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

» Similar concept than FCC-eh
but realisable much earlier

o £,=50GeV, L~1034cm2sT

LHeC
e Vs~ 1.2TeV
P1 » Electron and positron data
P1 * Upto 1 abintegrated luminosity
ATLAS

» (Symmetric) detector may be shared with ALICE3/H]

e e W ket T a0s — Relocatable: ERL components can be relocated
LHeC overview B. Holzer, Thu 2:45 from HL-LHC to FCC-hh




() Fcc-eh

Dedicated electron-ring attached
to the FCC-hh

Energy recovery linac
E. =60 GeV
Vs ~ 3.5 TeV

High Luminosity of
about 3 ab-

Concurrent operation with FCC-hh
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Deep-inelastic scattering

[High luminosity physics] DIS: Cleanest High Resolution Microscope
— Extraordinary QCD laboratory
e — Precision QCD and matter
— QCD Discoveries

Q% / GeV?
=
~J
T

Eﬁcéhe — talk by C. Gwenlan, Sat, 5:30pm

r e
10°F ] HERA _

i EIC Empowering the HL-LHC & FCC-hh Search
10° BCDMS Programme
104; =

Transformation of HL-LHC & FCC-hh into the desired

Higgs and discovery machine
- talk by O. Fischer, Sat, 5:30pm

Unique Facility for Nuclear Physics
- talk by N. Armesto, Thu, 12:25

Unigue and complementary Higgs Programme
- talk by U. Klein, Fri, 3:00pm

x Top and EW Physics
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Top quark production in ep

CC DIS single-top quark production NC (yp) top-quark pair production

/Z
t _
t
g
LHeC o~ 1.9pb LHeC o~ 0.05pb
FCC-eh o0~15.3pb FCC-eh o~ 1.14pb

Other channels are: top-quark pair in DIS (~0.6pb), single-top in DIS and yp
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V.| in CC single-top production

ATLAS+CMS Preliminary 0o November 2020

D//’eCt measurement Of /th/ LHCfopWG Vil = 2 from single top quark production

Ol NLO+NNLL MSTW2008nnlo T
PRD 83 (2011) 091503, PRD 82 (2010) 054018,  total theo
PRD 81 {2010 054028’

Aoy, scale @ PDF
Mygp = 172.5 GeV

[f. Vil £ (Meas) + (theo)

t-channel: E
ATLAS+CMS 748 TeV"” [ 1.020 + 0.040 £ 0.020
'U.',d us 'U,b JHEP 05 (2019: 088
CMS 13 TeV —— 0.98 + 0.07 £ 0.02

PLB 800 (2019) 135042 (35.91b™

‘/ — ‘/ ‘/ ‘/ ACHEC @017, 6 321 i '_H_' M0 =00
cd VYes Veb

tw:

ATLAS:CMS 7:8 TeV"” e 1.020 + 0,090 + 0.040
‘ 7 ‘ 7 JHEP 08 (2015, 088
td ts ATLAS 13 TeV* R RS | 1.14+024+0.04

JHEP 01 (2018) 63 (32107

CMS 13 PN i 0.94 +0.07 + 0.04
JHEP 10 (2018) 117 (359107

s-channel:

Cut-based pseudo-analysis in hadronic channel —
incl. backgrounds i L.

JHEP 05 (2019) 088

- ESUmated preC|S|On On th b@lOW 1% preC|S|On FCC-eh "" Ictl NLOPDHLHCH(NPPsnzgsgqumCFmHzmsm)

H \nc\udln| bearn energy uncena\nly
g b e e b oy e e B, P T |

— Limits on anomalous Wtb couplings: < 0.071 B T

Vid Vus Vb Many further subjects in top-quark sector:

. top-quark polarization, top-PDFs, CP-properties
— < _
4 Vea Ves Voo |Vts,td| 0.04 (@FCC-eh) of ttH couplings, top-charge, anomalous tt-X

Vi couplings, ...
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CC single-top production at NLO

Recent calculation of single-top production at NLO

M. Gao, J. Gao,, Phys.Rev.D 104 (20217) 5, 053005

Negative NLO k-factor

determinations

Good perturbative stability at NLO
After (quite tight) fiducial cuts: o ~ 0.2 pb
theoretical uncertainties negligibly small in top-mass

T
—— theory

—=-- pseudo —data
theory uncertainty
sta. uncertainty 100fb—1
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t-quark flavor changing neutral currents

— Highly suppressed in SM
« Study tgqy and tgZ effective FCNC
» Expected limits vs. Vs and int. luminosity

4x10® - 103 Exaa
tqy —— ¢ BR(t—qy) ——
3.5x10° | £ =gl —— ] = : BR(t=qZ) ——
ax1o® b Lint=1ab? | |o-dcab;!
o 104 | (=g
§  25¢10° | = E
o }cr H
.::%n 2x10° | é
: E
m 5 [
5 1.5%10
1%10° |
5510 I. Cakir;Yilmaz, Denizli, Senol, Karadfeniz, O: Cakir,
Adv. High Energy Phys: 2017, 1572053 (2017)
1 f 15 2 2.5 3 f 3.5 1x10° 3x10°% 1x10° ax10°
Ecm{THVJ L'm{fb-1:|

L HeC FCC-eh
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Top quark branching fractions

Top quark branching fractions
» Searches for FCNC
« 95% C.L.

Compare future experiments
 FCC-ee
« FCC-hh
 FCC-eh

 LHeC

* HL-LHC (3000 fb)

« |[LC/CLIC

+ various theory predictions

pp, ep and ee
* | HeC complements HL-LHC in '30s
» FCC ee/hh/eh compete

95%CL upper limits <) ATLAS <@ CMS
s [1] JHEP 02 (2017) 079 [2] ATLAS-CONF-2018-049
all other processes are zero [3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035

[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
Theory predictions [7] CMS-PAS-TOP-17-017 [8] JHEP 07 (2018) 176
from arXiv:1311.2028 [9] JHEP 07 (2017) 003

[ 2HDM(FV) 2HDM(FC) MSSM

RPV RS s HL-LHC

s FCC-e€ »n1 FCC-eh wee FCC-hh
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Electroweak physics in deep-inelastic scattering

Neutral current DIS Charged current DIS
ep o> e+X ep=>v+X

Deep-inelastic electron-proton scattering
mediated in spacelike regime, by y, yZ, Z or W-boson exchange
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Expectations: m,, + PDF

Determine W-boson mass together with proton-PDFs

—— = e LHeC with L ~ Tab
W-boson mass
, « LHeC (E.=50GeV): Amy, =+ 8 MeV
Direct measurements
e . * LHeC (E.=60GeV): Am,, =+ 6 MeV
evatron — —
ATLAS .
- =+
Indirect determinations 5 . FCC-eh with L ~ 7ab-7 AmW + 4.5 MeV
LHeC-50 = (includes PDF uncertainty of about +3.6 MeV)
LHeC-60 ——
e « FCC-eh + LHeC: Amy, =+3.6 MeV
FCC-eh -
FCC-eh + LHeC-60 £ : L
« Indirect determination of m,,
PDG ooy D  Complementary to direct' measurements
80.35 80.4 — Consistency test of EW Standard Model

m,, [GeV]

Smallest uncertainties from a single experiment
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The weak mixing angle

2 T I ] 1 ] T I |
sin“oy,
LEP+SLD —
Tevatron °
LHC °
LHeC-50 —
LHeC-60 —
FCC-eh B
FCC-eh + LHeC -
Standard Model I[PDG.20} ‘+ |

0.231 0.2315}(f 0.232
. 0
sin 63\“

Asin?0 (FCC-eh) = +0.00011

= +0.00010 +0.00004

(exp) — (PDF)

Weak mixing angle
* sin?B,, in neutral-current vector couplings (only)

g, =

Voo (I8 — 2Qy kg sin®fy)
sin20,, + PDF fit
« Comparison to Z-pole data
o At future DIS facilities:
Most precise single measurement possible
« Note: need theory to map sin?6,, to effective
leptonic weak mixing angle

Asin?8_ (LHeC-50) = +0.00021
Asin?8  (LHeC-60) = +0.00015
Asin?  (FCC-eh+LHeC) = +0.000086
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STU parameters from inclusive DIS

S, T, U parameters are non-SM contributions to Z & W-boson self-energies
» Studied here: 2-parameter fits incl. PDF fit
« Scheme dependence: Modified on-shell (MOMS)

« With inclusive NC&CC DIS: Possible to disentangle S, T and U
— Complementary to Z-pole

T T T T T | | T T T I

I T T T T T T I T T T
68 C.L.

0.5/ []FCC-eh oF = 0577 -~ [JFccen 0.5/ [ |Fcc-eh S
: | |LHeC-60 ’ i | |LHeC-60 | . LHeC-60 2
-[|LHeC-50 - . [JiHec-50 | [ JLHec50 7 .
= 0oF =4 =2 0 . D 0F -
o @irZneff 2y | L @in2peff (2 i B - : o BB T |

_0'5_6‘2} K. | sin BW’,(mIZ) -0.5 | S|In 8\w,|(lmz)‘ LN -0.5 88CL. |, Ism‘ew,l,(mlz)

-0.5 0 0.5 =0.5 0 0.5 -0.5 0 0.5

S T S
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Scale dependent measurements

Running of sin20,,.ff

. .o . 0.25

the effective weak mixing angle is "~ [oExsting cata
preC|Se|y measured at the Z_pO|e In e_e : ::E:: Ell)z’(lji(t:acr)gl;;::::l)ij:r::rr;sep Projections
and p—p 0'245__ ¥ Future FCC, LHeC Projections <

B SLAC-E158
New low-Q measurements will reach g 0 J\ 1
higher precision in the future & [ 1”\, Qweak .

% 0_235} eDIS ¢

Scale dependence at high-Q is only poorly -
tested experimentally 023 N

. I p2 { SolLID Tevatron
Wlth hlgh IumInOSIty e_p eXperImentS 02257 | | 1 1 1 1 | 1 | 1 1 | 1 I 1 Il | 1 1 1 1 | | 1 1 1 | 1 1 i 1 | | 1

Per mille uncertainties in range of ° = * . oI . :
20 < Q < 700 GeV in spacelike regime i

— Unigue measurement of the running' at high scales
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DB, M. Klein, H. Spiesberger,

Electroweak physics o

Electroweak physics of 1st gen. quarks 6, = ey (B ; — 2Qmnc s sinOy)
gy and g, of Tstgen. quarks ar largely f

inaccessible in other processes

T T ] i =t
[ ]LHeC-50a - [ ]LHeC-50a 68C.L. -
0.4 -EIH1 O mmH1 R -
- --- LEP & SLD [ ----LEP & SLD
[ DO .  po |
03 SM 0.2+ SM |
5> e w5 5 e §
0.2}
0.1}
0.4 0.5 0.6
9

— PDFs are not a limiting factor for EW physics
— Also the scale dependence (‘running’) can be tested with high precision
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DB, M. Klein, H. Spiesberger,
Eur.Phys.J.C 80 (2020) 831
PoS(EPS-HEP2021)485

Weak couplings of the W-boson

EW theory provides precise predictions for charged currents, but CC processes are poorly measured
— neutrino escapes undetected

In DIS, the kinematics of charged currents are completely measured from final state and incoming electron

e 1.03———rr—————rr
[ ]JFCC-eh :C] FCC-eh + H1 data
£ [l LHeC-60 102k Il LHeC-50 - SM q
[ JLHeC-50 " [ LHeC-60
H1 r
. + SM _1o1- ]
g 1.01; 4 g
i 1 fiasifeslufeieaioms .
- - i
i 099+ .
Y P A ki vt 0.98 o -
0.99 1 101 1.02 10 100 1000
P cceq @2 [GeV]

— Weak couplings of the W-boson are precisely measured — even their scale dependence
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CERN Yellow Reports: Monographs, 7/2019
ATL-PHYS-PUB-2018-037

The impact of LHeC on HL-LHC

W-mass measurements in pp Effective weak mixing angle in pp
* Major uncertainty from PDFs * Large uncertainty from PDFs
= 20¢ NS . ATLAS Simulation Preliminar
Q - ATLAS Simulation Preliminary E _ : ary
Eg 18 - \s=14TeV, cu> =2 B stat. © POF 200 b ] thJ anj zti i;[;ole average o — ]
E 16 myfromm &pL <4 P o POF 117 smffn tAcg B —_—
1 ;7 - PDF i Teva;troln T — ol ]
12 ;_ _; LHCb: 748 TeV B - ]
10 £ = CMS: 8 TeV T - ]
8L = ATLAS: 7 TeV _ . ]
6 - B ATLAS Preliminary: 8 TeV N —_— ]
- ] HL-LHC ATLAS CT14: 14 TeV — ]
4r B HL-LHC ATLAS PDF4LHC15,, | ,.: 14 TeV [ ]
2 ; i HL-LHC ATLAS PDFLHeC: 14 TeV N T
oF - 0.23 0.231 0232
CT10 CT14 MMHT2014 HL-LHG  LHeC -
sin’!
 Reduction of PDF uncertainty * HL-LHC—-PDF reduces uncertainty by 10-25%
only feasible with LHeC PDFs * [HeC-PDFs reduces PDF uncertainties by an

(Am,prr~2MeV) additional factor of 5
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LHeC as a very unique, generic high energy vy collider

Wide spectrum of yy processes will be studied at the
[HeC

* vy = yy . orders of magnitude higher statistics than for
PbPb at the HL-LHC + yy tagging = kinematic fitting

Large statistics:

= > 100 000 W boson pairs
produced at 1 ab™*

= 20 000 for W > 500 GeV

Inelastic production dominant

* vy = T+T- . orders of magnitude higher statistics than for

PbPb at the HL-LHC + yy tagging = new decay modes vy

{ Q7 paxe = 10 GeV?
» vy = Z:search for the anomalous single Z boson 04
exclusive production

10-% 1

» vy = ZZ :possibility of first ever detection + stringent !
limits on anomalous quartic gauge couplings (aQGCs) 10§
using semi-leptonic decay modes, ZZ — [+l 3

-7 |
10 ‘l

» vy = W+W -:measurements of semi-leptonic decay |
modes, W+W- — Iv jj, will allow for a use of Optimal i = o
Observable methods (even with single yy tagging) for W (GeV)
probing aQGCs; yet high statistics (= as at the HL-LHC) is T N T B
expected for fully leptonic W+W- decays + tagging spectrum is higher at the LHeC than at the HL-LHC!

K. Piotrzkowski, Y. Yamazaki, in preparation
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Summary

LHeC & FCC-eh projects
* LHeC: 60 GeV electron times 7TeV proton (Vs=1.3TeV),
» FCC-eh: 60 GeV electron times 50TeV proton (vVs=3.5TeV),

Top physics at LHeC/FCC-eh
* Rich top-quark programme: Single-top factory |Vtb| (~1%),
* top quark couplings (Wtb, tty, ttZ, ttH, ...), anom. couplings,
FCNC, properties: polarisation, charge, PDFs;
searches for new physics, CP violation in top-Yukawa, ...

Electroweak physics at LHeC/FCC-eh

* Ffundamental EW parameters: Competitive with (HL-)LHC/LEP
* Unique measurments of scale dependence of EW interactions
« Complementary measurements to Z-pole data

* EW physics at HL-LHC needs LHeC-PDFs

Update of LHeC-CDR
JPhys.G 48 (2021) 110501

Volume 48 Number 11 November 2021 Article 110501

The Large Hadron

LHeC Study Group

Journal of Physics G

Nuclear and Particle Physics

-Electron Collider at the HL-LHC

=
i iopscience.org/jphysg

10P Publishing

More talks at ICHEP:
W. Kaabi, Thu 3:05,

B. Holzer, Thu 2:45

C. Gwenlan, Thu, 10:30
N. Armesto, Thu, 12:25
U. Klein, Fri 3:00pm

0. Fischer, Sat, 5:30pm
Poster, Fri, 7:05pm

Perle & ERL

LHeC overview

Parton structure & QCD
eA and small-x physics
Higgs physics

BSM physics

eh/hh IR & detector



D. Britzger — DIS2022 conference




D. Britzger — DIS2022 conference

DIS experiment at

Three-beams

J— LHeC the HL-LHC
ALICE3 two-interaction-regions } . Higgs i
» Hiphysics | P i . EWK
* QGP fluid expansion e f * PDFs (for HL-LHC)
» Color-glass condensate B * BSM

* HQ transport, Thermalisation, e 7 * Top
Hadronisation — e small-x

e eA

» ALICES3 (pp, AA)

What may happen with a ~ 4-times better calibrated
energy-scale from NC DIS in-situ calibration?
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Deep-inelastic electron-proton scattering

Polarized e p cross section

C. Rubbia in 1992 CERN open council NEIOT_ Ny R AU B A
meeting when LHC was approved 5 ® 10°E —NC —CCLHeC =
sl 0, 3 ~NC --CCEIC 3
¢ Fuvlley Proyvess wneeds highu : 8 10¢ ... NG ~CCFCC-eh
: . sf ¥ o 1F .. *NC +CCHERA-H1 =0
enevyy, ~ 1 TaV s mext major gonl 10 g E
5 g E
o Pwton- Proton eolliscons owe (R il B = 10 S . E
only open voud B 1 TeV neo - 3 102 T -
e LHC = mat conbt effectve vouls 10 10°F =
- lu.a.u:j ton ‘:u&"t{: eotlisimg 102._ 10_4%_ *".;:1:“ _%
L HC wmust e (e a! . 10‘5;— fi t
next Preject for CERW | 'l 107k | \ |
-1 ! B ! L L L ! S
L PV P ST ST e R 10° 10* 10°
10 10 10 10 10 10 10
x Q? [GeVd

e omaamese s HL-LHCXERL T omaemsee
Nuclearand Particle Physics. - : Nuclear and Particle Physics L H e C
& Higgs |

LEPXLHC

LHC x e

han 38 Mamber T Ay 012 Arch OTER01
& LavgnHadro Gectrvn Colbdos st CIRN
i S e

s ~V1.3TeV
L ~ 1 ab? [ e

s ~V/1.5TeV
L ~ O(100fb?)

s ~V1.3TeV
L ~ 1fbtly
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V.. in CC single-top production

Limits on anomalous Wtb couplings _
piing Livi = S5 [Wab Vi FEPL + P
.l 1 T L
Vaud Vs Vb ~ 5 Windo" (f3' P+ [ PR)Y) + hec.

V= Vcd ‘/cs Vcb

— — i 0.25 T T T T T —— 0.25
- Bt BR
(@) ]
b b Vida Vis 2 e PR 3%
g 0.15 & ;:0.15
E 0.1 '::. :::’:‘:‘:‘:’:'0'0’0“0 e, QRRIRIIIIIIRIR \ 0.1
- 2 R R R S AR ISASRISS
* Fully hadronic channel 205 R R R R 005
* cut-based analysis with backgrounds g o °
using Delphes @ " 005
E -0.1 -0
-
Estimated precision on V,, e o
. . -0.2 —_ -0.2
e Vy: up to 1% precision (with L=700 fb-1) o ,EeTQOG,‘?V,
-0.25 0 1034).25
» Presently best LHC measurement: ~7% Integrated Luminosity [fo"]

See: S. Dutta, et al. Eur.Phys.J. C75 (2015) 577
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om, with LHeC input

* m, milestone measurements for consistency of SM and BSM searches
« Study of potential of m,, measurement with low pile-up runs

[ LHCb measurement ] [ ATLAS low-<pu> prospects } [ ATLAS low-<pu> HL-LHC prospects ]
20 1 .
[JHEP01(202.2)036] % 205”“I‘II”‘IE””‘I“II”H'”III‘””H”"E § ZATLASlSimuIationFl’reliminaq(I | ]
—— Total uncertainty = 18:— ATLAS Simulation Preliminary <u> = 2—: = 18 C Vs =14TeV, <u> =2 Il Stat. © PDF 200 pb“_i
SRR g 18 i E £ 18 —m,, from m; &pl, | < 4 [ stat. ® PDF 1 fo”* E
ALEPH e ——— g 14i --@-- Stat. E E . ]
G ——— g B -=- PDF (CT10) E 14— [ POF E
DAL ——— 10 S = ]
:Tl .ﬂfl &3 F o 7 10 & =
CDF s 8 E-"aseeeeees 2 At B [ R a8 F ]
DO —— = SEsl. o:. = 8 -
ATLAS . 6:_ """""""" G- ) = E .
LHCh 1.7 1" —— A T O = 6 . B
F.Ies:lmwe:ukl:il 1 I - l 2:_ ATL-PHYS-PUB-2018-02 _: 4: _:
80100 80150 80200 80250 80300 80350 80400 80450 8050( | T P D I DU ST P N . 22 E
m,, [MeV 200 300 400 500 600 700 800 900 100 - ]
w [MeV] B ]

Luminosity [pb” 0=¢T0 CTid  MMHT2014  HL-L

my = 80354 + 23gpat, loexp, & 17the0ry + 9ppr MeV

with LHeC

Large theory uncertainty originates
from knowledge of PDFs

Similar size than experimental
uncertainties

At HL-LHC, PDFs are expected to become the largest indiviual uncertainty
HL-LHC PDFs will reduce that, but will remain a limiting uncertainty
With LHeC PDFs, the W-mass measurements will be exceed LEP precision
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The FCC-eh energy recovery linac

® Completed
@ Ongoing (cold) |
@ Ongoing (warm)
@ In progress

Energy-recovery linacs (ERL)
— Well-proven accelerator concept

A new facility comprising all essential
features ?

- high-current & high-energy & multi-pass
— optimised cavities & cryo-modules and a
beam for collider experiments

PERLE at Orsay: ERL demonstrator facility for
FCC-eh/LHeC needs 20mA, 802 MHz SRF, 3 turns

Accelerator R&D
Footprint: 24 x 5.5 x 0.8 m? Roadmap
[arXiv:2201.07895]

10°

1 03

Energy in MeV

10t |

Journal of Physics G

Update of LHeC-CDR
JPhys.G 48 (2021)

@ Proposed

104 |-

102 [FEE e

(2-pass)

@ ALICE )

_)-IE."FA
®

cERL

. ,‘w

10°
Average current in mA

FCC Physics
opportunities
EPJ .C79 (2019) 474

DIS experiment at
the HL-LHC
EPJ C82 (2022) 40

aQ ;
0
z ’

Symmetric detector to
record ep and pp
collisions at a single IP
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Update of the LHeC CDR 2020

 Update of the CDR ! Journal of Physics G
3 Nuclear and Particle Physics
e 373 pages about g
* Partonic structure of the proton i

° QCD StUdIeS, as’ /OW‘X, dlfffaCTIOﬂ Volume 48 Number 11 November 2021 Article 110501
« Electroweak and top-quark physics e

* Nuclear physics |
* Higgs in DIS

 BSM

* Impact on the HL-LHC

* Accelerator (Energy recovery linac)
* PERLE facility

* [ HeC Detector

iopscience.org/jphysg

120z 1equiaroy

10P Publishing

Update of LHeC-CDR
JPhys.G 48 (2021) 110501
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