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Proposal for the 2030s — LHeC
| — \

LHeC - ep data in 2030s
» ERL electron ring attached to HL-LHC

 Similar concept than FCC-eh
but realisable much earlier

e £,=50GeV, L~1034%cm2s T

LHeC

« Vs~ 1.3 TeV

» Electron and positron data

* Upto 1 ab1integrated luminosity

» Detector may possibly be shared with ALICE3/HI

((talk by F. Carnesecchi))

Relocatable

 electron-accelerator components can be relocated
from HL-LHC to FCC-hh




Kinematic plane
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Electron-Hadron collisions at the HL-LHC D. Britzger, Y. Yamazaki — Off-shell conference 2021



Accelerator concept
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Energy-recovery linac — a green technology’?

Energy-recovery linacs (ERL) Y R — R
« Well-proven accelerator concept 107 |13 Onsoing () 2 \F.C;";"\ 2
Many facilites exist world-wide o L OSCd/h\l\pmgmx.%mx RN N S
R R S

A new facility comprising all essential features? = ., e ome e
« high-current & high-energy & multi-pass N Nt L N
* optimised cavities & cryo-modules TR ] T . T
« and a beam for collider experiments L \1‘01 prem—

PERLE at Orsay

ERL demonstrator facility for LHeC needs
« 20mA, 802 MHz SRF, 3 turns — operation 2025+

3 turns (160 MeV/turn)

EPPSU 2020 strategy
Innovative accelerator technology underpins the physics reach of

high-energy and high-intensity colliders. [...] The technologies under
consideration include [...] energy recovery linacs

» 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)

» Max. beam energy 500 MeV

Average current in mA

L
@ PERLE

Footprint: 24 x 5.5 x 0.8 m?®
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Accelerator Considerations

ERL geometry

Energy Loss Compensation Energy Loss Compensation

/ Linac 1 / \;

) Injector
Matching/Spreader

Recombiner/Matching

Arc 1,3,5 Arc 2,46
Bypass
Linac 2 \
! /N
Matching/Recombiner A raction Region Detector
Spreader/Matching

« Two SC linac accelerators
» three-pass return arcs

 ERL main parameters

Parameter Unit Value
Beam energy GeV 50
Bunch charge pC 499
Bunch spacing ns 24.95
Electron current mA 20
trans. norm. emittance pum 30
RF frequency MHz 801.58
Acceleration gradient MV/m  20.06

Total length m 6665

* Q-parameter of 5-cell prototype

Qo(2K)
@ Five-Cell Cavity

1lell
““”*M%

v

1e10 quench limit

Subtracting 0.5 nQdueto NC
RF losses in SS blank flanges

0 5 10 15 20 25 30 35
Eacc (MV/m)
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Beam optics & Front-to-End Tracking studies

Electron beam optics
» multi-turn acceleration to 50 GeV ;Z 0%
» Sequence of linacs and arcs yield strong B w§
focussing and large vertical B-function in the e 0l
mini beta quadrupoles i o
» Other peaks between linacs and arcs 5
Front_to_end Tracklng Fig. 22 Representation of the beta functions and the beam

energy along the multi-turn ERL operation.

« Emittance growth during the three turn
acceleration | | |
. Tracking front-to-end for 1/3 of LHC circumference ERL with 50 GeV electron beam
« Good agreement between anlytic result and 10 o T v e
simulation
» Excellent beam transmission and energy
recovery efficiency is achieved, including
synchrotron radiation and beam-beam disruption.

— - Ael Tracking with non linear beam-beam at IP

Ael Tracking with non linear beam-beam at IP
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;:Ap / p a_t I_P ggogé ;770 880?53 (’:;j 88033 ? Fig. 23 Emittance growth along the curvilinear coordinate
TANSIIISSIoN : v : 0 ) . for the largest ERL design, corresponding to 1/3 of the LHC
energy recovery 97.9 % 96.7 % 95.4 %

circumference.
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Two HL-LHC operation modes
* hh collisions at IP1,2,5,8 — no e beam
e eh collisionsatIP2 and hhatlIP1,58

- non-colliding p-beam: symmetric orbit bump & vert. crossing

Three beam interaction region
e |LHC proton beam optics

CMS LHeC ATLAS 5
— 4

1[)4 o

LHCb
70%]03 E 4

600 +
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Distance from IP2 [m] efecro : —~— ot

Taxjg s o

At IP2: same vertex for all interaction types (ep, €A, pp, AA) = optional hh running with LHeC-detector. J
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Interaction region design

Schematic view of focusing & beam separation scheme

Half quadrupole QO with proton =
and electron beam enveloppes Half quadrupole Q0 magnet design

[ Different beam rigidities ) dipoles j
(B#*p)p, =23333Tm A
(B *p)e =167Tm | — | -1 [ — - P
QAL QA0 QD QOF BO IP B0 QOF  QOD QA0 QALl S

" Same beam sizes at IP

» First SC proton quadrupole (QA1) B) = Bule) By(p) = By (e)
— needs to re-match the proton optics \'
- fleld-free region for electron beam

_/

optical functions of the electron beam
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Physics

Electron-Hadron collisions at the HL-LHC
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Deep-inelastic electron-proton scattering

Polarized e p cross section
TT II| II| T

Neutral current scattering Charged current scattering
ep - e'X ep - v, X

e'(k")
e(k)
g Y/Z(q)

Deep-inelastic electron-proton scattering mediated
in spacelike regime, by vy, yZ, Z or W-boson exchange Q? [GeV3]
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Direct probe the structure of the proton - bound together by QCD dynamics
— Very rich physics in ‘hadronic final state' X ...
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Higgs physics

DIS Higgs Production Cross Section
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» Higgs-production cross section ~ 200pb
 Sensitivity to six decay channels
bb, WW, gg, TT, cc, ZZ

(see also talk by M. Schott)

0.50

0.00

Higgs in CC and NC DIS

Ve e

5K/% Prospects for Higgs couplings
in kappa-framework

bb ww gg T

M HL-LHC mLHeC M pp+ep
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Proton structure measurements

Color-neutral particle probes the interior of the proton
 Parton distribution functions (PDFs) of the proton with unprecedented precision

» Full determination of all flavors
gg luminosity, ys=14 TeV

gluon distribution at Q* = 1.9 GeV? gluon distribution at Q* = 1.9 GeV?

Relative uncertainty
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Precision Standard Model physics

Electroweak sector Strong sector
* Precision EW physics through inclusive « All aspects of QCD with highest precision:
i N2
DIS measurements (high-Q?) Jet physics, heavy flavors (charm, beauty),
* EW physics in t-channel fragmentation, hadronisation, etc...

— Unique probe of scale-dependence

— EW physics with charged currents  Strong coupling: +0.00016 (0.15%)

T
— World average [ppais)

. Eff.,le 'I. T . I P, I ST =) @ LHeC inclusive jets (expcd. exp. uncert
Sl nzaw p I S|n28w \:’ LHeC'SO T 5”’ 02 A H: ir?cllus:veljemjl[:\wlolp " ’ —
0-06 — — v HERA mlcluswejets [NNLO]
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Top Quark physics BSM

e ve lopquarkphysics  BSM & searches
FCNC, Vi, Vi, top- « Leptoquarks
PDFs, ... e SUSY: R-parity violating & R-parity
V. V. v conserving (prompt Higgsinos )
ud us ub . .
Vo wtit, 4 AL « BSM Higgs: charged higgs....
T Vie Vis Ve  Long-lived particles
« anomalous couplings (VVV.VVVV)
v bl {7 s ek S « Contact-interactions,

g, - NLO+NMLL MSTW2008nnlo ]|
" pRO B3 %81“ 091503. PRO 82 (2010) 054018, (0tal theo
PRD 81 ﬁ 10) 05402

Ao, scale ® PDF L CompOS|tneSS,

My = 172.5 GeV

T

1.Vl * (Meas) + (theo)

- PO S T 1400 £ 000 0000  high-precision EW,
JHEP 05 (2019) 088 B

S L som s 14010081002 . il -
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JHEP 10 (2018) 117 (35.9 o) i
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Heavy ion physics — eA and AA physics

eA unexplored kinematic region

107

&2

106k “**Pb(2750)+e(50), 0.001<y<1

10° =

10*11_—\ Ll L1l L LI | AN L1l L1l Ll L 111
10% 107 10° 10® 10* 10® 102 107 1

[ ] a

Nuclear structure
e Complementary with HL-LHC

(if factorization holds to such low-x?)

| HeC much cleaner measurements,
full flavor sensitivity, TMDs, GPDs, ...

pp and AA collisions

e RN

The updated accelerator-optics define
the IP's of eA, AA and pp running-mode

at the same vertex point
9 )

/

Full physics programme of pp and AA
collision thinkable
= only’ subject to beam-time discussion

\_ %

/'/’/ 7\\'\

Cross-calibration of measurements in ep,
pp, AA (syst. uncertianties, normalised

- measurements)

9

/

Benefit from excellently calibrated DIS-
detector

\_ 4
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Complementarity with pp physics at HL-LHC

« At LHC.. many measurements are (already) nowadays limited by ‘'modelling’ uncertainties,
like PDF uncertainties, parton shower uncertainties, a;(M,), etc...
Several phenomenological interpretations are limited (N3LO Higgs,...), Searches ...

« Low-x: gluonis poorly known nowadays (saturation, BFKL, etc...)

* High-x:

NNNLO pp-Higgs Cross Sections at 14 TeV
20

F T T T
C ATLAS Simulation Preliminary

2 g7 81/%
2 185 5=14TeV, <u> = 2 Stat. & PDF 200 pb ] g s f Hixe2 s
Eg 16 ;—mw fromm; & FJIT, \"Il| <4 [ Stat. @ PDF 1 b —: % 50 _ crrat0 ABMP.120 .
3 I PoF E § ot > 6§ mILC500
12F . 8 f .
' Complementarity:

10 f 47 MMHT1 4
s 4
46 .
: with LHeC 3

as |

ABMP.114

Ve

44

ep & pp
; N3LO Higgs | t L k E ! HI
of wmme T BB N
bb WW gg T cc Zz i

0 01 02 03 04 05 06 07 08 09 1
arbitrary

(=B R L
L O

CT10 CT14 MMHT2014 HL-

with LHeC

Precision measurements at LHeC, and the complementarity of the measurements
will greatly turn the HL-LHC into a precision Higgs facility

\\,
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Detector requirements

Electron-Hadron collisions at the HL-LHC
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Detector Demands at LHeC

Neutral current (NC) ep—eX

 Scattered electron e towards small angle (< 179°) to
access low-Q?events

» Hadron (X) forward-going (high-x)

» Flavour tagging for decomposing PDFs

Backward

Charged current (CC) ep—vX
* missing pT: need hermetic detector*small beam

holes (<1°) + good calorimeter energy resolution

e —

Higgs couplings
» Flavor tagging in forward direction
« Jet resolution for jet mass (m,) reoncstruction

-
Additional demands for AA (and pp) |

Diffraction, top-physics, photoproduction, BSM, ... \phySiCS programme |
No pile-up, much less radiation, etc...
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Updated baseline detector design

1375 All Numbers [em]

“— 487
+— 328
HCAL-Barrel
Solenoid
LAr-EMC-Barra!
+— 95
Tracker Fwd Tracker y
a FACKE . Tracker Bwd NA

FHG-Plug-Fwd
o FE

BHC-Plug -Bwd
186 -

5 £ 73
BEC.-Plug-Bwd

* Based on LHC & HERA experience & HL-LHC plans
» Aim: compact, modular and very hermetic detector
» Coverage: 1to 179 degrees

Main components

» High acceptance
silicon tracking system

» |LAr electromagnetic
calorimeter

* Detector & steering
magnets

* |ron-Scintillator
hadronic calorimeter

* Forward backward
calo (Si/W, Si/Cu, ...)

« Forward (p/n) &
Backward (e/y) taggers

* Muon system

Electron-Hadron collisions at the HL-LHC D. Britzger, Y. Yamazaki — Off-shell conference 2021
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Magnetic field

* Dipole magnet integrated in the detector
to bend electron beam

- Beam-2 p and e brought in head-on collisions

- Beam-1 traversing unaffected

Dipole Dipole
Solenoid

Fwd Tracker Bwd Tracker

EMC-Barrel

* Updated Field values:
- 3 Tesla (solenoid); 0.15 Tesla (dipole) |

02 =

-0.3 T

Re-desigend & optimised IR in CDR2020
Further improvements for this conference

100 100

Synchrotrofi'tdadidtion fan (green)

Circular/elliptical thin beam pipe to accommodate the
outgoing synchrotron radiation fan:

* Specs & Studies from LHeC CDR: Beryllium 2.5-3 mm thickness

* Circular(x)=2.2cm; Elliptical(-x)=-10., y=2.2cm
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Central tracker .

Option: Low-material tracker by DMAPS

« CMOS sensors (HV-CMOS) with
integrated readout electronics

* Thin sensors: small material budget
» 5-8 layers for -3.5<n<4
e >2 hits for-4.2<n<5

--------- 2 macro-pixel layers

=+ 1 pixel layer
=+ 1 circ.-elliptical pixel layer
greees circular-elliptical beam-pipe

to accommodate synchrotron
radiation fan

-

0.8

0.6
0.4
strip rings & 0.2k
macro-pixel rings * ¢ C
pixel rings * ok

0

| Beam pipe (green)

“.‘. 4 strip Iaye_‘rs AL Barrel modules (yellow)
il 4 macro-pixel layers - forward & backward wheels (red)
* & . 1 pixel layer 1.21-

> s 1 pixel CirC.-e”iptiCﬁ'-'ayer | Number of Hit Modules/Layers
» 6-11 layers for -3.6 <n<3.6

22 hits for

-43<n<48

Electron-Hadron collisions at the HL-LHC D. Britzger, Y. Yamazaki — Off-shell conference 2021
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Calorimetry

High-performance barrel calorimeter (EMC)
» New baseline design: Liquid Argon EMC with

readout electrode
v K

absorber

accordion structure (ATLAS like) o gggg%;g; A
« EMC inside solenoid with shared CI’yOS’[at outer copper layer '
stainless steel v
. . . glue - V-
Hadronic calorimeter in barrel s — 7
» sampling calorimeter (steel & scintillating tiles) - '
. 0.030
Fwd/Bwd Calorimeter
* Fine-segmented plugs with compact shower S
* Radiation hard design (Fwd), e/m-separation (Bwd) ol IV N N T
| o (8.47+0.05)% o
-u o [, A _E - \/E @(0318__._ 002) /0 R
S B e e S S
EM barrel LAr —23<n< 28 6.6° — 168.9° SO S i O AN TR T U S B B
Had barrel+Ecap Sci-Fe (~ behind EM barrel) T : : !
T SR CUISIE SIS SR S r e, SEUSS
EM+Had forward Si-W 28<n <55 0.48° — S N S S (NS NN
0 100 200 300 400
EM+Had backward  Si-Pb —23<n<—48 —-179.1° Electron Energy (GeV)

Electron-Hadron collisions at the HL-LHC
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Muon System |

Muons
* Higgs, direct W, LFV, semi-leptonic deca
 tagging, trigger, tracking,...
Baseline layout of muon system
« Use solenoid return as B-field
» Good tagging & trigger capabilities
« 2 stations, each with 3 layers
Muon system

* Thin RPC (Tmm gas gap) — hlgh rate & t|m|ng Some Specifications: ' Rad.Hard.: 0.3 C/cm’
1 U Total area ~ 400 m? y Time res.: ~0.4 ns
(< ﬂS) Single unit detect: 22-5 m? . Spatial res.: lmm (RPC);
° SM DT (P — 1 SCm drl.[:.t tUbeS for preCISG Max.rate: 3 kHz/cm 80 um (MDT single tube)
position measurement LHeC Adaptlon from ATLAS Phase-| RPC-MDT assembly
Possible extensions & studies T 8 R oo oo

§l  sMDT Multilayer 1

* Fwd toroid or outer solenoid g

» Explore twin solenoid option

Electron-Hadron collisions at the HL-LHC D. Britzger, Y. Yamazaki — Off-shell conference 2021 24



Summary

P e e
. ! ournal 0 SICS
The proposed LHeC project ; et
« 50 GeV electron from ERL on 7TeV proton (vs=1.3Tev), |
. . P " i
synchronous with LHC & high-luminosity ep collisions : P R
; s
Very rich physics programme NE—
« Higgs, Proton structure, QCD, heavy flavors, Electroweak, —
HI, top-quark, searches, BSM, etc... PG Gl G D B o
« Complementary and supportive to pp physics at HL-LHC
LHO
Recent updates
« Accelerator-optics define the IP's of eA, AA and pp running-mode at the
same vertex point
« B-field 3.0T, HV-CMOS tracker with 10 layers, accordion-LAr, ... 7\

* Larger silicon tracker (now 80cm in diameter)

» Apparent overlap with HI (A3) proposal (tracker, physics, LHC-P2, ...
- Why not combine the two and make the best out of IP2@HL-LHC?
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