirable to enhance physics reach @ R&D needs being met



Detector Overview (CDR update)

All Numbers [cm]

<+ 489
Compact
Hermetic .
& Modular

<+ 189

r:84A | < 84
B— BBl " gt e i S R,
533 EMC-Barrel
Solenoid
’:'-FEC-PIug YRe°  BEC-Plug ¢
23 23

-13m x 9m (c.f. CMS 21m x 15m, ATLAS 45m x 25m)
- 1° tracking acceptance forward & backward .

- Substantial beamline instrumentation



- All silicon

- HV-CMOS DMAPS
technology is low
material (0.1mm)
and cost-effective

- Bent / stitched
wafers for inner
layers (as ALICE

and ePIC)

- Semi-elliptical inner layers

pixel 25
macro 100
pixel

strip 100 10-50mm

Central Tracker

7 Fwd-Tracker Wheels 4 strip layers

» .4 macro-pixel layers
." »1 pixel circ.-elliptical-layer
o .":'_1 pixel circ.-elliptical-layer

striprings - .
. . e
macro-pixel ring “J
. . L]
pixel rir -

B v 4 macro-pixel layers

[ 1 pixel circ.-elliptical-layer

A e e ee s 1 pixel circ.-elliptical-layer
1 v o circular-elliptical beam pipe

13
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1'4; Yellow: barrel sensors
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1o° TR B e B for high momentum n~4.5
Passsmee= M_-;_“:’,H tracks at n ~ 4
T 5 > 100 Gev - pr and impact parameter
e resolutions (from tkLayout)

show high performance over
wide n range. 14



Calorimetry

- High performance
¢ : ’ ~84
accordion’ geometry ot — b

EM Barrel (In|<2.8), | Be et
inside solenoid / dipole

A
53; EMC-Barrel

Solenoid

- Plastic-scintillator HCAL N oo B
. FEC-Plug ug
for e/h separation 23 23

- Finely segmented plugs (W, Pb, Cu) for
compact showering, with Si sensors

- 25-50 X, and ~10Xx throughout
acceptance region

- . - outer copper layer
Baseline configuration 7 coverage angular coverage inner copper layer

EM barrel + small n endcap  LAr -23<n< 28 6.6° — 168.9° ouler CCpp:? E;):r 7

Had barrel+Ecap Sci-Fe (~ behind EM barrel) sainless steel . /2
EM+Had very forward Si-W 28<n<55 0.48° — g:g e -
EM+Had very backward Si-Pb -23<n<-48 -179.1°




MUOnS ‘;’ Muon Barrel g

' 11]

No dedicated = | e 2
outer magnetic § 47.7 ..................................................................... » §
= =

field currently
forseen | | Fwd Tracker --Eentral “v.%v;ﬂker

> Momentum | ' —

measurement in

central tracker.

- Outer muon detectors for tagging / triggering

HL-LHC technologies are more than adequate

- Multiple layers of thin RPCs (1mm gas gap) for fast response
& small (1.5cm diameter) MDTs for spatial precision

Solenoid

ATLAS Phase-I
RPC-MDT assembly

B sMDT Multilayer 2

16



Outgoing electron Beamline Instrumentation
direction contains

€ — Y T | | T | | ) —
photoproduction & 04 b
e-taggers 14-62m and A - 021 ]
photon detector at »—@—rv ::2_ """"""""""""" /,_
around 120m for lumi N RV
(Bethe-Heitler ep>epy) JECSAC o ET . S S —

z [m]

Outgoing proton direction

- Space for +30cm Si-W ZDC at 110m

... could have highly segmented il

design similar to ALICE FoCAL E ol

- Roman pot-based FPS: i ]

~200m (as per ATLAS/CMS - &£~0.1) & +—"F4r—7——
~120m (new > £~0.2) o ;Pjegr(ee | Dt o ol

... Challenge for ‘real’ diffractive  calorimeter

region at lowest ¢ ... v



Low & p-spectrometer
based on FP420?... :m 42 100

-

Zero Degree i
@ ter Calorimeter
el
The FP420 R&D Project: Higgs and New Physics with

forward protons at the LHC

arX1v:0806.0302v2 [hep-ex] 2 Jan 2009

5 F 1 r Detector acceptance [per mil]
~— - : : i A r 1000
p4

ﬂ beom envelope X 12

B 5 = 0.03, It1 < 1:GeV?

—1.5F -------------- m;-~x,-.-,-==~o-.o§1~,~-|u-<«-1»§-ce\ﬁ --------- — ot s : 0
E I:l 56, i 0‘0205’ o< 1 GaV? E 0 0.2 04 0.6 08 1 1.2 14 1.6 18 1200
25 ~""700 200 300 %00 500 50D Good acceptance for 0.002<€<0.013 &>
s {(m)

- Requires access to beam though cold part of LHC
- Low £ can also be accessed via rapidity gap method, but yith
associated systematics
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- Both revolutionise understanding compared with fixed target

- Low X, Q? phase space accesses expected saturated region

- If non-linear low x dynamics can be established in eA at EIC,
they can be fully characterized in both ep & eA at perturbative

Q? at LHeC

—>Ultra-clean probe of passage of struck’ partons through cold

nuclear matter 19
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AR *(x,10 GeV?)

Gluon Nuclear Modification Ratios

from EIC / LHeC / FCC-eh Simulations

| ATHENA simulation EIC-only compared with EPPS’16
: - Factor ~ 2 improvement at x~0.1
- Very substantial improvement

IITIIIXIIIAL

N in newly accessed low x region
E L down to ~10-3
"o -z-| |1o ' x
EIC eA limit
103 EPPS16 Lirmit LHeC or FCC-eh only compared
~102 with EPPS’16
lFCCjB_t‘m‘t - Potential extension to 10
‘r
> G;' HERAPDF2.0 NNLO, xFitter, Ay>=1 '~ 4 v T+ T
8 LHeC LHeC+FCC-eh E wfp E ERE F*ﬁ} E
o -eh § osf ;" o T S LI
o o FCC-el i E:Fw% 7 T e ]
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Final HERA Picture of Proton (HERAPDF2.0)

H1 and ZEUS H1 and ZEUS
1 T T T IIIII[ T T T IIIIII T T T IIIIII T T T T TTTIT E u%=]0Ge\'z E
L 2 = 444 MC NNLO =
u? =10 GeV £ 11 & Hessian NNLO g
f = X S .,
= =12
7105 =
08 L —— HERAPDF2.0NLO | -~ R JE ~ R
* uncertainties: :T ';:; aete,
[ experimental “ 1 o “ 1
] model xu _ o %
[ parameterisation v 095 st
06 wwwwe HERAPDF2.0AG NLO u 03 d
6 0.9 v i \'
10 10 10 10 1 10* 107 10 10 1
X X
0.4 g E 1
=104 s L
g N
"Ec 1.02 7 1 S
0.2 1 1
i 0.98
_ 09
- : — 0.96 i =
-4 -3 -2 -1 C X
10 10 10 10 1 10* 10° 10° 10" < 1 10 10° 107 10" < 1
X 3 3

« ~2% gluon precision, 1% on sea quarks for x ~ 102

 Low x gluon rising in a non-sustainable way at large QZ ...
« Uncertainty explodes above x=10-" and below x=10-3

[High x precision ultimately limits LHC search programme!]
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How to Improve High x

H

—

- Lomans S S y

g R ISE ]

o- i | IIIIIII| | IIIlIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII_I
107 10° 10° 10* 10° 102 10" 1

ep at 18 x 275 GeV
| Best Reconstruction Method for y:

F Electron Method
F eY Method

£y Resolution:

/

HERA data have limited high
x sensitivity due to
kinematic correlation
between x and Q2 and 1/Q*
factor in cross section

EIC fills in high x, intermediate
Q? with overlapping phase space
from different Vs, keeping
kinematic rec’n under control




Impact of EIC on HERAPDF2.0

Fractional total
uncertainties
with / without
EIC / ATHENA
data included
along with HERA

(linear x scale)

... EIC will bring
significant
reduction in
uncertainties
for all parton
species at
large x

dxg/xg

dxu,/xu,

1.2
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PDF Constraints at LHeC:
Most recent study

- Addresses high x in a similar

way to EIC
- Additionally revolutionizes

low x region 2> 10-¢

[ep saturation studies]
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LHeC F,b» (RAPGAP MC,7

Flavour Decomposition = ™ "o e
Precision ¢, b measurements < oo el Te LR
(modern Si trackers, beam oL T e e
spot 15 * 35 um? , increased N R i
HF rates at higher scales). b e e g R Y g
Systematics at 10% level ) M el T ]
~>beauty as a low x observable g’ "t e g
->s, sbar from charged current  ,+ ... o ;
_ gplmec €D 60TO00 GeV® 10 11" Laf A Ewmm o e b
Fow e sbar
Pow s LH.O | e I
E C e ] X
I I e y (Assumes 1 fb" and
R e — - 50% beauty, 10%
R A W charm efficiency
e, Y% 1% uds > c
" e e e e ey S{ mistag probability.
Wiy 5—C==— - 10% ¢ > b mistag)
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Strong Coupling .

A

x

- Adding EIC EIC (high x, intermediate
Q?) to HERA leads to a, precision facror
Of 3 better than world average

from inclusive DIS alone:

20

@ EIC and HERA inclusive data, NNLO:

as(M2) =0.1161 + 0.0003 (exp) +0.0001 (model + param)

- Similar LHeC study improves slightly:

Aas(My)[incl. DIS] = £0.00022,.,..rpr)

- Adding jet data with huge
LHeC Phase-space leads to
exquisite precision on running

coupling way beyond Z pole <

50

40

30

10

T T | T T T T
NNLO

o HERA Inclusive data
QZ, =3.5GeV?

T I T T T T I T T T T I T T T T I T T T T
* HERA and EIC Inclusive data ]

v HERA and EIC(('s = 45 GeV) Inclusive data ]
* HERA and EIC({'s = 29 GeV) Inclusive data ]

[arXiv:2307.01183]

Need to (re)-assert principle that DIS
with current and future data is the way
to measure PDFs and strong coupling
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Data uncertainties: Fit range:
- 5% uncorrelated systematic 2in =D Ge\g
- Statistical uncertainty based on 2fb-" Emax = 0.1




Relative Precision on Diffractive Gluon Density
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Notes in LHeC context:
- Well constrained down to B orz ~ 104 - 10>

- Experimental precision on quarks <2% (direct from data)

- Experimental precision on gluons few (scaling viol’s)

- No statement on parameterisation or theory uncertainties



LHeC and Large Diffractive Masses

- HERA (and EIC) diffractive final states

limited to low masses / p;
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e Precision comparison with theory for jets and charm
e New diffractive channels ... beauty, W / Z bosons
« Unfold quantum numbers / precisely measure new 1- states 30



Exclusive J/¥ in ep v Saturation Predictions
Exclusive physics at LHeC focused on low-x effects ...

Simulated data v

“b-Sat” Dipole model

- “eikonalised”: impact-parameter

- “1 Pomeron”:

dependent saturation
: non-saturating

p —> J/\y + p
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e Significant non-linear
effects expected in LHeC
kinematic range

‘smoking gun’?...
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J/¥ from future ep v Dipole model Predictions

BUT ...
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7(Q) VM

e.g. Exclusive Diffraction in eA

(W)
Experimentally clear saturation signatures A
and theoretically cleanly calculable
effects (eg ‘dips’) in coherent diffraction T
case (eA - eVA)
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separate coherent
from incoherent
(mainly ZDC)
and resolve dips
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- HERA lacked the luminosity 10° acc’nce, p¥ > 5 GeV
for a major DVCS programme
- LHeC simulations show good e

sensitivity at large Q?, low x

g
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- Very different kinematic LR e R = =
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L. o e e G R
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Still to do: —

= Beam Charge asymmetries 100 200 300 400 500 6? 700
- Sensitivity to low x GPDs Q’ [GeV?]



Summary

ep / eA Physics offers unique opportunities in
QCD and hadron structure

EIC and LHeC are complementary, with distinct but
overlapping physics programmes and technology needs

Both EIC Detector-ll and LHeC have challenges in
their realisation, but are essential ingredients
in the medium-to-long term future

Possible timelines place Detector-Il ~5-10 years earlier
than LHeC (possibly much more = FCC-eh)

Clear opportunities to co-develop physics motivations

and detector ideas
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