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Current and Future
ep Colliders
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LHeC Physics Targets and
Detector Implications

Standalone Higgs, Top,
EW, BSM programme
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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




Interaction Region Challenges: Synchrotron

Solenoid - 6m

FEC.-Plug-Fwd BEC.-Plug-Bwd -0107 H Q—X‘ DIPOLE HH W
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- Dipole magnets bend electrons to
head-on collisions with p-beam-1 | |
p beam 2
~ 0.4 e i
- p-beam-2 carried in a different plane £ox il p|beam1
- Synchrotron mitigated with elliptical £ 02" — decmieon —
beampipe, collimators and absorption N (=T 5 o

on the Q0 (normal conducting) quadrupole
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Fluences from collisions and pile-up (~0.1)
are tiny compared with LHC pp collisions




Main Detector Challenges: Hermiticity

- Access to Q%=1 GeV? for all x
requires scattered electrons to 179°

Q?/ GeV?

- Higgs production dominated by
forward jet configurations

- High W exclusive v ]
J/¥ requires lepton W) 0SS
reconstruction up to 179° P P
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The ep/eA study at the LHC and FCC — new impactful goals for the community

(7] (%] 4
WG4 2023 ES 2024 = 2025 E input to ESPP

= typically 2-3 conveners
per theme

= annual ep/eA
workshops (WS)

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

= inform the community
with regular ep/eA
Newsletters

developing a general-purpose ep/eA detector for LHeC and FCC-eh

critical detector R&D (DRD collaborations), integrate in the FCC framework, one detector for joint ep/pp/eA/pA/AA physics

= everybody is welcome
to join

Coordination Panel: N. Armesto, M. Boonekamp, O. Briining, D. Britzger, J. D’Hondt (spokesperson), M. D’Onofrio,
C. Gwenlan, U. Klein, P. Newman, Y. Papaphilippou, C. Schwanenberger, Y. Yamazaki

... A high-performance detector for next-generation highest energy, highest luminosity ep/eA
collisions in a harsh synchrotron radiation environment

... Acombined ep / eA (and perhaps pp / pA/ AA) collider detector (for the first time ever)




Input Material and Connections

LH-.O

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

>rkshop Workshop

What we have already:

- 10 dedicated workshops over 15 years
- Original LHeC CDR (2012)

- Updated CDR (2020)
—> integrating (HL-)LHC ideas

Where we can learn / improve now:

- Connections to new / ongoing European DRD R&D collaborations

- Connections to more specific future colliders (FCC, ILC, CLIC...)
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- Connections to Electron lon Collider



Detector Overview (as in 2020 CDR Update)

All Numbers [cm]

Compact P 1330 oo seseeeessssssssees s .
13m X 9m (Cf Muon Detector o
CMS 21m x 15m, e »
ATLAS 45m x 25m) S HAC-Barrel oo |
Hermetic « 189
- 1° tracking .84

€— /A

acceptance ¢——
forward & backward.

t  EMC-Barrel
v

- Beamline also i
well instrumented |

Modular

Solenoid f

‘Could be built now’, but many open questions:

- A snapshot in time, borrowing heavily from (HL)-LHC (particularly ATLAS)
- Possibly over-specified (eg for radiation hardness)?

- Possibly lacking important components for ep/eA (eg. Particle ID)
- Not particularly well integrated or optimised
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Central Tracker in CDR-Update

- All silicon 7 Fwd-Tracker Wheels +4 strip layers

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

- HV-CMOS MAPS

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

- Bent / stitched
wafers for inner strip rings ¢

layers (as ALICE macrg-iizierlirring 7 5 Bwd-Tracker wheels
and ePIC)

- Semi-elliptical inner layers

- T 4 macro-pixel layers

' \ ........ 1 pixel circ.-elliptical-layer
A e e ee s 1 pixel circ.-elliptical-layer
Pitch (um) o o circular-elliptical beam pipe
pixel 25 50
macro 100 400
pixel
9

strip 100 10-50mm
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Passsmee= M_-;_“:’,H tracks at n ~ 4
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e resolutions (from tkLayout)

show high performance over
wide n range. 10



Calorimetry
in CDR-Update

- ‘Accordion’ geometry r-84

Central

Lar EM Barrel (|n]<2.8), | Fwd Tracker Bl {Bwd
inside solenoid / dipole

A
53; EMC-Barrel

Solenoid

- Plastic-scintillator HCAL Iy oo F
for e/h separation FEC Plug 23

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

- 25-50 X, and ~10A 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°




Barrel ECAL Performanc

GEANT4 response to electrons
at normal incidence

- Benchmarked against ‘warm’

alternative Sci-Pb design

LAr (~25X,)  8.47/VE 6 0.32%

Sci-Pb (30Xy) 12.55/VE @ 1.89%

[cf ATLAS: 10%/J/E + 0.35%]
- Comparable resolution
- Cold Lar version currently

preferred (segmentation,
radiation stability ...)
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Muons

. 2 Muon Barrel E
in CDR § §
Update a DIPOIE oo .
No dedicated é Eg

outer magnetic | Fwd Tracker  Central~ Bwd

. . I - WM& Tracker
field in current | Tracker
design

9 Momentum : Solenoid

measurement in

central tracker.

—> Outer muon detectors for tagging / triggering

Borrowing HL-LHC technologies

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

ATLAS Phase-I
RPC-MDT assembly

W sMDT Multilayer 2

i thin-RPC Triplet 1 3



Beamline Instrumentation in CDR Update

Outgoing electron T 1 oal I Y A
direction: ¢ . ) o1 ||
- Photoproduction 1S = Oj ____________________________ \\_
e-taggers 14-62m and P O P = ook T
- Photon detector at ' — ~

around 120m for lumi 4 pot2iry . \Lpropel-
(Bethe-Heitler ep>epy) 200 100 0 -0 -200

z [m]

0.3

Outgoing proton direction:
- Space for +30cm Si-W ZDC at 110m
... could have highly segmented _

E 00| 1
"

02] 1

0.1]

design similar to ALICE FoCAL

- Roman pot-based proton spectrometer i ‘

at ~200m (as per ATLAS/CMS) U S I —
> fractional proton energy-loss &~0.1 o Detae b 1+

- Also at ~120m (new = £~0.2) 7 [n O-degree

- Challenges to cover lowest ¢ ... 14



Low & p-spectrometer
based on FP420?... *°_* 100

Proton Zero Degree
Spectrometer Calorimeter

The FP420 R&D Project: Higgs and New Physics with
forward protons at the LHC
arX1v:0806.0302v2 [hep-ex] 2 Jan 2009

Detector acceptance [per mil]

B beom envelope X 12

B %= 0.03, It < 1:GeV*

e i e s M Sy SOOI i GOV 00 ez oa & 08 f 11 4 I &
: [ 3 = 0.003, 11 < 1 GeV* | ] 100
R e A R Good acceptance for 0.002<€<0.013 Ex

s (m)
- Requires access to beam though cold part of LHC

- Low & can also be accessed via rapidity gap method, but with 15
associated systematics



2040 All Numbers [cm]

« 720

Modifications for |

T
A A S A

<« 500

5 OTeV p rOto n S : FHc-Endcapi T A B ]“ BHC-Endcap
FCC-eh B

‘Solenoid

r=84
Fwd Tracker Central Bwd Tracker : l

e- N B wi — N
Tracker

EMC-Barrel

Current (limited!)
design is scaled-up
version of LHeC
detector

- Required calo depth

FCCeh Tracker | scales logathmically
11 Fwd-Tracker Wheels ““4 strip Iaygrs . .
s meso sl Teyers ... overall dimensions
“““““ “‘:’:".:‘..1 pixel circ.-elliptical-layer 20X7m retains 1 2_ 1 5

interaction lengths

- Longer tracker (~-9m)
stip rings ¢ to retain 1° acceptance
macro-.plxell ring ° ¢ .
pixel rings * 9 Bwd-Tracker wheels vee t]lted WheelS? 16

Overall length 9.2m, Radius 84cm



Adaptions for Combined ep, eA, pp, pA,
AA Interaction Point?

Promising feasibility study [ Combined hh|eh interaction region

Of prOton beam Opt]CS and e Based on HL-LHC optics and lattice design, the two | | 5% Fiik] ==
: . proton beams must be housed in the same | “ ||, B
maCh]ne_deteCtor ]nterface quadrupole aperture unlike the past LHeC proton e e

interaction design. LHC proton beam trajectories from
1 ’ e Horizontal separation at the IP and vertical crossing angle .
Slide from K. Andre’ (CERN) o e ! the IP to the matching quadrupole Q4

e The second proton beam should have a flexible optics

FUTRT .. . design:
https://indico.ijclab.in2p3.fr/event/8623/ o a relaxed optics design, during sh operation, as it
acts as a spectator beam with an “injection like 10
optics”, £
. . o a collision optics design, during hh operation, to | ~
ReqU] reS Sym metr] Sed realise the HL-LHC luminosity
e Tradeoff between quadrupole aperture and achievable T P v e e
deteCtor beam size at the IP for both eh and hh configurations. X tmm] Xtmm]

Relaxed (left) and collision optics
(right) in a quadrupole aperture

- Mirroring forward half retains eh performance
and would already be suitable for many hh tasks

- Requires a major re-assessment: tracker radiation
hardness, dedicated particle ID detectors,
beamline instrumentation ...

- ep calibration opportunies (hadrons v electron) may benefit hh programme?



Mapping to DRDs:

0
) e';ébé{’o >
already under study
v V N Y &
>y ¥y9oO9g
CEIFEFIIIT
DRDT <2030 2030
Position precision 3134 B . . . .
Low X/X,, 3134 @ © 2000 & &
Low power 3134 @ ‘ ‘ . ‘
(From EC FA Vertex High rates 3134 Y X e 0 @ o
detector? Large area wafers? 3134 ‘ . .
Ultrafast timing® 32 . @ )
Eu ropean R&D Radiation tolerance NIEL 33 D :
Radiation tolerance TID 33 & L)
roadmap) Position precision 3134 & o000 000
Low X/X, 3134 [ ] o000 000
Low power 3134 . . ‘ (] . ® 000
Rk High rates 3134 ) ) [ )
Large area wafers® 3134
° Ultrafast timing® 32 @® )
S l d St t Radiation tolerance NIEL 33 2) =)
e. g. O ] a e Radiation tolerance TID 33 [ @
: Position precision 3134
Devices Low X,
Low power 3134 O 000 OO0 O
Calorimeter® High rates 3134 :
— Large area wafers? 3134 090000 o0
Ultrafast timing® 32 . .
Radiation tolerance NIEL 33 .
Radiation tolerance TID 33 .
Position precision 3134
Low X/X, 3134
Low power 3134
High rates 3134
Thone of Sighe’ Large area wafers® 3134
Ultrafast timing® 32 @ & o0 ® ®
Radiation tolerance NIEL 33
Radiation tolerance TID 33
18

. 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



Comparison with ePIC@EIC

New 1.7 T SC solenoid, 2.8 m bore diameter

Tracking

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

PID

* high performance DIRC (hpDIRC) — ——
dual RICH (aerogel + gas) (forward)
proximity focussing RICH (backward)
ToF using AC-LGAD (barrel+forward)

EM Calorimetry

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

Hadron calorimetry

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

BO detector

semi-inclusive and exclusive DIS
at smaller Vs but comparable lumi

- Optimised for inclusive, w
Tl

- Interesting to compare with
LHeC / FCC-eh - different
reference point from LHC GPDs

BOpf combined function magnet




EIC Tracking Detectors

Backward MPGD Outer Barrel nner Barre Forward MPGD

- MAPS silicon detectors (65nm) s | M"i“’ ) Bmmc_u[m e J [ Fjwam_
... leaning heavily on ALICE ITS3: @
Stitched wafer-scale sensors,

thinned and bent around beampipe
- 0.05X, per layer for inner layers

- LGAD layers for fast timing (~20ns)

Backward Si ; . Forward Si
Disks Si Barrel Si Vertex Disks

EIC Barrel Imaging ECAL

500x500pm? pixel
size developed for
the Amego-X NASA

- 4 MAPS (Astropix) layers for
position resolution

- Interleaved with 5 Pb/SciFi layers for
energy resolution

- Followed by large Pb/SciFi section



EIC Particle

Ildentification :
- SIDIS programme relies on "
n / K/ p (and other PID) separation ...
- Cerenkov detectors at high

momentum, augmented by AC-LGADs /
ToF at low momentum

High-Performance DIRC
o Quartz bar radiator (reuse BaBAR

PYTHIA e (18) + p(275)

-4 -2

bars) eP@detector design — PID
o Sensors: MCP-PMTs

o T1/K separation up to 6 GeV/c

Fused silica Fused silica

prism

/ bar
'

{ L

.

Photon sensor

Focusing lens

Proximity Focused (pfRICH)
Long Proximity gap (~40 cm)

— aerogel container
— acrylic filter
— inner conical mirror

— HRPPD sensor plane

1t/K separation up to 10 GeV/c
e/m separation up to 2.5 GeV/c

O O O O

. — outer conical mirror
77777777 vessel

9/28/2023

Sensors: HRPPDs (also provides timing)

Barrel TOF

1K 30 | R
S| (ees) s
e
n

Dual-Radiator RICH (dRICH)

o C,Fg; Gas Volume and Aerogel
o Sensors: SiPMs tiled on spheres
o T1/K separation up to 50 GeV/c

Aerogel

Sensors

N

Mirrors

AC-LGAD TOF

~30 psec /s =30 um

and central barrel
Forward TOF g

107
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EIC Far Forward Region

B2apf

BO detector

BOpf combined function magnet

Zero-Degree Calorimeter 6 < 5.5mrad Neutrons, photons
(zDC)
~ Hermet]C fo rwa rd Roman Pots (2 stations) 0* <8 <50mrad Protons, light nuclei
(*100 beam cut)
cove rage except fOI’ Off-Momentum Detectors 0 <6 <5.0mrad Charged particles
b . (2 stations)
€am p.I pe BO Detector 5.5 <0 <20mrad Charged particlgg), tagged

photons



Some Open TOpiCS ... including both consolidation and

‘from scratch’ addition of new capabilities

Design / simulation code base development

- Common framework to investigate (integrated) detector response
Detailed synchrotron radiation simulations

- Explore impact on inner regions more thoroughly
Optimising technology and layout of detectors near beamline

- Inner tracker technology / layout (Fluences? Sensor placement close to the beam)
- Forward / Backward instrumentation fully integrated with the IR design

Adding Particle ID capabilities (Cerenkov, TOF)

- (p / n ) ranges / technologies to connect with EIC SIDIS and physics in AA

- Compromises with respect to other detector components?
Developing a Trigger / DAQ scheme

- Understanding the physics and background rates

- Obtaining a (triggered or streaming) concept for data acquisition
Review aspects of the detector ‘inherited’ from ATLAS?

- Are calorimeter and muon designs really ideal for use in ep / eA?
LHeC versus FCC-eh

- Implications of higher energies ... ‘same again only bigger’, or smarter?
A joint detector eh and hh detector?

- Technical challenges in simultaneously serving e-h and h-h studies

- Opportuities for cross-calibration and systematics reduction
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“Circles in a circle”

SUMMARY Philacelphia useu of Ar
LHeC / FCC-eh presents fresh instrumentation challenges

A ‘technically possible now’ LHeC design exists from CDR-
update

Extension to FCC-eh yet to be studied in detail
Many opportunities for new studies and conections ...

- Synergies with EIC detectors that approach reality
- New technologies in European DRD programme &
developments towards future energy frontier colliders

Self-subscribe to the WG mailing list: ep-eA-WG4-structure@cern.ch
24
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