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to HL-LHC (or FCC)
> e beam = 50/60 GeV

“LE-FCC-eh”: vs=2.1 TeV
(earlier operation with current magnet technology, Ep=19 TeV)

» e polarisation > + 0.8
> [L=1-2ab’ (x100-1000 HERA!)

» PERLE: intfernational collaboration built to
realise 500 MeV facility at Orsay, for
development of ERL with LHeC conditions

= 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
= 3turns (160 MeV/turn)
= Max. beam energy 500 MeV

Footprint: 24 x 5.5 x 0.8 m?
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LHeC Conceptual Design Report

CDR 2012: commissioned by CDR update
CERN, ECFA, NuPECC 400 pages, 300 authors, 156 institutions

Further selected references:

200 authors, 69 institutions

O e On the relation of the LHeC and the LHC - @
| Journal of Physics G arXiv:1211.5102 i N
g Nuclear and Particle Physics
% The Large Hadron Electron Collider LH.O
i arXiv:1305.2090
Volume 39 Number 7 July 2012 Article 075001
s A Large Hadron Electron Collider at CERN The Large Hadron-Electron Collider at the HL-LHC
e Dig Deeper
§ f.mcsmv/emup i

Natu re PhySiCS 9 (20 1 3) 448 LHeC and FCC-he Study Group

Future Deep Inelastic Scattering with the
LHeC
arXiv:1802.04317

arXiv:1206.2913 i

To be submitted to J. Phys. G

5 RS An Experiment for Electron-Hadron
B HOP Publishing )
Scattering at the LHC
'| 206 29 ‘| 3 arXiv:2201.02436 2007 ] 449 ]

Last LHeC workshop
ICHEP talk

» See also FCC CDR:
» Physics (volume 1) and with eh integrated (volume 3)

» & pages summary: ECFA newsletter No. 5, August 2020



https://arxiv.org/abs/1206.2913
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf
https://arxiv.org/abs/2007.14491
https://indico.ijclab.in2p3.fr/event/8623/
https://agenda.infn.it/event/28874/contributions/170297/
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Physics with energy frontier DIS
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I x15/120 extension in Q2, 1/x reach wrt

DIS: cleanest high-
resolution microscope

Opportunity for
unprecedented increase
in DIS kinematic reach

x103 luminosity increase
wrt HERA

QCD precision physics
and discovery

...+ Higgs, top EW, BSM

Completely resolve all
proton PDFs, sensitivity to
x 2 1, exploration of
small-x regime, and ag af
per-mille level

Empowering the HL-LHC
and FCC-hh
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LHeC PDF parametrisation

» QCD fit based on HERAPDF2.0, with following differences:

> No requirement that xui = xd when x - 0
» No negative term for the gluon PDF

rg(x) = AgaPi(1—x)%(1+ D)
rup(z) = Ay 2P (1 —2)% (14 E, z°)
rdy(x) = Ag 2P (1—z)%
2U(x) = ApzPo(l —z)¢o
rD(x) = AD:EBD(l — :r)CD

» 4+ 1 PDF fit (above) has 14 free parameters

> 5+ 1 PDF fit for Heavy Quark (HQ) studies - xd and x5 PDFs parametrised
separately, 17 free parameters

> All the fits were performed using xFitter ’
%F/z’z‘er


https://arxiv.org/abs/1506.06042
https://www.xfitter.org/xFitter/
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Summary of LHeC PDFs
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Valence quarks PDFs

up valence distribution at Q? = 1.9 GeV? down valence distribution at @ = 1.9 GeV?
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» Large differences of 20-30%

» Note that the fit only considers NC and CC data, unlike LHC fits which include
“Yeverything”
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Sea quarks PDFs

Ubar distribution at Q% = 1.9 GeV? Dbar distribution at Q2 = 1.9 GeV?
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» Here, the reduction of the PDF error in the low-x region is visible — particularly
remarkable



Francesco Giuli - francesco.giuli@cern.ch

Gluon PDF

gluon distribution at Q2 = 1.9 GeV? gluon distribution at Q% = 1.9 GeV?
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» Uncertainties on the high-x gluon PDF reduced drastically!

» DIS data have even a better effect when jets are involved (not here)
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d,/uy at large-x

dv/uv distribution at Q* = 10 GeV? > dy/uy essentially unknown at
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Strange, ¢- and b-quarks

» Strange PDF poorly known — suppressed Direct sensitivity to Ws - ¢ via
wrt other light quarkse Strange valence? charm tagging — First (x,Q?)
s+5 distribution at Q° = 1.9 GeV? mapping of the strange density
3 e, GLEC GV
o //,4//,/ 2::1:::0&0 E ?E l I
@ T 4 5 0w, . . e v oo
I = A b il :
NO ] Z 10 ? e o o ° w _ 3
— 6 [ . ° hd b —C
s>.<: _: 10 ? . . . . . ° ° E ;
@ _E 105? . [ ° (] ° A4 hd gf&_s é
(/)] — r ° ° ° ° ° ° L4 L4
; _: 104§ . ° e o ° ° o o . E
3w oo
. 1l '+ N _f 102 % . ° . . ° . ° . ° ° . ]
N eI e .. O 0L e ]
107 10° 10° 10* _10® 107 10" 1 I :
' W
> C'b: enormOUS|y eXTended ronge Ond 10‘1; zii:{rgﬁgqe:g;:llrk distribution ) ) ) ) | ) | é
much higher precision wrt HERA 1 AL
10° 10’ 10* 10°
» dm, = 50 (HERA) to 3 MeV: impact of ag, Q/GeV?

regulated ratio of charm to light, crucial for precision top and Higgs physics
> &my to 10 MeV: MSSM, Higgs produced dominantly via bb > A
» top-quark PDF also accessible - 1411.6492, 1503.015%0



https://arxiv.org/abs/1411.6492
https://arxiv.org/abs/1503.01590
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Impaci of strange, ¢- and b-quarks
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The sirong coupling constant
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FG's talk

» as =2 least known coupling constant

» Current state-of-the-art: °*/,. = 0(1%)


https://indico.ectstar.eu/event/149/contributions/3058/attachments/1919/2513/FCC_LFC_FGiuli_2022.pdf
https://arxiv.org/abs/1211.5102
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The sirong coupling constant

as determinations at NNLO QCD:

T ogash T B
ABM - 5(I) ([ ] ;:IeC :nc!usn./e jets (expcd. exp. uncert.)
ABMP —e— 03 L A inclusive jets [NNLO] _
BBG P e ¥ JADE 3-jet rate [NNLO+NLLA+K]
JR - % 0 25 | B tdecays [PDG][NLO] |
NNPDF —e—— Q . GFitter EW fit (N’Loj
| + LHC dijet (NNLO, prelim.] o
MMHT ——e— q 0.2
¥e) g
HA1 ® p .
HERA incl. jets .
S 2203.0827/1
LHeC incl. DIS (e =50Gev) o . : — 1
LHeC incl. jets - 2007.14491 0.125 Ry =
LHeC DIS+jets o g\.
LHeC incl. DIS @t run ) —e— < 012 ; } l# = d
5 ' 11T

World avFrage [2018] —— I 0.115 { .

0.11 0.115 O.12|VI 0.11 I . Y.

(M) 10 100 1000 10000

> LHeC simultaneous PDF+ay fit: (1 = Q> +p2 ) uglGeV]

» Aag(my) = £0.00022 exp +pDF > as from fits to ep jet production
> Aag(my) = £0.00018 (with ep jets) (LHeC)
» FCC-eh further increases

» Achievable precision: 0(0.1%) - x5-10

better than today precision and range


https://arxiv.org/abs/2203.08271
https://arxiv.org/abs/2007.14491
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Summary

Energy frontier electron-proton colliders essential for full exploitation of current
and future hadron colliders — see Nestor's talk

Wealth of new and updated studies from LHeC/FCC-eh

Enormously rich physics programs in their own right, and for transformation of
ppP Machines info precision facilities

All critical PDF information can be obtained with early data (~50 fb-! = x50
HERA), in parallel with HL-LHC operation

Unprecedented access to novel kinematic regime, with unique potential to
explore small-x phenomena (see Claire’s talk)

as to per-mille experimental precision achievable, with use of inclusive DIS
and/or jets

... and much more in realm of Higgs, top, EW, diffractive/forward and BSM
physics (see Anna, Nestor and Sook’s talks)



https://indico.cern.ch/event/1199314/contributions/5193184/
https://indico.cern.ch/event/1199314/contributions/5216849/
https://indico.cern.ch/event/1199314/contributions/5216848/
https://indico.cern.ch/event/1199314/contributions/5193876/
https://indico.cern.ch/event/1199314/contributions/5190838/
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LHeC timeline

Possible scenarios of future colliders ™ Proton collider === Construction/Transformation: heights of box construction cost/year

Electron collider Preparation
{ 4 years

I Electron-Proton collider

500 GeV
4 ab?

1TeV

ILC: 250 GeV
=4-5.4 ab?

20km tunnel 2 abt

Japan

31km tunnel 40 km tunnel

© ,
< CepC: 90/160/240 GeV “No consensus tn Buropean
< 100km tunnel (SRR , ,
O community on which type of future
5 vears CLIC: 380 GeV 1.5 TeV 3 TeV ee GDLLi«dCY (LLM“Y or GLYGM.LGY) ”
Y 11 km tunne! BERCIPTIE] 2.5 ab’? 5 ab? (F Gianotti, CERN Council Week, June 2020)
29 km tunnel 50 km tunnel

350-365 GeV FCC hh: 150 TeV =20-30 ab!
1.7 ab?

IROTUEN  FCC-ee: so/160/250
GeV -150/10/5 ab1

8 years

2

e

6 - FCC hh: 100 TeV 20-30 ab™®

FCC hh: 100 TeV 20-30 ab™
8 years 100km tunnel
HL-LHC: 13 TeV 3-4 ab? HE-LHC: 27 TeV 10 ab™?
- LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab?
2 years M 0.25-1 ab1© U. Bassler, CERN council president
e el el e ]
2020 2030 2040 2050 2060 2070 2080 o04/10/2019 2090 4

LHeC: installation during LS4;

~
7

» Concurrent operation through LHC Run 5/6, and period of dedicated running
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Statement of the IAC

Members of the Committee e The development of the ERL technology needs to be intensified in Europe, in national
laboratories but with the collaboration of CERN;
e A preparatory phase is still necessary to work out some time-sensitive key elements, es-

;iz%&f;ﬁ;ﬂ:}fflﬂ(l\?gﬁ,gi?w Singapore) g{sz_ﬁﬁui{fll;sgvs:c?kg);{);dlnator) %eci.ally the high power ERL technology (PERLE) and the prototyping of Intersection

Frederick Bordy (CERN) Victor Matveev (JINR Dubna) cRlon Tagnets.

Stan Brodsky (SLAC) Aleandro Nisati (Rome I)

Oliver Briining (CERN, coordinator) Leonid Rivkin (PSI Villigen) Recommendations

Hesheng Chen (Beijing) Herwig Schopper (CERN, em.DG, Chair)

Eckhard Elsen (CERN) Jiirgen Schukraft (CERN) i) It is recommended to further develop the ERL based ep/A scattering plans, both at LHC

Stefano Forte (Milano) Achille Stocchi (Orsay) and FCC, as attractive options for the mid and long term programme of CERN, resp. Before

Andrew Hutt Jeff Lab John W, ] ESS Lund a decision on such a project can be taken, further development work is necessary, and should
ndrew B (.)n (Je 'erson ab) ohn Womersley ( und) be supported, possibly within existing CERN frameworks (e.g. development of SC cavities and

Young-Kee Kim (Chicago) high field TR magnets).

ii) The development of the promising high-power beam-recovery technology ERL should be in-

tensified in Europe. This could be done mainly in national laboratories, in particular with the

o The installation and operation of the LHeC has been demonstrated to be commensurate PERLE project at Orsay. To facilitate such a collaboration, CERN should express its interest
with the currently projected HL-LHC program, while the FCC-eh has been integrated into and continue to take part.
the FCC vision;

e The feasibility of the project as far as accelerator issues and detectors are concerned has
been shown. It can only be realised at CERN and would fully exploit the massive LHC

In conclusion it may be stated

iii) It is recommended to keep the LHeC option open until further decisions have been taken.

An investigation should be started on the compatibility between the LHeC and a new heavy ion
and HL-LHC investments; experiment in Interaction Point 2, which is currently under discussion.

e The sensitivity for discoveries of new physics is comparable, and in some cases superior,

to the other projects envisaged;

e The addition of an ep/A experiment to the LHC substantially reinforces the physics pro-
gram of the facility, especially in the areas of QCD, precision Higgs and electroweak as
well as heavy ion physics;

e The operation of LHeC and FCC-eh is compatible with simultaneous pp operation; for
LHeC the interaction point 2 would be the appropriate choice, which is currently used by
ALICE;

After the final results of the European Strategy Process will be made known, the IAC considers
its task to be completed. A new decision will then have to be taken for how to continue these
activities.

Herwig Schopper, Chair of the Committee, Geneva, November 4, 2019

» Published in LHeC CDR update - 200/.1449
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Why proton PDFs matter

» Precise knowledge of Parton Distribution Functions (PDFs) is essential

» PDFs have large uncertainties in the LHC kinematics regions
» Significant source of uncertainty for Higgs and top production
» Limits precision on fundamental parameters (my, as, etc.)
> Limits searches for new massive particles
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PDFs at HL-LHC

PDFs at the HL-LHC (Q =10 GeV)
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Figure 9.9: Impact of LHeC on the 1-0 relative PDF uncertainties of the gluon, down quark, anti—up
quark and strangeness distributions, with respect to the PDF4LHC15 baseline set (green band). Results
for the LHeC (red), the HL-LHC (blue) and their combination (violet) are shown.
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Parton luminosities at HL-LHC

Uncertanties in PDF luminosities @ Vs=14 TeV

Uncertanties in PDF luminosities @ Vs=14 TeV
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Figure 9.10: Impact of LHeC, HL-LHC and combined LHeC + HL-LHC pseudodata on the uncertain-
ties of the gluon-gluon, quark-gluon, quark-antiquark and quark-quark luminosities, with respect to the
PDF4LHC15 baseline set. In this comparison we display the relative reduction of the PDF uncertainty
in the luminosities compared to the baseline.
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LHeC simulated data

Source of uncertainty Uncertainty
Scattered electron energy scale AE!/E! 0.1 %
Scattered electron polar ansle 0.1 mrad
Hadronic energy scale AE),/E), 0.5%
Radiative corrections 0.3%

Photoproduction background (for y > 0.5) 1%
Global efficiency error 0.5%

A factor 2 better

than at HERA,
except for lumi

Table 3.1: Assumptions used in the simulation of the NC cross sections on the size of uncertainties from
various sources. The top three are uncertainties on the calibrations which are transported to provide
correlated systematic cross section errors. The lower three values are uncertainties of the cross section

caused by various sources.

e- e’

__________ | o o o = — —
Parameter Unit I Data seltl l

: DI D2 D3 D4 D5|,D6 D7 Dg Do !
Proton beam energy TeV | 7 7 7 7 1 || 7 7 7 7 ;
Lepton charge | -1 -1 -1 -1 -1] I—l—l +1 -1 -1
Longitudinal lepton polarisation -08 -08 0 -08 0,0 0 +0.8 -|-0.8I
Integrated luminosity mt s 50 50 1000 1,11 10 100 0l

l o o o oo oo oo o oo o o P o o e e mm mm J

Table 3.2: Summary of characteristic parameters of data sets used to simulate neutral and charged
current et cross section data, for a lepton beam energy of E, = 50GeV. Sets D1-D4 are for E, =
7TeV and e~ p scattering, with varying assumptions on the integrated luminosity and the electron beam
polarisation. The data set D1 corresponds to possibly the first year of LHeC data taking with the tenfold
of luminosity which H1/ZEUS collected in their lifetime. Set D5 is a low Ep energy run, essential to
extend the acceptance at large = and medium Q2. D6 and D7 are sets for smaller amounts of positron
data. Finally, D8 and D9 are for high energy e™p scattering with positive helicity as is important for
electroweak NC physics. These variations of data taking are subsequently studied for their effect on PDF

determinations.
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Novel small-x dynamics

x i
X : DENSE @ .
: REGION @\&" » Small-x QOVCII’IOUS phenomena may
=5 2}@" occur which go beyond standard

= < .

o & DGLAP QCD evolution

g BK/JIMWLK‘

= » BFKL, connected to small-x

. 1

§ DILUTE resummation of log; terms

o REGION @

2 » Gluon recombination = non linear

@ evolution, parton saturation

. DGLAP
In Agcp In Q
T 2
Ty, T2, can get as small as 7 = — (note: typical values @1, ~ /T)
L1 S
T | Higgs | Z,W | lowmassDY | c¢
Unprecedented LHC (13 TeV) 1074 | 5x10°°

~ 106 ‘ ~ 10~7

opportunity to FCC-hh (100 TeV) | 1.5 x 10~° ~107% | ~107°

8 X 10~7

explore small-x o
with LHeC/FCC-eh M. Bonvini, LFC 2022 Workshop



https://indico.ectstar.eu/event/149/contributions/3060/attachments/1933/2525/bonvini_LFC22.pdf

> Inclusive gluon-fusion Higgs production process

ratio to N°LO
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Resummed pp phenomenology

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

1 1

1t N3t8 fo. PDFs my = 125 GeV >
: ,res PDFs = = o =
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1.08
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1.06 [
band: PDF uncertainty

1.04 I

1‘02 ...........

1802.07758, 1805.08785

08 LHC HE-LHC FCC
oo {on o N g
Vs [TeV] i

Work on forward Higgs production;
other processes in progress i.e. HQ

Resummed calculation
matched to N3LO FO
calculations

Small-x resummation has a
modest impact at current
LHC energies

Its impact grows
substantially with the
energy, reaching 10% at
100 TeV

Bulk of the effect: the
resummed PDFs and their
resummed evolution

» Here inclusive cross sections BUT a more prominent effect is expected in
exclusive/differential cross section (especially in e.g. large-rapidity regions)


https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1805.08785
https://arxiv.org/abs/2011.03193
https://arxiv.org/abs/2211.10142
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LHeC/FCC-eh sensitivity to small-x
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» LHeC and FCC-eh have unprecedented kinematic reach to small-x

» Very large sensitivity and discriminatory power to pin down details of small-x

QCD dynamics - 200/.14491

» Measurement of F| plays a significant role - 1802.0431/


https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1802.04317

Cross Section (pb)
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Empowering the LHC: Higgs

NNNLO pp-Higgs Cross Sections at 14 TeV
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Transformed precision for Higgs

@HL-LHC, due to PDF+a;

o MK

Wide and comprehensive Higgs
programme — complementarity
between pp and ep

DIS Higgs Production Cross Section

2201.02436
2007.14491

Log(ep~>HX)

cms energy /TeV

Interplay between pp and ep
(shown here: LHeC & HL-LHC)
HL=LHC prospects - 1902.00134

s kappa framework Ki = g./g.5M A

EHL-LHC mLlHeC m pp+ep



https://arxiv.org/abs/2201.02436
https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1902.00134
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Empowering the LHC: BSM

» BSM: external, reliable and precise PDFs needed for range extension and

interpretation - 1902.04070, 2007.1449 1

Gluino Pair Production PDF Uncertainty
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Empowering the LHC: precision EW

ATLAS Simulation Preliminary

LEP-1 and SLD: Z-pole average ' ' A 0.23152 = 0.00016 I .2 0 I
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HL-LHC ATLAS PDF4LHC15, ,: 14 TeV —_—— 0.23153 = 0.00015 +0.00007 (exp) + 0.00013 (pdf)
I HL-LHC ATLAS PDFLHeC: 14 TeV . . = . 0.23153 = 0.00008 + 0.00007 (exp) + 0.00003 (pdf)
0.23 0.231 0.232
sin’0.
s 20F T
% 18 - ATLAS Simulation Preliminary
—g- - Vs =14 TeV, <MI>=2 [l stat. ® PDF 200 pb! > myy., Slrl2 QW precision measurement
g 16 from m nl <4 } I H
S 1OF mwirommy &Py I [T stat. © POF 1 b sensitive to BSM physics
14 I POF
)

> PDF uncertainties become sub-
dominant when using LHeC PDFs
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» Complementary ep DIS EW
programme i.e. my,, sin® 6,, from
simultaneous PDF+EW fits and more
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Small-x resummation

HERA NC /s = 920 GeV, Q? = 3.5 GeV?
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» Recent evidence of onset of NFKL dynamics in HERA inclusive data
» Small-x resummation mainly effects gluon PDF — dramatic effect for x < 10-3

> Essential for LHeC and FCC-eh!

» Gluon PDF with small-x rersummation grows more quickly - saturation at some
point!


https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/1802.00064
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as from LHeC inclusive NC/CC DIS

» ag from inclusive NC/CC DIS

» Simultaneous determination of PDFs
and ag in a NNLO QCD fit

> 3 LHeC scenarios: =
» LHeC 15t Run (50 fb! ep) o
» Plus 1 fb! positron data

» Fullinclsuive LHeC (1 ab™)

20¢
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16

14F -
12F -

10
8
6

francesco.giuli@cern.ch

- LHeC-50: o, from mcIusw‘e DIS and Jets

- —DIS alone (50fb " €)
— DIS alone 5ot 'e, 11b'e?)
— DIS alone (full lumi.)
DIS + jets (s0tb”'e)
-- DIS + jets (full lumi.)
PDG18

AO&S(MZ)(iHCI. DIS) = :l:o'00022(exp—|—PDF)

\

107" %10 1

Uncorr. uncertainty (DIS) [%]

> ag to better than 2 per-mille experimental uncertainty!

» Inclusion of jet cross sections yields further improvement, and stabilises against

uncorrelated uncertainty scenario
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Longitudinal structure functions
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Parton saturation

» With the unprecedented small-x reach, gluon recombination/parton
saturation may also be expected, manifesting as deviation from linear DGLAP

Post-fit results to LHeC (500 pseudo-experiments)
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Dlﬁrachve PDFs

Gluon diffractive PDF 4 10 F o
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» DPDF uncertainties reduced by factor 5-7 (10-15) at LHeC (FCC-eh) with
inclusive data alone — prospects for precise exiraction of DPDF and tests of
factorization breaking (collinear and soft)


https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3

