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Introduction:

® Thoughts of combining 1000000
LEP with LHC came from

® Lepton Colliders
FCC-pp

: > M Hadron Colliders 100 TeV
the start (1990’s). 3 100000 — : ==
) » Linear Colliders “EcC-pp M SppC
_ , 6 Electron-Proton Colliders LHC -~ <7 A0Tev
® L HeC idea born in 2005: £ 10000 - = FCC-eh
upgrade of the (H L-)LHC to ch .-Tevatrgn’q’ LHeC CLIC
st >
study DIS at the terascale. S 1000 — - ILC  CLIC ILC
LL) ; - SppS HERA R @
e e & -~ | FCC-ee
- 1SR LEP II
e It should be able to 2 100 - ,  PETRA® SLC CEPr
: S = TRISTAN EIC
run concurrently with = ~oris ® PEP
pp (also FCC-eh), plus s 10 | spgardd ® CESR Tevatron/HERA/
limitations on power = ® ADONE LEP (fermiscale) —
consumption, high luminosity & 1 @@ VEPP2 HL-LHC/LHeC/
for Higgs studies,...= PRIN-STAR e*e (terascale)
Energy Recovery Linac 01 | |
, 1960 1980 2000 2020
as baseline. Year
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Accelerators: ER

The principle of Energy Recovery

other beam for collisions

| @ optimal beam
w experiment  100% brightness develops
; _’. particles

from the injector

Slide by |. D’Hondt

multiple turns towards higher energies
@ beam dump

at low energy

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 .
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Accelerators: LHeC

Loss compensation 2 (90m) Loss compensation 1 (140m) @ Electron accelerator: Energy Recove 'y Linac

60 GeV ERL : :
\ e e in a racetrack configuration.
Linac 1 (1008m) —— = 3+3 turns

Injector
| Lehgths from 1/3rd (60 GeV) to 1/5th (50 GeV) of

HC.
~98 % energy recovery, dump at injection energy.

® |/3rd 50 GeV default choice for the LHeC, 60
for FCC-eh. .
ep and eA oo P
»
modes. Y.

Linac 1 —

_ Injector
Matching/sphtter

Matching/combiner

Arc 1.3.5 Arc 2.4.6

50 GeV ERL

Bypass

N

Linac 2

Linac 2 (1008m)

/ Iz 7N

p3.2 P33

P4

Matching/combiner (31m) IP line Defector

Matching/splitter (30m)
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Accelerators: FCC-eh and PERLE

Underground Infrastructur
John Osborne - William Bromiley - Angel Navascues

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic | 1 LHC [ Not to scale )

® SRF choice 801.58 MHz (same as FCC-ee),
0y(2 K) =~ 3 - 10! for 20 MV/m (5-cell JLab

® To be installed in a four cavity cryomodule for
PERLE@IJCLab as demonstrator of 3-turn, high-
current ERL; | -turn/3-turn mode in 2029/2030.

9/2022 JO+ \/EN12/22/35T6V P—_08

Parameter Unit LHeC FCC-eh
e P CDR Run5 Run6 Dedicated E,=20TeV E,=50TeV
PERLE @ liCLab E. GeV 60 30 50 o0 60 60
international collaboration bringing all AT 11
aspects together to demonstrate readiness of N p 10 1 7 2.2 2.2 2.2 1 1
Energy Recovery for HEP collider applications €p pm 3.7 2.5 2.5 2.5 2.2 2.2
first multi-turn ERL, based on SRF IC mA 6.4 15 20 50 20 20
technology, designed to operate J\rc 109 1 2.3 3.1 7.8 3.1 3.1
at 10MW power regime B* cm 10 10 7 7 12 15
e Luminosity 10**cm=2s~' 1 5 0 23 8 15
njection ener gy e
Electron beam energy MeV 500
Normalised Emittance mm 6 1
VExy mrad — .
Average beam current mA 20 mny/ 1 ab I n 6 yea rs

Bunch charge pC 500
Bunch length

' i [ . 9 R
PGy« Nl
- = g Bunch spacing ns 25
= R == RF frequency MHz 801.58 3 3 — 2 — 1
PERLE — Powerful Energy Recovery Linac for Experiments Duty factor w o ‘ : I l l | ( : ( :O I l , — . ® ‘ : I I l S
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Detector: general considerations

Q> / GeV*
=
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® Detector requirements;

=¥ Large acceptance (Higgs, small x).
=» High-resolution tracking for heavy flavour.

=» EMCAL/HCAL hermeticity (CC, Higgs), e/h
separation.

.
: H

coee DEChy parces

oo SSruck Quan
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Detector: LHeC

10.4mM| ——2

muon detector

e Asymmetric detector concept, forward (proton) and
backward (electron) subsections.

® From SR-optimised beam pipe outwards:
=» Central silicon tracker (HV-CMOS MAPS, 0.2X,, up to

|| ~ 4.5).

* Barrel: 6 layers of vertex locators (pixel), 4 layers of strips.
* Endcaps: 7 layers (forward) + 5 layers (backward) of

strips+(macro-)pixels, 1° tracking acceptance.
=» “Accordion”, ATLAS-like LAr ECAL barrel.
=» Central 3.5 T solenoid + extended dipole ensuring
head-on ep collisions.

=¥ Plastic/scintillator HCAL.

=» Muon RPC chambers.

=¥ Forward/backward instrumentation (Roman pots, ZDC)
for photoproduction, luminosity measurements and
diffraction.

I The LHeC project; 2. Detector.
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Detector: LHeC

Solenoid -6m

® |° acceptance (|77]| < 4.7) required for small x and

.....
. B
* o
e® o
" » »
. "
. ipole - 10m ™
L 0 ",
@ -
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-
L
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H (O . 3 o an CI 6 at th e FC C_ eh) . E EMC-Barrel
e Pileup negligible; less radiation hardness needed "h‘ | BamaiTrack
than at HL-LHC. d — R
e Elliptical beam pipe to accommodate synchrotron ) e |

radiation fan (E. = 114 keV, E, = 6 kW). FECPlu: o s rugew

_—
- = e —

® 3 beams in IR: Q| with large aperture, field-free

region; less demanding in standalone mode. o] TE " ;E A
® Can be installed in IP2 (inside L3 magnet) in 2 01 i
L LT T i - -
ears. oo EEpERiI iR

y ’ ////_/ | L —0.1 - =|,/ h — -

oa T1 | | | L1 | :II: e -

- —— ///./ et / = -0.2 / I
02 | e - S N _— e
/‘///// | | —0.3 A / /
, =

|1 ——
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Detector: other energies

LHeC - HE-LHeC - FCC-eh - HE-LHeC 587

LHeC
489

— I

.- -8

N
@ ssssansssnnnnsnannnnnnnnnnnnsp

‘IIIIIIII%I3I3IO.IIIII--I’ FCC-eh h 1930

720

All Numbers [cm]

=

HE-LHeC still fits

inside the L3 magnet!
® Disclaimer: not

most recent version,
just to show the
increase in scale.

‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII>

2040
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Summary of physics:

Neutral Charged
Current e CurrM
QQ QQ R
X / X
P P
>
o 7
510 E_
o - [] FcC-he
0106:_ [ LHeC
- [ ] HERA
L [ NMC
5
107F 7] BcDMS
- [ ] SLAC =
10+ s
- /lH .
M 3]  Precision — <
- ~ QCD,a,
N p PDFs
10-5— g
> 10 £
1 F
_l_
10 L 1 | 1 1 | | 1

® ep/eA colliders are the cleanest High Resolution

Microscope:

=¥ Precision and discovery in QCD;
=¥ Study of EW /VBF production, LQ, multi-jet final
states, forward objects,...

® Empower the LHC Search Programme (e.g., through
PDFs, a,, EW measurements).

® Transform the LHC into a precision Higgs facility.

® Has unique and complementary discovery potential

of BSM particles (prompt and long-lived).

e It is also a yy facility.

e Overall: a unique Particle and Nuclear
Physics Facility.

T UEEE et . e
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Summary of physics:

Neutral

P

DIS Xsections

Charged

Current e CurrM
e Y,Z (q) e W (q)
QQ QQ S
X / X
P

e p Ep,=7TeV
10°§ — CC — W —Z — t — tt
1 ==- NC H HW = HZ

104 -
103 -

102 -

o [fb]

10! +

100 -

1071 5

1072 15

=
o
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92}
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=
o
W

=
o
N

Expected event counts forL =1 ab~

® ep/eA colliders are the cleanest High Resolution

Microscope:

=¥ Precision and discovery in QCD;
=¥ Study of EW /VBF production, LQ, multi-jet final
states, forward objects,...

® Empower the LHC Search Programme (e.g., through
PDFs, a,, EW measurements).

® Transform the LHC into a precision Higgs facility.

® Has unique and complementary discovery potential

of BSM particles (prompt and long-lived).

e It is also a yy facility.

e Overall: a unique Particle and Nuclear
Physics Facility.
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Parton luminosities:

e PDFs and «a, crucial for HL-LHC
high precision electro-weak, Higgs

up valence distribution at Q% = 1.9 GeV?

Dbar distribution at Q% = 1.9 GeV?

P 2_|III|IIII||III|IIII|I||I|IIII|IIII|III||IIII_ P 2‘I I‘II| IIIIIIII|I II| IIIIIIII|IIIIIIII| IIIII||||||
measurements (e.g., remove o 15
- 01.8- .
essential part of QCD = B
° ) ° " — 1.6 __ 2] & e _:_/\_
uncertainties of gg— H), extension it B PRRRS7 N
o | I Kooy s ,JI!,III!II!;(({/,I,I,’
f hieh h - 1.4 T O SIS o
of high mass search range, non : I e
linear parton evolution at low x: 12 1 R e
saturation. p——— \\\ )
N\
0.8]
0-5 P
. | W ABMP16
| ABMP16 N
® LHeC provides a complete el e ANPORO S NNPDF4.0
. - 4% CTI8 444 CT18
resolution of flavour and gluon Val = MSHTD . wsHT20
i HERAPDF2.0
. . - 0 HERAPDF2.0 it
substructure in single system/ o PDFALHC21 PDFALHC?1 i
. . . B LHeC1ab’ LHeC 50 fb ;i
experiment, in unprecedented . B LHeC 1 ab”
OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII \ l.
o o ° ° k I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII [ |1 II.
01 02 03 04 05 06 0.7 08 09 -0.5
kinematic range (no higher twists, no i S R S R
. . . . X
nuclear corrections,...): implications X
for hadron colliders.
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Parton luminosities:

e PDFs and a, crucial for HL-LHC:
high precision electro-weak, Higgs
measurements (e.g., remove

essential part of QCD

uncertainties of gg—H), extension
of high mass search range, non-
linear parton evolution at low Xx:

saturation.

® LHeC provides a complete
resolution of flavour and gluon
substructure in single system/
experiment, in unprecedented

kinematic range (no higher twists, no
nuclear corrections,...): implications

for hadron colliders.

10°°

107*

gluon distribution at Q* = 1.9 GeV?

||Il|llll’IIII|I||I|I||I|IIII|III|||I|||||||_

o
Toeo
IR,

I IIIIIII|
I IIIIIII|

I IIIIIII|

Ko

i ABMP16

B NNPDF4.0

442 CT18

s> MSHT20
HERAPDF2.0
PDF4LHC21
LHeC 50 fb™

B LHeC 1 ab™

R

.ottt 5 O

I IIIIIII|

I IIIIIII|

IIII|llIIIIIII|IIII|IIII|IIII| Il

X

0.1 0.2 0.3 04 05 0.6 07 0.8 09

Ratioto CT

gluon distribution at Q% = 1.9 GeV?

5 IIIII| [ IIIIIII| [ I|IIIII| [ IIIIIII| [T TTTI
Y ABMP16
B NNPDF4.0 ]
4 %< CT18 |
s> MSHT20
HERAPDF2.0
PDF4LHC21
3 LHeC 50 fb™
I LHeC1ab™
2
il I! i M
::::::5:3:5:;:;:;:;:;_;:5;:;:;:;:;::::::::::;:.:'::::::;:.:_:'. |’l |'||||! - 7’;‘ '::Zz. uuuuu
1 RO R st V ':;::':‘:" -
B RO ::iz?":?
0 7
_1 IIIIIII ,’Ikﬁ\::lﬂ IIIII| | | IIIIII| [ | IIIIII| R

107 10° 10> 10* 102 102 10"
X
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Parton luminosities:

e PDFs and a, crucial for HL-LHC:

: S~ : Gluon-gluon luminosity at Ecy = 14 TeV, Q = 125 GeV Quark-antiquark luminosity at Ecy = 14 TeV, Q = 91 GeV
high precision electro-weak, Higgs , ety e BEVO O -
wosp o PopaHca Tt ] peef o PoRaHC T T
- e ropec onla ; ; : ; : e royec onla ;
measurements (e.g., remove — NP — NP |
1.04 b = MSHT20 R SO AP ... .. —— - = === =~ 1.04 b = MSHT20

essential part of QCD
uncertainties of gg— H), extension
of high mass search range, non-
linear parton evolution at low Xx:

— ABMP16 — ABMP16

Ratio to PDF4LHC21
Ratio to PDF4LHC21

0.96

saturation. | o S | iy
Gluore huon lminosty st Eg 100 &Y Quarcsntiquark lumincity t oy = 100TeY
e LHeC provides a complete [ e N
resolution of flavour and gluon — : :\E‘r“ﬁi
substructure in single system/ = :
experiment, in unprecedented i " el
kinematic range (no higher twists,no

0.1 0.1

nuclear corrections,...): implications 1) 1)
for hadron colliders.
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QCD:small x and o,

® Breaking of standard factorisation: resummation

and new non-linear regime of QCD, implications for |
FCC (e.g., gg— H). Aa(M,) (incl. DIS) = £ O.OOOZZ(GXP +PDF)

oAt PGS  Sotaon e e < 109 Aa(M,) (incl. DIS & jets) = = 0.00016(eXp +PDF)

® o to per mille accuracy (incl.+jets):

L) LB 'S = == S S e - —— LA A LA A A

E T R - 0.9F— - :
0.asE—|SEpre-fit - E == pre-fit =
J: : 0.8: : Am lllll 1 | 1 llllll I | I llllll | 1 | llllll
oaE—#post-fit = a7k w4 post-fit = = — World average [poa24] .
- . - S = (7 —
5025 - = § 0o = = 0.20 ¢ LHC and HERA dijets [NNLO, 2025) |
o 02 T S = s 0.5 : | e*e jets/shapes [NNLOsres) i
- o oR o s ARANY - 0.4E : - B ) _
Bo.1sf e = 8 E WE ~ : + EW fit poa24)
- 48 s RN - 0.3F o s - - -
0.f e - E R i -
, T S : W ; 015 - _
00 RN = 01— R : '
. e RS N — TR 2| P P A N 1335 TR S e - - 7
< 08 08 1 12 14 186 % 2 3 ﬂ 8 7 a a - —
fwl li-cl e
Post-it results 1o LHeC (500
N T e - 0.10 _Future projections .
DGLARP fit to o« i DOUAP pseudo-data 1 DGLAP fit to "7 L # LHeC inclusive jets _
0.4F 5353535 E : LHeC a.(m_.) (DIS and jet R
DGLAP ' [, S plasto-dule : - a5(M,) (DIS and jets) -e -
s AAAAAAA - Z @
0.35F : saturation _ A FCCee (Z-pole) A -
pseudodata B o03f : pseudodata Smman ———+HH —t—t—++H —t—t——+++—o
3025; o = Py - - LHeC jets (piojection) 0(m,) projections —e'e jets/shapes -
% g W B = - LHeC a(m,): 0.14%(expsP0F) =
o %% RIS N : © {01 L LHCandHERA FCCeea,(m ): 0.12% (expepary W L .
0.15E L HIH = = = v ’ =
o1 S A e e . Ll :
0.05E H SRR 7 A S, - > 1072 o
E RN RN AN e e i ; . = =
0- 1 A M" - m : :
0s 08 1 1 14 18 18
2 /ﬁ“ oC -3
xlm 10 lll 1 1 1 1 1 | lll a

10 100 1000 10000
u_ [GeV]
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QCD:small x and o,

- @ Breaking of standard factorisation: resummation

and new non-linear regime of QCD, implications for |
FCC (e.g., gg—H). Aa(M,) (incl. DIS) = £ 0.00022 ., ppp

Aa(M,) (incl. DIS & jets) = £ O.()O()16(eXp +PDF)

® o to per mille accuracy (incl.+jets):

Am LI I | | 1 L I 1 | 1 LI L I LI I

= — World average [ppG24j N

w -

= 0.20 ¢ LHC and HERA dijets [NNLO, 2025 |

proton 197Au = { e*e jets/shapes [NNLO+res) -

F; difference (%) F; difference (%) B , _ _

¥ EW fit pDG24]

60 60 - -

llo llo 015 —

~ _ _

>
. i _
O -0 -0 . . _
> 010 |_Future pijectlpng |
o ¢ LHeC inclusive jets _
-10 -10 | LHeCag(m,) (DIS and jets) e _
Z ®-

| 4 FCCee (z-pole) *eod _

60 60 Smmas —t——+H —t—t—++H =

10— 103 1072 2 = [ LHeC jets (projection) a,(m,) projections —e*e jets/shapes 3

X - = LHeC a,(mz): 0.14% (exp+PDF) _

g 107" LHC and HERA | Feceeay(m,): 0.12% s —EWfit |

@ = -

< - ]

S5 102 E

3 of f

1 O 1] l 1 1 1 L 111 I 3
10 100 1000 10000

u_ [GeV]
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QCD: small x and «,

- @ Breaking of standard factorisation: resummation

and new non-linear regime of QCD, implications for |
FCC (e.g., gg— H). Aa(M,) (incl. DIS) = £ O.OOOZZ(eXp +PDF)

Aay(My,) (incl. DIS & jets) = £ 0.00016 ., ppp)

® o to per mille accuracy (incl.+jets):

Am LI I | | 1 L I 1 | 1 LI L I | 1 | LI I
= - — World average ppa24] N
w -
= 0.20 ¢ LHC and HERA dijets [NNLO, 2025] .
- t e'e jets/shapes [NNLO+res] -
1.0 - 5 ¥+ EW fit (roG24) ~
0.8 Z hadronic decays B m
§' mEm W hadronic decays 015 —
—~ 0.6 Inclusive DIS + jets B .
NEN N Deuteron + spin-dep. SF - -
~ 0.4- Im Bjorken sum rule + PDFs B .
o] - . - ) -
< = ;vheanc::r::;c :: c::: jet rates 0.10 [ FisiEe projeciions B
0.2 B ) " L ¢ LHeC inclusive jets _
| LHeCo(m_) (DIS and jet e i
o 05(M.) (DIS and jets) *oq 3
. _ A FCCee (Z-pole) —
oS 7 ) > E””I —t+— :::::lax(mz):pmj;c&:m;::::l -+ =
ro’ European Strategy . E E - LHeC jets (piojection) LHeG c&(mz): 0.14% o —e'e’ jets/shapes E
g 107" LHC and HERA | Feceeay(m,): 0.12% s —EW |
@ = -
8 n -
S5 102 E
3 o :
1 O 1] I 1 1 L L 111 I 3
10 100 1000 10000
u_ [GeV]
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Implications on Higgs:

‘e PDFs+a.

Vs [TeV] Ogq—sH |PD] TH uncertainty PDF+as uncertainty Total
measurements at Ref. 39 Ref. s2 | S2+LHeC | Ref 32 | S2+LHeC
the LHeC reduce 14 54.7 239% | 2.0% | 32% | 1.6% 0.5% 51% | 2.6% 2.0%

"~ , , O ‘ O 9 90 O O O ‘ O O
very strongly the 927 146.6 4.0% | 20% | 33% | 1.7% 0.6% 52% | 2.6% 2.1%
100 R04.4 42% | 21% | 3.7% | 1.9% 0.7% 56% | 2.8% 2.9%

corresponding
uncertainties in the
Higgs cross section.

ggH production cross section —- effect of small-x resummation

125 GeV

114 F N3LO usmgfo PDFs -
‘ N°LO using res PDFs ™= ™=
N°LO+LL using res PDFs “F Hp =my/2
112 F N°LO+LLy,, using res PDFs — -~ — P
.0. PDFs: NNPDF31sx_nnlo_as_0118 1805.08785 /
1.1 [ res PDFs: NNPDF31sx_nnlonlix_as_0118 7
— / ’
9 1.08 -
. band: PDF uncertainty e
o 106
Re,
€ 104
102 [
1
0.98 [=—

S

10

® Also constrains
the mass in the

SM indirectly in 6
EWK fits (mostly 4

effect of myy):

8

2

e Sizeable effect of the type of factorisation at small x.

- Measurement
= EWK Fit (2025)
EWK Fit (HL-LHC + LHeC)

= Reduced Theory unc.

lllllll_

lllllllllll

\
s
\"
\“
\“

s
’
~l
4

80 90 100 | 110 120 130 140 150

M, [GeV]
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Implications of eA on pA/AA:

® cA 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.

|

)
0
O
)
Gluons from saturated nuclei = Glasma? -2 QGP = Reconfinement
— L 'l L3 1} L] T 1T 7 I]’
01'* . '\ ['ix&d Q) g 194 Ratio e Pbhi/ep [NNLO TUUUZ21) j
> ' HERAPDF2.0 NNLI(.).'iFI“.Of.'»\"(‘:'.f' { g PDF uncertaanty e-Fiie-p [TUJUZ1]
8 - LHe LHeC+FCC-eh DENSE 5
y REGION | S
= | ap :
- £
X s f g
g - e |
a o, . eA 08" | Hec posudo-data
m?{ a DILUTE : ‘. E + e-Pb/e-p (3 am)
(],_ ) ‘.’.f.- RECION ' 07—l M a4 a sl
~ | . 10 107
In A Py (GeV]
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Riggs physics: cross sections

Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh
E, TeV 7 13.5 20 50
NE TeV  1.30 1.77 2.2 3.46
ccc (P=-08) fb {197 } 372 516 1038
onc (P=-0.8) fb 48 70 149
cocc (P =0) fb 206 289 577
ONC (P — ) th 41 04 127
HH in CC fb 0.07 0.13 0.46

Number of Events

Charged Current  Neutral Current ;

@ Cross section for NC and CC Higgs production “hannel Traction Theh SE TP @

, , bb 0.581 } 1208000 14000 175000 5

through VBF makes study possible with foreseen WEW= 0215 | 447000 5160 64000 g

. .. C. . . o qg 0.082 171000 2000 25000 f'_'

luminosities; initial estimate of gyHH to 20 % accuracy -+ o063 131000 1500 20000 N

cc 0.029 60 000 700 9000 T

at the FCC-eh. ZZ 0.026 { § 54000 620 7900 —

- - - - - - 0.0023 450 5000 55 700 O

® NLO contributions < 20 % with shape distortions. > o= 20 00 2 1% S
. o o +,, — ) ) . -

e Large Higgs dataset for precision measurements. Py OO p @ S " X
o [pb) 0.197 1.04  0.024 0.15
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Higgs physics: k-framework

® x.:coupling strength | 5 o 1
l PINg S Uz?c=0c.”c b"z"fif&-"\'-i’z

modified parameters, ; K5br;
powerful method to ,
: : i 2 9
parameterise possible ONCc = ONC bri - KZzKi =
Ej njbrj

deviations from SM couplings.

§ 8.00
e Standalone study yields § 7 e
few % uncertainties °007 Ep=
assuming SM branching >0 HeC 7TeV LH.O
fractions weighted by the 4.00 WFCCeh(22) 20TV
measured k values, and 3.00 fCeh (35 SoTey
I, ; (c.f. CLIC model- 2.00 - I
dependent method, 1% > - l I I_
1608.07538). 0.00 ~ U.Klein at ICHEP2024
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Higgs physics: k-framework

® k;:coupling strength
modified parameters,
powerful method to
parameterise possible

. FCC-hh LCFmso | CUC;&O FCC—eezmw;zw . MUC101’9V
B LCFzzsusso . CLIC 30500 | S ——
+FCC-hh !
___________ | B ccFosassoon [ CLICss0ns00000 B Fcc-ee + Fcc-nn £
Europe n‘ihatr\j)
68% probability sensitivity - All scenarios combined with HL-LHC TR T

deviations from SM couplings. 28
z..
e Standalone study yields
few % uncertainties iy
assuming SM branching g0
fractions weighted by the ‘s
measured k values, and
I, ; (c.f. CLIC model- 7"
dependent method, ¥
1608.07538).
IThe [HeC project: 3. Physics. 17 N.Armesto, 16.10.2025




Higgs physics: k-framework

® k::coupling strength
modified parameters,
powerful method to
parameterise possible

deviations from SM couplings
(SMEFiT, 2105.00006).

e | HeC PDFs+a, improve all HL-
LHC results:

=¥ Significantly «;, ., K,
=?» Greatly x;, Ky, K.
=» First time k...

10

Uncertainty [%)]

Uncertainty [%)]

Fermion Modifiers kappa-3

144

[o—
)

B HLLHC

B HLLHC(improved)
| MM HLLHC(improved)+LHeC
| EEE HLLHC(improved)+LHeC+FCCee(240)
B HLLHC(improved)+LHeC+FCCee[2404365)

first time ever

L.oop Modifiers kappa-3

S MEFIT

Uncertainty [%]

{1 Il HLLHC

B HLLHC(improved)

| M HLLHC(improved)
[ HLLHC(improved)+LHeC+FCCee(240)
B HLLHC(improved)+LHeC+FCCee(240+365)

+LHeC

S MEFIT

104

»a

-y
-
i

Vector Modifiers kappa-3

o

BN HLLHC gMEFiT

B [HLLHC(improved)

B HLLHC(improved)+LHeC

0 HLLHC(improved)+LHeC+FCCee(240)
B HLLHC(improved)+LHeC+FCCee(2404365)

017014

Ky Kz Bryy [95%] Bruna [95%]

©

J. D’Hondt at the
Open Symposium
of the ESPP2026

Note: latest HL-LHC
projections (2504.00672) only

change sizeably K> Kz, wrt.
2020 ESPP ones.
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Higgs physics: k-framework

e SMEFIT, 2105.00006

@ HL-LHC

T Vector Modifiers kappa-3
. HLLHC = .
5 B HLLHC(improved) > MEFIT
BN HLLHC(improved)+LHeC
BN HLLHC(improved)+LHeC+FCChh
BN HLLHC<+FCChh

o

e

effect of LHeC on FCChh

Uncertainty [%]
=

—
b

s ||@ 0 | 1 |IIII il |II|| “||| ||@ ||ﬂ I| |I[

Br.(unt.) Z Zy (x0.1)

0 _
()-

Br(lnv

A HL LHC W HL-LHC (imp.)*LHeC W HL-LHC+LEP3 [l HL-LHC(imp.)*LHeC+LEP3 B HL-LHC+FCCee(240) ]

e L HeC combines well with LEP3 ® LHeC needed to fully unlock the
wrt. FCCee(240). potential of FCC-hh.
|]. D’Hondt at the Open Symposium of the ESPP2026 Note: latest HL-LHC projections (2504.00672) only
change sizeably K, K7, wrt. 2020 ESPP ones.
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VWV mass:

arame ni ‘alue ncertainty
® PDFS"‘CI measurements at the Parameter Unit Value Uncertainty
\) . Present HL-LHC HL-LHC+LHeC
LHeC reduce the corresponding mz MeV 011876 21 <2 <2
uncertainties in the EWK parameters v MeV 30233619'§ ‘ 0:)36316 . gggw o 3008
S Vegy 23152 | 0.00016  0.00016 0.00008 }
at the HL-LHC. Mtop GeV 17257 029 <02 <02
s 0.1179 0.0010 0.0008 0.00016
;I 20 B | | | ] T ] T l T T
Q o FATLAS Simulation Preliminary e W-boson mass | |
= PE s 14 TeV, <u|> =2 I Stat. ® PDF 200 pb' 3 HL-LHC + LHeC PDFs X | Amw = +|3 MeV
€ 16 m, fromm: &p_, <4 1 Direct measurements
< — T Stat. ® PDF 1 fb - AM _+5 6 M
— - —TD- eV LEP2 °
141 [ POF . w Tevatron .
oF 1 (HL-LHC) ATLAS .
B ~ CDF ——
10 — +3 MeV (H |- Indirect determinations
- LHeC-50 —
8F LHC + LHeC LHeC-60 e
6
- PDFs) FCC-eh o
41 FCC-eh + LHeC-60 ¢
5 - arXiv:2203.06237
= \ PDG [2020] | ° |
0 CT10 CT14  MMHT2014 | |80.351 — 180.4 1
m,, [GeV]
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VWV mass:

® PDFS"‘ a. measurements at th a Parameter Unit Value Uncertainty
S . Present ~ HL-LHC ~ HL-LHC+LHeC
LHeC reduce the corresponding mz MeV 011876 21 <2 <2
uncertainties in the EWK parameters oA vl G oo ]
sin” @ g 2315: OC l, - b.oooie  0.0000 »'
at the HL-LHC. Mtop GeV 172.57 020 <02 <02
s 0.1179 0.0010 0.0008 0.00016
theory W-boson mass
FCC-ee(2) i -
& Wi experiment HL-LHC + LHeC PDFs x| Amw= |3 MeV
Fcc-ee(l)- (1) olete- >W+W-) Direct measurements
threshold scan LEP2 ®
LEP3(2) (2) Constrained my fit Tevatron o
ATLAS °
LEP3(1)- L) CDF ——
e g Indirect determinations
LC(2) . LHeC-50 ——
LHeC-60 ——
HHeCHRL-LHC e——
FCC-eh ¢
HL-LHC _ FCC-eh + LHe(C-60 e
arxiv:2203.06237
LHC PDG [2020] | ° |
o > A pa 2 80.35 80.4
Am,, [MeV] m,, [GeV]
IThe [HeC project: 3. Physics. 20 N.Armesto, 16.10.2025




EVV mixing angle:

e At the LHeC, many EWV physics

0.245

0.240

0.235

sirf 0, (1)

opportunities (spacelike vs. timelike in
e*e- /pp) through PDF+EWV fits:W&Z mass, -

sin’ 6"?],7’1 and its running, V and A NC/CC
couplings to light quarks, triple and quartic

Future projections

B MOLL;E'R

P2(H) 1
APV(Cs) P2(C)

- ¥ Future LHeC projections

¢ Existing data

- 1 Future fixed target projections
 § Future EIC projections

Qweak

eDIS

> | | | o | | |

" = LHeC
© _

couplings,... g 1g2) aovice - cic
O - LEP1
5 X Dl B l::ft,
Q>) LHC
= MOLLER (bR
E —3 P2(H u
:I | I | o | | | | | | | | e | | | I | | | | I | | 1 L I N
-3 —2 —1 0 1 2 3
Iogm(p. /GeV)
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EVV physics: couplings to light quarks

o Coupling of y,Z,WV to light flavours not accessible in other
processes; also BSM contributions (e.

framework) and running are measurable.

g1 =

gy =

\//ONC,f I]if y

v/ PNC, f (Iﬁ,f —2Q7fkKy sinzéw)

| | | | | l
I FCC-eh

.1 LHeC-50
0.4 H1
| --- LEP & SLD
- . DO ¢

0.3~ SM

0.2k

0.1_—

. .
. .
.
Y
.\
g “ .
- \\ \
=3 . N '
— . ) -
- ~
. ~
— o ~
i b Y
) Y
- Y
- A
: b
. Y

'
.
.......
-
»
-t

g.,in the SMEFT

| | | I
FCC-eh

O[] LHeC-50 d | —
- H1 |
----LEP & SLD
— DO
—Q2— ~SM -
_04\ —
- i~ .
g e e
0.6 m
X 1 1 | 1 |
-0.6 -0.5 -0.4
%

2007.11799,2203.06237

\/'ONC fFPNC, f IL f

f
§A
{/’ \/'ONC FPNC, f (IL o 2Qfl(fl(f SIn” 9w)

I I I I I I I I I I I I I I

" All fermions N
O HFcceh _

- B LHeC-60
D LHeC-50

1 005 I ILEP+SLD Ieptons uncertainty only)

0.995 i ' =

[[_]FCC-eh
-l LHeC-50 - SM
[ LHeC-60

0.99}

0.98L
10

IIIII | | L1 11 ]
100 1000

(@2 [GeV]
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EVV physics: couplings to light quarks

o Coupling of y,Z,WV to light flavours not accessible in other
processes; also BSM contributions (e.

framework) and running are measurable.

v/ PNC, f (Iﬁ,f —2Q7fkKy sinzéw)

f 3
gA T \//ONC,f IL,f y
/o
8y =
I | | | | I | | | | ' |
I FCC-eh
[ /1 LHeC-50
0.4-FRH1 U -
- LEP & SLD
L. DO .
Y \
az} -
0.1F -
-
0.4

g.,in the SMEFT

\/'ONC fFPNC, f IL f

f
§A
{/’ \/'ONC FPNC, f (IL o 2Qfl(fl(f SIn” 9w)

| | | | I | | | | | | | |
- FCC-eh d
O LHe(C-50 | -
- H1 |
--—-LEP & SLD
— DO
—Q2— ~SM -
_04\ —
- I~ -
g e e
06 =
X 1 1 | 1 |
—-0.6 —-0.5 -0.4
9

0.995

2007.11799,2203.06237

- All fermions
101 — Ecceh

- B LHeC-60

g LHeC-50

.._.J

LEP+SLD Ieptons uncertainy only)

I I I I I I I I

0.99}

0.98L
10

FCC-eh

- Il LHeC-50
" [ LHeC-60

——- SM

IIIII | | L1 11 ]
100 1000

(@2 [GeV]

T UEEE et . e
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EVV physics: couplings to light quarks

o Coupling of y,Z,WV to light flavours not accessible in other
processes; also BSM contributions (e.g., in the SMEFT

framework) and running are measurable.

o) =

ol =

/ PNC, f Iﬁ,f ,
\/ PNC, f (

3
IL,f

20y sin’Oy )

£ \/'ONC f/ONCfILf,
f
8v

\/ch fPNC, f (IL o 2Qf/<f/<f sm29w)

" All fermions s I
O HFcceen _

-l LHeC-60
" [ ]LHeC-50

1.005+ [ _1LEP+SLD Iept(;ns (uncertainty only)  —

“LEP & SLD

— 0.995

T ————
([ JFCC-eh ¢ Hidataff -
1 02 -_- LHeC'SO o - SM _—
[ LHeC-60 i

-0.6

0.4

1.01

_8
Q

1

0.99}

I 1 lllll | | L1 11 ]
0'981 100 1000

2007.11799,2203.06237 (e

IThe LHeC project: 3. Physics.
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EVV physics: couplings to light quarks

o Coupling of y,Z,WV to light flavours not accessible in other

2306.05564
processes; also BSM contributions (e.g., in the SMEFT Oup = (! Du‘p)*(‘p’r D" )
framework) and running are measurable. 0% — (o' D, 710)(g7"7q)

g,{; — \/PNC,f IE,f . 95% CL A_lTeV 17dﬁt
o 0s———T—
g{; — \ /ONC,f (I]if — 2Qf Kf Sln29W) ] f

0 Joint EIC
0 Joint LHeC

0 Joint FCCeh -
1| A S :

—-10 ) 0 5 10

-0.6 -0.5 -0.4

2007.11799,2203.06237
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Top physics: CKM

l ® At the LHeC, limits on several CKM

matrix elements can be set using single
top production (Vw to |% at the
LHeC): polarisation essential.

~

LHeC o~ 1.9pb
FCC-eh o0~15.3pb

Vub
Vcb
Vi

Vud
VCKM - Vcd
Vid

Vis
VC S
Vis

ATLAS+CMS Preliminary O meas
LHClopWG wVipl = \

tcc

«  NLO+NNLL MSTW2008nnlo
091503, PRD 82 (2010) 054018,

PRD 83 2011;
PRD 81 (2010) 054028

AG, .. scale & PDF
Myep = 172.5 GeV

t-channel:
ATLAS+CMS 748 TeV'"~
JHEP 05 (2019) 088

CMS 13 TeV’ —t——ip
PLE 800 (2019) 135042 (35910 "

ATLAS 13 TeV’
JHEP 04 (2017) 086 (3.21b7)

tW:

ATLAS+CMS 748 TeV'’
JHEP 05 (2019) 088

ATLAS 13 TeV’ ,
JHEP 01 (2018) 63 (3.2

CMS 13 TeV T ———
JHEP 10 (2018) 117 (359 '

s-channel: |
ATLAS+CMS 8 TeV"
JHEP 05 (2019) 088

all channels: |
ATLAS+CMS 7+8 TeV ™ ——ry

JHEP Q5 (2019) 088

FCC-eh

M
| 2 3 2 | 2 2 3 |

from single top quark production

f nnmdng top-quark mass uncertainty
NLO PDF4LHC11 (NPPS205 (2010) 10, GPC191 (2015) 74)

m Iudlnq t:earr energy uncenanty

November 2020

bt
total theo

If, Vil £ (Mmeas) * (theo)
1.020 £ 0.040 + 0.020

0.98 £ 0.07 £0.02
1.07 £0.09 £ 0.02

1.020 = 0.090 = 0.040
1.14 + 024 £ 0.04
0.94 £0.07 £0.04

0.970 £ 0.150 £ 0.020

1.020 = 0.040 + 0.020

1 L A L l

gL g _igt Ny N 2
® Also sensitivity to anomalous top B s 0.8 1 1.2 1.4 1.6 1.8
couplings and top FCNC. [fuv V|
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Top physics: CKM

e At the LHeC, limits on several CKM
matrix elements can be set using single

top production (Vw to |% at the L o e W
. . . I—I T | BB LCF 225060 CUIC3s01500 (o P —

LHeC): polarisation essential. [ T PP — PP Bl oo ccirccm .

) P I@I 68% probability sensitivity - All scenarios combined with HL-LHC Eu?wﬂg‘wfﬂ)

LHeC o~ 1.9pb

P FCC-eh o0~15.3pb
Vud Vus Vub

VCK M — Vcd Vcs Vcb
th Vts th

® Also sensitivity to anomalous top
couplings and top FCNC.
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iNngs

anomalous coupl

[

1011

Top physics

® Anomalous couplings can be probed, |
competitive with HL-LHC, plus FCNC and CP violation.
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Top physics: FCNC

® Also top FCNC (suppressed in the SM and enhanced through BSM) or CP violation in top
Yukawa couplings: competitive/complementary with other machines.

|. Cakir, Yilmaz, Denizli, Senol, Karadeniz, O. Cakir,
Adv. High Energy Phys. 2017, 1572053 (2017)
95%CL upper limits <$ ATLAS <$ CMS e e
Pty ok " (1) JHEP 02 (2017) 079 [2) ATLAS-CONF-2018-049 130<Mwb<190 GeV
ach imif assumes that
ol Pt CV S TS 7O [3] JHEP D6 (2018) 102 [4] JHEP 04 (2016) 035 b-tagain
(5] EPJC 76 (2016) 55 (6] JHEP 02 (2017) 028 gging
Theory predictions [7] CMS-PAS-TOP-17-017 [8] JHEP 07 (2018) 176 b
from arXiv:1311.2028 (8] JHEP 07 (2017) 003
2HDM(FV) () 2HDM(FC) [T IMSSM -
CJRPV C_JRS HL-LHC u, C wr V‘\\U‘ 7
wem FCC-ee sen FCC-eh FCC-hh ’ ,_+_,
s LHEC {7, q
: ' - (2]
t—->Hc >
~—9 (1] P 50<M;<100 GeV
(2] .
t—)HU (3] 4x10 N
\\\‘ t_’q-/ —_—
3.5)(10'5 \\\‘ €0 L —
t—yc ” 4
™ La | = 1ab.1
- 3x10° ST -
_)yu (4] O -5 \\\
©w 2.5x10 oo,
t—gc ° .
o N
-5
(€] E 2x10 \\\
(6] & Pt
t_>g u 9@ 6] g 1.5x1 O.5 %
= “—® (€] 1x10°
t—Zc : —® (7]
. 8] 5)(10-6
t—>Zu ~ : (9]
7]/ .‘ llllﬁ_,l lllllll L1 lllllll L.l l'..lllll O
S -6 -5 9 ] | 1 10 2 2.5 3 3.9
107 10° 10° 10* 10° 102 10" A >
em(TeV)

Branching fraction

LHeC FCC-eh
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Top physics: FCNC

e Also top FCNC (suppressed in the SM and enhanced through BSM) or CP violation in top

Yukawa couplings: competitive/complementary with other machines.

Yilmaz, Z%l}i:lf‘ Senol, Karadeniz, O. Cakir,

€
130<Mwb<190 GeV
b-tagging

101 = . _ ' ' '
1A=1TeV HL-LHC CLIC3g ;
- 2 . — __l“,l_“u.\_ B [ .HeC N FCC-ee

100+ LCFsyy I FCC-hh u, c W,f+“y<\\,,, i
§ B .CF:yp MuCs ey =u,c {*.q
) : ) B .CFo B MuCip ey
2 10~ 5 vl ; y f e ———— > 50<M;<100 GeV
.8 e / ./ ) " " / -5
- 2l % ¢ /i) J - 4x10 S R B
& 102 - I B e f |l / l [ - -5 I 20 z

. o/ ./ X N
S b /0 Nl B 3.5x10 oo t-qZ
- ‘“y ) 7 =y . / ’ ! 5 B, Lan'. = 1ab!
g .-/ / 'c/ ’.c/ ../ ’ f 3)(10 \\*\ ¥
w -3 _ N C/ g 7 .‘/ - 51 0 : e
s 10 : ’ A 0RO LB ; - & 25x10° N
a. J / ., W B / / mcn ~E

A0 B . R ' 1 / ;= 2x10™ N

‘Al § v/ o (g B [P S

—4 _ " . i N c ™
10 40 B ; I ; ¢ BN, S 15x10°
e / P - p / / @ ™S
.11 B ./ d |2 Lu_ 5
T " 1x10
Cx Cw Cg Cu Cq Ca Gy Cig
5x10°
O A
1 1.5 2 25 3 / 3.5
E.n(TeV)
| HeC FCC-eh
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BSM physics:

® ep collider is ideal to study common features of electrons and quarks with EW /VBF
production, LQ, forward objects, long-lived particles.

® BSM programme at ep aims to:
=¥ Explore new and/or challenging scenarios.
=» Characterize hints for new physics if some excess or deviations from the SM are found at pp
colliders.

e Differences and complementarities with pp colliders.

® Some promising aspects:
=¥ small background due to absence of QCD interaction between e and p;
=?» very low pileup.

e Some difficult aspects: low production rate for NP processes due to small Ecn.
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BSM physics: heavy neutrinos

® In general, weakly produced and/or non-promptly decaying particles very challenging at pp
and e*e- colliders: good complementarity with ep colliders, similarly to the case of the Higgs
exotics decays, sterile neutrinos.

Sensitivity of the LFV o N
active-sterile neutrino mixing with I .o
the electron flavour = |8e|2 ] IePtOn't”jet SearCheS (at 95 - 7
8
_ (o)
¢ — N - 7% C.L.) and of the DV one p j
-
q . ., J :
: (q) i — MEG: ©%=|6,6,
production channel: Wy v e DELPHI: ©2=0|2
- X N N 9679,U767' —__ ATLAS: 92=|0u 2
Z | — LHCb: ©%=|6,|?
W= | — LHeC (LFV): ©%=|6,6,|
| — FCC-he (LFV): ©°=|6,6,
Y W _— LHeC (displaced): ©2=|6, |2
production channel: W) y [ FCC-he (displaced): @%=|6, |
—/9679,U767' -
N A N
N h
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BSM physics: heavy neutrinos

® In general, weakly produced and/or non-promptly decaying particles very challenging at pp
and e*e- colliders: good complementarity with ep colliders, similarly to the case of the Higgs
exotics decays, sterile neutrinos.

)
2
©
-2
active-sterile neutrino mixing with I ZEJ: 10
the electron flavour = |Be|2 =
N "’ =
¢ - N =
W &
e -
g 107
. FCC-eh
q = > J L I
production channel: W9 v )
) N —QL 0,0,
e > -8
N
p ‘ 10
-
Y W~ \/ FCC-ee
~11
production channel: W) v 10
—/96, 0,,0; 10 S0 100 500 1000
N A N - | M [GCV]
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BSM physics: heavy neutrinos

® In general, weakly produced and/or non-promptly decaying particles very challenging at pp
and e*e- colliders: good complementarity with ep colliders, similarly to the case of the Higgs
exotics decays, sterile neutrinos.

active-sterile neutrino mixing with 03 10-1
the electron flavour =2 |Be|2 . U] = |U,| =0 _ | 1 _+” 5/ MuC 3TV
&) -2 . | A R
- X N v 10 3. o3 MuC 10 Te\ R
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BSM physics: dark photons

e Additional gauge boson mixed with the U(1)y SM factor

kinetically.

e Masses (O(1) GeV, QED-like interactions, small mixing €.
® Decay to pairs of leptons, hadrons, or quarks, which can

give rise to a displaced vertex.

11111111111111111111111
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Components, cost, sustainability

Section| Horizontal Dipoles | Vertical Dipoles Quadrupoles RF Cavities
Number | Field |Mag. Length|Number | Field IMag. Length| Number |Gradient lMag. Length| Number | Frequency/Cell | RF Gradient
LINAC1 29 1.6 1.0 448 802/5 20.0
LINAC 2 29 1.9 1.0 448 802/5 20.0
Arcl 344 0.039 4.0 3 0.51 4.0 158 9.3 1.0
Arc 2 294 0.077 4.0 6 0.74 4.0 138 17.7 1.0
Arc 3 344 0.123 4.0 6 0.92 4.0 158 24.3 1.0 6 1604/9 30.0
Arc 4 294 0.181 4.0 6 1.23 4.0 138 27.2 1.0 6 1604/9 30.0
Arc 5 344 0.189 4.0 4 0.77 4.0 156 33.9 1.0 18 1604/9 30.0
Arc 6 344 0.226 4.0 4 1.49 4.0 156 40.8 1.0 30 1604/9 30.0
Total 1964 34 962 956

® Cost estimate for |/3rd of the LHC, 50 GeV racetrack:
|.6 BCHF (2018 cost, CERN-ACC-2018-0061), 46%
corresponding to the SRF ERL accelerator and 24% to
civil engineering; detector: 360 MCHF (75% calorimetry).

Units: meter (m), Tesla (T), T/m, MHz, MV/m

A. Bogacz, full lattice simulation for ERL at 50 GeV

Budget Item Cost
SRF System 671 MCHF
SRF R&D and Proto Typing 31MCHF
Injector 40MCHF
Magnet and Vacuum System 215MCHF
SC IR magnets 10SMCHF
Dump System and Source SMCHF
Cryogenic Infrastructure 100MCHF
General Infrastructure and 69MCHF
installation

Civil Engineering 386MCHF
Total 1622 MCHF

® Power consumption for this option: 220 MW including the ERL, the single-beam HL-LHC
and the detector — +60 MW w.r.t. HL-LHC and +75 MW w.r.t. nominal LHC operation.

IThe [HeC project; 4. Status and blans.
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Feasibility:

2035 2041
YEAR1 YEAR2 YEAR3 |YEAR4 YEARS YEAR6 YEART

LHeC construction planning

[Land negotiations

Environmental Impact

Study
Building permits

Detailed design & tendering

Construction
e Target ep luminosity of ~ 1 ab~! can Come T et consrctin i
be achieved in 6 years: two years for i -« g)
installation and commissioning plus one avama & | 8
year LS leads to completion in 2050. cRL 1-L00PS o

ERL 3-LOOPS

&
=
<
PERLE 3-LOOPS 250MeV

® Demonstration of multi-turn high-
current ERL in PERLE in 2029/2030:

2024
2025
2026
2027
2028
2029
2030
2031
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Challenges:

‘@ Accelerator (ERL in the ECFA Accelerator Roadmap and in

the 2020 strategy):
=?» High quality SRF cavities integrated in the cryomodule: PERLE
(iSAS).
=» High-current, multi-pass ERL = PERLE as demonstrator (2029

| -turn, 2030 3-turn).
=» Synchrotron radiation in arcs: simulation, CEBAF!?

® Detector (in the ECFA Detector Roadmap):

=» Keep material budget in the forward direction low (MAPS) —
synergies with ALICE(3) and ePIC.

=» Choose between more conservative or more aggressive
proposal: particle ID, EMCAL? — synergies with EIC.

=» Further develop an ep/pp option and the possibility of reusing
existing detectors.

® Machine-detector interface:

=?» Synchrotron radiation protection: beam pipe and inner tracking.
=?» 3-beam IR: high aperture, field-free region Q| (HL-LHC
complexity). 2-beam configuration simpler.

1810.13022
&
g 53;"
" o
é_ﬁ' § & &
& 447 ‘ eg) &‘6’
s &
Fes8FsF> » & $
Srifs 3 & &
Fadsdésd Ve ¢
o & f & N3 Q Q éf $) é!‘
é$§ev§o€§¢w°3$&§’ Gg)r’o‘éj 3
DRDT <2030 2030-2035 Toag 20402045 >2045
Rag-hara/longevity 11 o0 © ®
Muoa system Time resolution 11 ®
Propcesd FMgnﬂuhf‘ity 11 ® | ' v . ‘
FPC, M8 GEM, wtsbus CEM. Gas propertie eco-gas) - 000
Micoregas, (Fowsl, 1O :\Nﬂlrm“m 11 ®» ®
Rate Capabilty 1 . .
Rad-hard/longevity 11
Inmer/central Low X, i O
tracking with PID IBF (TPC oniy) 1 00
Time resolution 11
e, 3% contnen, s Fla® Capabilty
s Of MPGID, straw Chwemitees dE/dx 1
Fine granularity : ® 90O
Rad-hard/longevity 11 . . .
Preshower/ Low power L
Glorimeters Gas properties (8co-gas) 13 . . . . . ‘
Proposed tecroiogies: Fast timing 11
FPC, MFPC, Moomegss & - .
GEM, 1wl InGrics (bt Fine granularity » O @ ® ® ¢
it e F~  Fate Capabiity 13 200 00°
Large armay/integration 13 900 000
Rad-hard (photocathoos) 11 & @8
Particle IV TOF F (RICH oniy) 1 >
_ P Precice timing 11 ® o
mua’: rrg.:nx) TOF: ﬁ;x/::q)abmy 1
ine granularity 11 )
Low power 14 . . .
Fine granularity 14 ® O ® ¢
TRC for rare decays Large afTay/vohume N
o S0 very Mg r0on s Lower ensrgy thresho 00 o0
Optical readou 1 ® & ® @
Gas precsure stabi 1 ® @
Radiopurity 1 o0 o0
.Msﬂnppenocnilp!ysicgoalsmtbe-u () Important to meet several physics goals Desirable to enhance physics reach ) RED needs being met
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From Karl Jakobs:

Remit of the European Strategy Group (ESG)

« The aim of the Strategy update should be to develop a visionary and concrete plan that greatly advances human

knowledge in fundamental physics through the realisation of the next flagship project at CERN. This plan should
attract and value international collaboration and should allow Europe to continue to play a leading role

in the field.”

« The ESG should take into consideration:
- Input of the particle physics community;

- Status of implementation of the 2020 Strategy update;

- Accomplishments over recent years

(Results from the LHC and other experiments and facilities worldwide, progress in the construction of the High-Luminosity LHC,
outcome of the FCC Feasibility Study, recent technological developments in accelerator, detector and computing areas)

- International landscape of the field

- §The Strategy update should include the preferred option for the next collider at CERN and prioritised$
. . . . R
yalternative options to be pursued if the chosen preferred plan turns out not to be feasible or competitive.§

« The Strategy update should also indicate areas of priority for exploration complementary to colliders and for
other experiments to be considered at CERN and at other laboratories in Europe, as well as for participation in
projects outside Europe.

K. Jakobs, EPS-HEP Conference, Marseille, 10" July 2025 3
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From Karl Jakobs:

Potential for development: future 10 TeV parton-scale collider options

LERS LHeC LCF, CLIC

e O(1) TeV
parton-parton
scattering

O(10) TeV

Muon Collider
>10TeV CoM

. - J - - - — -

— ) e parton-parton
. e e T e I scatterin g
FCC-hh, Muon Collider (3, 10 TeV) e*e” with improved acceleration technologies
baseline 85 TeV (= 120 TeV) LCF, C3 (= 1 TeV), CLIC (1.5 TeV), HALHF, ...
+ possibility for HI collisions -> plasma acceleration for higher energies
K. Jakobs, ESPP Open Symposium, 27t June 2025 (can 0(10) TeV be reached? on what timescale?)

4
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From Karl Jakobs:

Potential for development: future 10 TeV parton-scale collider options

LHeC LCF, CLIC
O(1) TeV

parton-parton

scattering

O(10) TeV
parton-parton
scattering

>10TeV CoM
‘

LA SIS ST N :,,;,,:..:..,:.;..:...:..:.-

.....................................................

: 4 GeV Target, xDecay Cooling :
: Proton & pBunching Channel uAcceleration :

|

|

|

|

|

|

|

|

=" : . I
Muon Collider ' - |
|

|

|

|

|

|

|

|

|

|

Muon Collider (3, 10 TeV) e*e” with improved acceleration technologies
. , ) LCF, C3 (> 1 TeV), CLIC (1.5 TeV), HALHF, ...
+ possibility for HI collisions -> plasma acceleration for higher energies
K. Jakobs, ESPP Open Symposium, 27" June 2025 (can 0(10) TeV be reached? on what timescale?) 4
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From Karl Jakobs:

Potential for development: future 10 TeV parton-scale collider options

LCF, CLIC

O(1) TeV
parton-parton
scattering

O(10) TeV

>10TeV CoM
‘

et et i -+ IR Sl T WU -
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|
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|

|

|

|

|

|

|

|

|

|

e e 4 parton-parton
. Bt et R scattering
FCC-hh, Muon Collider (3, 10 TeV) e*e” with improved acceleration technologies
baseline 85 TeV (> 120 TeV) LCF, C3 (= 1 TeV), CLIC (1.5 TeV), HALHF, ...

+ possibility for HI collisions -> plasma acceleration for higher energies

K. Jakobs, ESPP Open Symposium, 27t June 2025 (can 0(10) TeV be reached? on what timescale?) 4
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LHeC as a bridge:

® In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN,
between the end of the HL-LHC (204 1) and the next flagship CERN collider.

Slide by . D’Hondt

FCC (ee or hh)

13

IThe [HeC project: 4. Status and plans. 33 N.Armesto, 16.10.2025




LHeC as a bridge:

® In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN,
between the end of the HL-LHC (204 1) and the next flagship CERN collider.

ep-option with HL-LHC: LHeC
updated CDR: J.Phys.G 48 (2021) 11, 110501
10y @ 1.2 TeV (1ab) = Run-6 + 5y ep-only@LHC
6y ep-only@LHC > 1 ab™?

rP- —————

W fLHeC

ep-colhder

Slide by . D’Hondt
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LHeC as a bridge:

® In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN,
between the end of the HL-LHC (204 1) and the next flagship CERN collider.

ultimate upgrade of
the LHC physics reach

Slide by . D’Hondt
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fast-track to new and impactful

opportunities at colliders for
attractive SM & BSM physics
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LHeC as a bridge:

® In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN,
between the end of the HL-LHC (204 1) and the next flagship CERN collider.

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

ultimate upgrade of
the LHC physics reach

. S N 'c_:lﬁ-- o

2% e
‘,

-

i ,
—t “v? .

o N - -
-~ .

Slide by . D’Hondt

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

16
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LHeC as a bridge:

® In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN,
between the end of the HL-LHC (204 1) and the next flagship CERN collider.

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

ultimate upgrade of
the LHC physics reach

Slide by . D’Hondt
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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
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LHeC as a bridge:

HL-LHC - LHeC - FCC-ee = FCC-hh

2040 2050 2060 2070 2030
| . | Slide by |.
the precise ep and ee (Z/WW/ZH) running scenarios can be D’Hondt:
optimized depending on evolving scientific insights ondg;
similar
- schemes
 ~2BCHF | ; . with
2-3 ~15B CHF | ;
re-use LHeC as injector | |
(option) [HeC-measured PDFs essgntml
to unlock the full potential of
the FCChh physics

12
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LHeC as a bridge:

HL-LHC = LHeC = FCC-hh

2040 2050 2060 2070 2030

Slide by |.
D’Hondt;
LHC is maintained as pre-accelerator for FCC-hh Simi |al"
schemes
~2B CHF with
MuCol
~24B CHF

[ HeC-measured PDFs essential

to unlock the full potential of
the FCChh physics

14
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LHeC as a bridge:

SRF synergies & combined LHeC + LEP3 scenario

2040 2050 2060 2070 2080

) | | | Slide by |.

1 the precise ep and ee (Z/WW/ZH) running scenarios can be :

| | | C . . BT D’Hondyt;

| | ] optimized depending on evolving scientific insights o

| 3 1 similar

E E . ﬂ } - schemes
s " ! [; if the LHC is not used as :

2 ~)B CHF IIJI { E injector for FCC-hh with

2\ g i ] T : MuCol

| . ;
-
¥

_' ~4B CHE

%—/

combined ~5B CHF due to SRF synergies & re-use

B P e e e e e v

- E B2 B2 = =

) [ HeC-measured PDFs essential
L-&) to unlock the full potential of

\ ) the FCChh physics

the combined pp+ep+ee physics helps breaking degeneracies in global fits
e.g. for Higgs physics due to different dominating production channels

28
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Roadmap:

Roadmap with ERL to LHeC

demonstrated applicability of
high-power ERL for particle physics

enables the ultimate
upgrades of the
LHC/FCC programs

(ep collisions)

2020’1es

essential energy efficient
technologies for SRF accelerators

ESPP’26 > ESPP’32

beam commission from high- .
brightness injector started in 2024 fu " TDR StUdIeS
(up to 100mA in the future)

further optimise
PERLE @ lJCLab T schedule, costs,

multi-turn performance and

1! ‘ sustainability

single-turn ERL being installed
and commissioning in 2028

(thereafter multi-turn) DECISION ESPP'32

Slide by |.
D’Hondt

88
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LH.O (FcD

Summary:

1.2 TeV ep collisions cover the (Q? x) plane = General Purpose Experiment .
| , e The LHeC project:
/“ direct searches for new physics

%10 3 FCC-he + eA physics A unique environment: eq only EW interactions é Physics Case On their Own: QCD (Precision

LHeC ) e.g. heavy v, darky, axion-like particles
HERA + vy physics

=
107 . . .
sl EEe W, Hisgs and top quark physics and discovery in ep & eA), EWV, top, Higgs,
| — WM Amy, ~ 3 MeV, AV, | ~ 1%, top-quark FCNC BSM

Asin20,,°™ ~ 0.0002 (full scale-dependency)

weak neutral couplings to light quarks ~ 1% . . .
g couplings largely improved wrt HL-LHC =» Enlarge the reach of hadronic colliders into
o[ improved SMEFT fits (accuracy & degeneracy) . ..
" N | (higher) precision, both for pp and for AA.
0 I f/ | preC|S|o:1 QCD physms o . .
N = = =0 ke At & tar et e =» Complementarities/synergies with hh &
| / —_——— 7 /¢ | | T
o S el non-linear QCD physics e e.

\ -
E a - -2 -1 . .
10 10 10 10 10 10 10 < a new discovery frontier

e LHeC is not the next flagship project at CERN but it may serve as bridge
between HL-LHC and a new major project at CERN (2503.17727):

=?» Ultimate exploitation of the results of the LHC (e.g., my,, Higgs couplings).

=?» Physics program on its own: proton/nuclear structure and dynamics, EVV, top, Higgs, BSM.
=¥ |t facilitates technology (SRE ERL, detector) and physics (e.g., PDFs for pp and AA,
combinations of Higgs couplings, complementary regions on searches) for future projects.
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Rohini Godbole, 1952-2024
Member of the IAC
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Herwig Schopper, 1924-2025
Max Klein, 1951-2024 Chair of the IAC

Spokesperson 2005-2022

Thanks to the organisers for the invitation and to you for

your attention!!!
https://indico.cern.ch/event/lhecfcceh
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https://indico.cern.ch/event/lhecfcceh

Backup:
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Riggs physics: analyses

‘@ Large acceptance for jets and

realistic HFL tagging & BDT Uta Klein & Daniel Hampson

Higgs decay products crucial. TS LHeC @ L=1000fb! § a0 :ii SE;%V‘TTO =
= — W 700 R
e Delphes cut- and BDT-based 5 F + ++++*++++ 'y ] S
. LI - —OU t <+
analyses performed, conservative HF ~ “t|Hbb W WWE  u=o/og, Hbb | -
tagging: b 60%, ¢ 10%, udsg 1% (see 1oF 200 5u/u(Hbb) = 1.0% -
also 2201.04037). 107 PP L
0.5~100% ‘_ CCh- bb
g 100 I Hec - Parton-level using MG5 - other bgd JCCh- CC
o o — e njet < o sy, B SRR R [ IR T T T T TR N A
0 P - LHeCn,<6 80 90 100 110 120 140 150 160
-] S SO i ME2™ [GeV]
8 60 3 L%J 100 Hcc 4'Lbremaining Hbb
ol i N
LI 50 — 80 :¢ .
6 60: 29% Hbb ¢: ‘g g Hcc signal
9, 40 — C and “¢¢¢ i 30 with BDT>0
g 30 |- 40 2% » g T ——
— _ _ other bgd . :2
Dk 20F 5
2 10 | = %5 5 100 110 120 130
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n cut on Higgs decay products =» Main systematic checks: variations of background contribution and tagging efficiencies |
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Riggs physics: analyses

® HWWV from 4+1 jets + v configurations, CC cross section gfIWW in SM.

oou/ W (HWW) ~ 2 % for FCC-eh.

NO mass requirements in combinatorics!

=== ON-shell W__.
----- off-shell Weoom,

At Delphes detector level

fl : .-..:-:WL.. T .“"1"1-.,...4_, N
20 40 60 80 100 120 140
U. Klein at ICHEP2024 M, [GeV]

Reconstructed W*, W and Higgs, after jet combinatorics based on selecting
at least 5 jets with p;> 6 GeV and finding the Higgs candidate which has two
jet pairs with min An; max An between Higgs candidate and fwd jet; max
A between Higgs candidate and E;™ss or Higgs candidate and fwd jet =»
then passed to BDT for S/N optimisation

IThe [HeC project: 3. Physics. 40 N.Armesto, 16.10.2025




Riggs physics: signal strengths

® Few % level measurement of several couplings.

e CC and NC over-constrain Higgs couplings in
combined SM fits.

S/ [%]
>0 T HWW and HZZ production measured at once in DIS
via selection of the final state (e or v)
40 E.=60 GeV; P=-0.8
WW-2>H ZZ2>H
30 7 LHec 200fb LHeC 25 fb W LlHeC
>0 FCC-eh 1000 fb FCC-eh 148 fb ® HE LHeC
“ FCCeh
10
O 1 :
bb WW gg Tttt cc ZZ vy bb WW gg Tttt cc ZZ vy

U. Klein at ICHEP2024
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Higgs physics: k-framework

SMEFiT, 2105.00006

Uncertainty [%)]

104

Fermion Modifiers kappa-3

I01E

3.5

HLLHC
HLLHC(improved)+LHeC
HLLHC+LEP3

HLLHC(improved )+LHeC+LEP3
HLLHC+LCF

S MEFIT

® LHeC combined with LEP3 versus

LCF(all).

Note: latest HL-LHC projections (2504.00672) only
change sizeably K, K7, wrt. 2020 ESPP ones.

Vector Modifiers kappa-3
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Higgs physics: k-framework

SMEFiT, 2105.00006

Uncertainty [%)]

Fermion Modifiers kappa-3

AL

HLLHC
HLLHC(improved’)+LHeC’
HLLHC(improved )+LHeC
HLLHC+LEP3
HLLHC(improved’)+LHeC+LEP3
HLLHC(improved)+LHeC+LEP3
HLLHC+LCF

S MEFIT

e LHeC(C’: statistics reduced by a factor 10.

Note: latest HL-LHC projections (2504.00672) only
change sizeably K, K7, wrt. 2020 ESPP ones.
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EVV physics: triple and quartic gauge coupllngs

® Triple and quartic gauge couplings

can be probed (D. Britzger, EPS-
HEP2023) (also in yy mode).

e p Ep=7TeV

— CC = 7
=== NC = HZ

1011 .

e W H
. HW e HH

[olololol

200 300
Electron Energy [GeV]

O 1 l LI B Y"I‘I‘l[ LI L
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BSM physics: invisible Higgs

Satoshi Kawaguchi,

Sfand alone BrCInChing fOI‘ inViSible Higgs Masahiro Kuze

Tokyo Tech

Values given in case of 20 and L=1 ab™

Delphes LHeC [HE-LHeC]
detectors 1.3 [1.8 TeV] 3.5 TeV

LHC-style 4.7% [3.2%] 1.9%
First ‘ep-style’ 5.7% 2.6%
+BDT Optimisation 5.5% (4.5%%) 1.7% (2.1%*)

LHeC parton-level, cut based <6% [Y.-L.Tang et al. arXiv: 1508.01095]

PORTAL to Dark Matter ?

Uta Klein at LHeC/FCC-eh/PERLE workshop 2022

v Uses ZZH fusion process to estimate prospects of Higgs to invisible decay using standard cut/BDT analysis
techniques focused on a stand alone determination

v Full MG5+Delphes analyses, done for 3 c.m.s. energies = very encouraging for a measurement of the
branching of Higgs to invisible in ep down to 5% [1.2%] for 1 [2] ab™! for LHeC [FCC-eh]

® Sub-percent branching ratios H — 2 scalar LLP can be tested (2008.09614).
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BSM physics: disappearing tracks

e Searches for Higgsinos with masses (O(100) GeV appearing in natural SUSY theories,
through disappearing tracks.

. e v, 101 p——————eeeeeeeeee e green(b|ue)region;20‘
1072} —-‘8-2 sensitivity estimate in the
V X 10-3¢ ~ __ presence of T
— £ 10| " 3 backgrounds; 10 (100)
[ 5 10-° 2 e events with LLP observed.
X1, 10-61 5 <
V 10-7_ 1+LLP>10 ‘g
| osl . P Neue>100 e Larger sensitivity to
q q o
100 120140 16(2 180 200 220 yery short lifetimes than
My ( :
R  thec - % pp colliders.
‘% FCC-eh (60) l /r—-,-/f v l | 10.3
3 — FCC-eh (240) Z /y_:—& il e
: L il | black curves: projected
t = FCC-hh . .
S | Tl mono- |, bounds from disappearing
NN il colider {3 track searches for HL-LHC
200 400 600 800 1000 1200 Jo . B O™ BURPPT NPT
my (GeV) 07000 400 600 800 1000 1200 (OPtImIStIC and PeSSImIStIC)
. 1712.07135 Ty (GeV)
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BSM physics: new scalars from Higgs

® New exotic scalars (X) from Higgs decay: displaced signatures if long-lived.

® X — 2+ charged particles above pt threshold to identify DV and r>rmin from PV: LLP.

jet A
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Synergies between eh and hh programes:

High precision ep ep analyses with
measurements used sensitivity complementary
as input in hh to hh analyses to

analyses for their ey
Improvements

I i

complete the overall hh
physics program

input

ep measurements to considerably
improve hh physics output, e.g., in
final combinations
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Synergies between eh and hh programes:

ep analyses with
sensitivity complementary

High precision ep

measurements used
to hh analyses to

as input in hh
analyses for their complete the overall hh
improvements Guinie physics program

— Empowerment of hh
program.

— Input to pp physics
analyses improving sizable
uncertainties and limitations.

ep measurements to considerably

improve hh physics output, e.g., in
final combinations
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Synergies between eh and hh programes:

High precision ep ep analyses with

measurements used sensitivity complementary

as input in hh to hh analyses to
-]

complete the overall hh

analyses for their — p—
Giiiii® physics program

Improvements
— Empowerment of hh ,
program.

input

— Input to pp physics X
analyses improving sizable
uncertainties and lmitations. | R G

— Competitive measurements and combination of results.

— Uncorrelated uncertainties.
— Resolve common/correlated expt. uncertainties.

— Resolve correlations in parameters of interest.
— Empowers global fits.

ep measurements to considerably
improve hh physics output, e.g., in
final combinations
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Synergies between eh and hh programes:

High precision ep ep analyses with

measurements used sensitivity complementary

as input in hh to hh analyses to
-]

complete the overall hh
physics program

analyses for their — p—
_

Improvements
— Empowerment of hh ,
program.

input

— High precision QCD analyses.
— High precision measurements

of specific parameters.
— Searches in complementary

phase space regions.

— Input to pp physics
analyses improving sizable
uncertainties and limitations.

— Competitive measurements and combination of results.

— Uncorrelated uncertainties.
— Resolve common/correlated expt. uncertainties.

— Resolve correlations in parameters of interest.
— Empowers global fits.

ep measurements to considerably
improve hh physics output, e.g., in
final combinations
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ERL:

ERL to enable high-power beams that would otherwise Future ERL-based Colliders
require one or more nuclear power plants H, HH, ep/eA, muons, ...

. oo N P Colligers . bERLinPro & PERLE
Ongoing (warm K O . -
10° : In fmgf;s essential accelerator R&D labs with
ambitions overlapping with those of
10* _ | the particle physics community
> ~ | Slide by |.
= towards high power :
s Cy %
0 "feng >
10* b\ e
S, Energy Recovery demonstrated
1 L
10 great achievements on all aspects
“any and large research infrastructures
1020_ - 02 101 100 10! 102 108 based on Energy Recovery systems
Average current in mA —_— have been operated successfully
technology
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