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CERN future colliders: arXiv:1810.13022

LHeC, FCC-eh and PERLE
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PERLE: international collaboration built to realise 500 MeV facility at
Orsay, for development of ERL with LHeC conditions ( arXiv;1705.08783 )

ESPPU: ERL is a high-priority future initiative for CERN Footprint; 26 5.6 X0 s
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https://arxiv.org/abs/1810.13022

LHeC Conceptual Design Report and Beyond

CDR 2012: commissioned by

CERN, ECFA, NuPECC
200 authors, 69 institutions

I
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A Large Hadron Electron Collider at CERN
Report on the Physics and Design Concepts for
Machine and Detector

LHeC Study Group
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see also, FCC CDR, vols 1 and 3:
physics, EPJ C79 (2019), 6, 474

FCC with eh integrated, EPJ ST 228 (2019), 4, 755

Further selected references:

On the relation of the LHeC and the LHC
arXiv:1211.5102

The Large Hadron Electron Collider
arXiv:1305.2090

Dig Deeper
Nature Physics 9 (2013) 448

Future Deep Inelastic Scattering with the
LHeC
arXiv:1802.04317

An Experiment for Electron-Hadron
Scattering at the LHC
arXiv:2201.02436

CDR update
400 pages, 300 authors, 156 institutions

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020
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The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G

J. Phys. G 48 (2021) 11, 110501

(arXiv:2007.14491)

5 page summary: ECFA newsletter No. 5, August 2020

https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf
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Physics with Energy Frontier DIS

N DIS: cleanest high-resolution microscope
Si070 €
e~ FCC-he . :
¢ ) 20 LHeC opportunity for unprecedented increase in DIS
1075 ] HERA kinematic reach;
sl oM x1000 increase in lumi. cf. HERA
- [ ] NMC
104 =1 SLAC » QCD precision physics and discovery
3l « empowering the HL-LHC and FCC-hh
10° precision” L—
- ~ QCD,as, - —
102 ~ PDFs == unique nuclear physics facility
: (p,y,IP) =— —7 A1 ( N. Armesto, HI, Thurs 12:25 )
1= 1 hon-linear QCD |— = = g
L = = 7 [/ complementary Higgs programme
g = — (U. Klein, HIGGS, Fri 15:00 )
10 ol I . Ll . | : Ll A L] - Lol 5 Lol ;
10 10~ 10~ 10~ 10~ 10~ 10 electroweak and top

(D. Britzger, TOP&EW, Fri 18:30 )
X15/120 extension in Q2,1/x reach vs

(LHeC: ep in 2030s, several years concurrent HL-LHC operation, plus dedicated run, arXiv;1810.13022 )



https://arxiv.org/abs/1810.13022

up valence distribution at Q* = 1.9 GeV?

Quark and Gluon PDFs
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x(s+8)(x, @* = 1.9 GeV?)

Strange, c, b

strange pdf poorly known =>» LHeC: direct sensitivity via charm tagging in Ws—-c

suppressed cf. other light quarks? (x,Q2) mapping of strange density for first time
strange valence?
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improved precision c.f. HERA

6Mc = 50 (HERA) to 3 MeV: impacts on as, regulates ratio of charm to light, e\/ 5

crucial for precision t, H

oMb to 10 MeV; MSSM: Higgs produced dominantly via bb — A @
g

t pdf also accessible (EG. G.R. Boroun, PLB 744 (2015) 142; 741 (2015) 197)



https://www.sciencedirect.com/science/article/pii/S0370269315002142?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269314009204?via%3Dihub
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arXiv:2007.14491

I ° featured in Snowmass as White Paper,
StrOng Coup INg arXiv:2203.08271
* as: least known coupling constant . e
o
« current state-of-the-art: Sas/as = 0(1%) = 035 iy boheisosenmmn |
= 0 3 Ls A H1inclusive jets [NNLO) _
) ¥ JADE 3-jet rate [NNLO+NLLA+K]
025 | m tdecays [PDG][N’LO] ]
. . GFitter EW fit (N°Lo)
 LHeC simultaneous PDF+as fit: 0oL + LHC dijet (NNLO, preim] N
° AaS(Mz)[inCl. DlS] = iO.OOO22(eXp+pDF) 0.15
Aas(Mz)= + 0.00018 for incl. DIS together with ep jets 0.1
| LHeC
* achievable precision: 0(0.1%) 0125 + u i
x5-1 tter than toda N
5-10 be y gw 0.12 .+|l** y
3 { T I { +
ep jots: 0.115 I -
, R | S 1§ Y Y S
LL/ © 10 100 1000 10000
& g [GeV]
q " . "
e.p g « «as from fits to ep jet production (LHeC)

« connects t-decays to Z-pole and beyond
* FCC-eh further increases precision and range


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

LHeC pdfs+as

co MK

arXiv:2201.02436
arXiv:2007.14491

DIS Higgs Production Cross Section

Log(ep>HX)

R B N N T VTR

cms energy /TeV

Interplay between pp and ep

(shown here: LHeC & HL-LHC)

4.00

HL-LHC prospects, arXiv:1902.00134

8x/% kappa framework Ki = g/g.S" A

bb ww gg - cc 2z

BHL-LHC mLHeC M pp+ep

... plus own comprehensive Higgs programme
complementarity between pp and ep
(see talk by U. Klein, HIGGS, Fri 15:00)



https://arxiv.org/abs/2201.02436
https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1902.00134

Empowering the LHC: BSM

arXiv:2007.14491
arXiv:1902.04070

«  BSM: external, reliable, precise pdfs needed for range extension and interpretation

Gluino Pair Production PDF Uncertainty

W (comblned +/-)

NPDF 3.0 (90% CL)

—— NNPDF 3.0 (68% CL)
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.. plus unique sensitivity to search
regions not accessible in pp
EG. LLP, LFV, RPV and compressed

SUSY, sterile v, ... scenarios
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CONTACT INTERACTIONS: Lc = Pnij((ji’yuqi)(ém“&)
Model ATLAS (Ref. [702]) HL-LHC
L£=36fb"" (CT14nnlo) £ =3ab' (CTl4nnlo) £ =3ab~' (LHeC)
LL (constr.) 28 TeV 58 TeV 96 TeV ’
LL (destr.) 21 TeV 49 TeV 77 TeV
RR (constr.) 26 TeV 58 TeV 84 TeV
R (destr.) 22 TeV 61 TeV 75 TeV
R (constr.) 26 TeV 49 TeV 81 TeV
R (destr.) 22 TeV 45 TeV 62 TeV
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https://arxiv.org/abs/1211.5102
https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1902.04070

A m,, [MeV]

Empowering the LHC: precision EW

LEP-1 and SLD: Z-pole average

LEP-1 and SLD: Agy

SLD: A

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS Preliminary: 8 TeV

HL-LHC ATLAS CT14: 14 TeV

HL-LHC ATLAS PDF4LHC15,, i 14 TeV

ATLAS Simulation Preliminary

0.23152 = 0.00016
0.23221 + 0.00029
0.23098 + 0.00026
0.23148 = 0.00033
0.23142 = 0.00106
0.23101 + 0.00053
0.23080 = 0.00120
0.23140 = 0.00036
0.23153 = 0.00018
0.23153 = 0.00015

arXiv:2007.14491
arXiv:1902.04070

sin29W

HL-LHC ATLAS PDFLHeC: 14 TeV

0.23153 = 0.00008
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~ s =14 TeV, <u> =2
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CT14

[l stat. ® PDF 200 pb
[ ] stat. ® PDF 1 b

I POF

MMHT2014 HL-LHC

+ 0.00009 (exp) + 0.00016 (pdf)
+ 0.00007 (exp) + 0.00013 (pdf)
+ 0.00007 (exp) + 0.00003 (pdf)

MW, sinZ9W precision measurements sensitive to BSM physics

pdf uncerts. become sub-dominant with LHeC pdfs!

* ... plus complementary ep DIS electroweak programme
- EG. MW, sin?9W from simultaneous pdf+EW fits,
and more (see talk by D. Britzger, TOP&EW, Fri 18:30)
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https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1902.04070

In 1/x

Novel small x dynamics

- small x — various phenomena may

DENSE o

c REGION rS occur which go beyond standard

o < .

£ 2 DGLAP QCD evolution:

_g BK/JIMWLK BFKL, connected to small x resummation

a 1

§ - DILUTE of log - terms

o REGION @ « gluon recombination = non-linear

= evolution, parton saturation

wv

DGLAP

In Aqco InQ unprecedented opportunity to explore
small x with LHeC/FCC-eh
x15/120 extension in 1/x cf. HERA

_@ , _

T= ‘ Higgs ‘ Z, W ‘ low mass DY ‘ cc

LHC (13 TeV) 104 5x 1075 ~ 108 ~ 10~7

FCC-hh (100 TeV) | 1.5 x 1078 | 8 x 10~7 ~ 108 ~ 1079

(note: typical values @1, x2 ~ +/T)

central rapidity T

M. Bonwini, 4 FCC workshop, CERN, November 2020
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Impact on pp phenomenlogy

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

" NALO, f.0. PDFs " my=125GeV R
11 . N°LO, res PDFs = = e = mu2 L
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100

Al
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» effect of small x resummation on gg—H cross section for LHC, HE-LHC, FCC

» significant impact, especially at ultra low x values probed at FCC

(see also recent work on forward Higgs production, arXiv:2011.03193; other processes in progress)


https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1805.08785
https://arxiv.org/abs/2011.03193

LHeC and FCC-eh sensitivity to small x

NNPDF3.1sx, Q%> =5 GeV? NNPDF3.1sx, Q% = 5 GeV?
—— T — T

TTTTT T T T T
oY NNLO
=== NNLO+NLLx

— T
OO0 NNLO 1.4
E—— NNLO+NLLx
I Pseudo-Data

1.2

1.0

1.0 N
3 08 TN \ -
o TN & 05 .
()} S A \
2 - \ N
0.0 \\\ N
1 R SO NS LHeC kinematic range
LHeC kinematic range "
FCC-eh kinematic range FCC-eh kinematic range
ol Y BT B Ll
10-© 1072 1074 10~ 10-° 107° 104 1073
X X
y? Q?
H . _ 2 2 —
NC cross section: o.nc = Fa(z, Q%) — S Fr(z, Q%) y=——
1+(1—y) s

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 (further detailed studies in arXiv:2007.14491 ;

see also talk by N. Armesto, HI, Thur 12:25)

measurement of FL has a significant role to play, arXiv:1802.04317

arXiv:1710.05935
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https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/1802.04317

Summary

« a new highly luminous, energy frontier ep collider (photo: D. Brtzger)

would enable the full exploitation of current and future Journal of Physics G

Nuclear and Particle Physics

hadron colliders (Higgs, BSM, EW, ...)

Volume 48 Number 11 November2021 Article 110501

« wealth of new and updated studies from LHeC / FCC-eh -

LHeC Study Group

« enormously rich physics programmes in their own right, and for

transformation of pp machines into precision facilities

« all critical pdf information can be obtained early
* unprecedented access to novel kinematic regime, with unique
potential to explore small x phenomena

wopsmence.org/jphysg

* as to permille experimental precision 10P Publishing

* ... and much more in realm of QCD and small x physics; J. Phys. G 48 (2021) 11, 110501

no time today to cover EG. diffractive, vector meson, yp,

... physics

statement from the IAC:

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 sp' .
well as heavy ion physics; e

Herwig S(Mpﬂ



https://iopscience.iop.org/article/10.1088/1361-6471/abf3ba

Extras
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CERN/ESG/05

Possible scenarios of future colliders ™ Proton collider mmmm Construction/Transformation: heights of box construction cost/year
Electron collider Preparation
1 Electron-Proton collider

ILC: 250 GeV 500 GeV

c
©
%{ 4 years 20km tunnel [SERRICE 4 ab?
31km tunnel 40 km tunnel

@O ’
K= CepC: 90/160/240 GeV “No consensus tn Buropean
< 100km tunnel [EEARENGE , ,
O community on which type of future

] CLIC: 380 GeV ee collider (Linear or circular)”

ears . . .
4 11 km tunnel RRCEYIS (F Gianotti, CERN Council Week, June 2020)

29 km tunnel 50 km tunnel

1570-3;)65 GeV FCC hh: 150 TeV =20-30 ab™
.7 ab?

100km tunnel [See SR
GeV -150/10/5 ab'!

8 years

FCC hh: 100 TeV 20-30 ab™*

FCC hh: 100 TeV 20-30 ab*
8 years 100km tunnel

CERN

HL-LHC: 13 TeV 3-4 ab! HE-LHC: 27 TeV 10 ab™
2years 178/6 LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab?
-/ B/0VeRl g 55 9 gb10 U. Bassler, CERN council president
1 T T O R
2020 2030 2040 2050 2060 2070 2080 o04/10/2019 2090 4

| s> LHeC: installation during LS4;
concurrent operation through LHC Runs 5/6; and period of dedicated running, arXiv:1810.13022 17



https://arxiv.org/abs/1810.13022

Higgs prospects: collider comparison

. K (%) ) Kz (%) Ke (%) Kz (%) Kp (%)
Some observations: BT T i - . .
> HL-LHC achieves precision of == = — | = —
~1-3% in most cases - - - e RO R e —
| — — | ]

> In some cases model-dependent
° Proposed e+e— al‘ld ep co"iders 0004081216 20 0004081216 20 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

improve w.r.t. HL-LHC by factors K, (%) Xy (%) K (%) K (%) Kzy (%)
of ~2to 10 o 1 = I 1
. _ . I i I j—
- Initial stages of e*e~ colliders — — — — —
have comparable sensitivities — o — =
(within factors of 2) - - — - —
0 1 2 3 4 0.015 30456075 0015 30 45 6075 0 4 8 12 16 0 4 8 12 16

- ee colliders constrain BR —

modified version (x-scale) of the plot in the report for illustration purposes

untagged wlo assumptions Bl (< %, 95% CL)  Bryy (< %, 95% C.L) Higgs@FC WG Kappa-3. May 2019
o Access to k.. at ee and eh = = B FCC-co+FCC-ch+FCC-hh m CLIC3s
C -] i B FCC-eesqs+FCC-eeaqq ILCs0p+1LCaso+ILCasy
— —/ pmm FCC-eeaqp ILCasn
— e W CEPC . LHeC
vy [ —" —— B CLIC300+CLIC)5p+CLIC3)  mumm HE-LHC
arXiv:1905.03764 g CLIC,500+CLICs5 HL-LHC
00 0612 1.8 24 3.0 0 1 2 3 4 Al future colliders combined with HL-LHC

Beate Heinemann, ESU, Granada, 2019
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https://arxiv.org/abs/1905.03764

MW today

SM
DO | 80478 + 83 ®
CDF | 80432 + 79 ©
DELPHI 80336 *+ 67 ——
L3 80270 £+ 55 ———
OPAL 80415 + 52 —
ALEPH 80440 * 51 ——
DO Il 80376 = 23 ——
ATLAS 80370 + 19 -
CDF Il 80433 + 9 L 2
e v v P v b v v by v by e by

79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

( science 376 (2022) no. 6589, 170-176 )

CDFIl: My = 80,433.5 + 9.4 MeV

—— Total uncertainty
=== Stat. uncertainty
ALEPH —_———
DELPHI ®
L3 —————y
OPAL —_———
CDF ——
DO ———
ATLAS ——
LHCb 1.7 fb™! . S——
Electroweak Fit -

80100 80150 80200 80250 80300 80350 80400 80450 80500
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( JHEPO1 (2022) 036 )

I_HCb mwyw — 80354 + 235tat + 1Oexp + 17theory + 9PDF MeV


https://link.springer.com/article/10.1007/JHEP01(2022)036
https://www.science.org/doi/10.1126/science.abk1781
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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-

S(?rglo Bel:toluc.cl (Bologna) . Max Kle.ln (Liverpool, coordinator) pecially the high power ERL technology (PERLE) and the prototyping of Intersection
Nichola Bianchi (INFN, now Singapore) Shin-Ichi Kurokawa (KEK) Region magnets.
Frederick Bordy (CERN) Victor Matveev (JINR Dubna)
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 recommendez.i to fufther develop ?he ERL based ep/A scattering plans, both at LHC
Stefano Forte (Milano) Achille Stocchi (Orsay) and F.‘C:‘C, as attractive ctptlons for the mid and long term prog;ramme. of CERN, resp. Before
a decision on such a project can be taken, further development work is necessary, and should
Andrew Hutton (Jefferson Lab) John Womersley (ESS Lund) b ted iblv within existine CERN fr. ks devel t of SC caviti d
Young-Kee Kim (Chicago) h.e ;ué»pler; , posmt 3)/ within existing ameworks (e.g. development o! cavities an
igh fiel . magnets).
In conclusion it may be stated 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;
o The feasibility of the project as fa‘r as accelerator issues and detGCtor_S are concevled has iii) It is recommended to keep the LHeC option open until further decisions have been taken.
been shown. It can only be realised at CERN and would fully exploit the massive LHC 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, J. Phys. G 48 (2021) 11, 110501 )
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pdfs: the situation today

xg(x,Q), NNLO, Q2=100 GeV?2, as(Mz)=0.118
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pdfs poorly known at large and small x

BSM searches limited by (lack of) knowledge of large x gluon and quark pdfs
... plus precision MW, sin29W (where small discrepancies may indicate BSM physics) and Higgs,
also limited by pdf uncertainties at medium x, where we know pdfs best!

crucial also to ensure BSM deviations not inadvertently absorbed into pdfs, see EG. arXiv:2104.02723 , 1905.05215




LHeC simulated data

Source of uncertainty Uncertainty
Scattered electron energy scale AE!/E! 0.1 %
Scattered electron polar angle 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%

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.

Kinematic coverage

10’ T T
Parameter Unit Data set i i i
s @' HENCo, | LHeC pseudo data
DI D2 D3 D4 D5 D6 D7 D8 D9 105H ——J*wgecair — - -
. o]
Proton beam energy TeV 7 7 7 7 1 7 7 7 7 105 T & ti :g % | amarreans
_ _ _ _ _ _ _ oo e Or 4 $ - b R Y Ry
Lept(_)n charge o 1 1 1 1 1 +1 +1 1 1 . R | o g fud
Longitudinal lepton polarisation -08 —-08 0 =08 0 0 0 408 408 -~ . e-HECCo Il s g il Sk gt
Integrated luminosity fb! 5 50 50 1000 1 1 10 10 50 S 407 gy , : 9200020 0 on} Sowtmmmmm:
g | e 2o DA M g
R . — o NC F:"" | OO S TR0 SN0 &% W SV SumE——
Table 3.2: Summary of characteristic parameters of data sets used to simulate neutral and charged K 103r e i O oT et e G Bs0 Wh e v gmse
current e* cross section data, for a lepton beam energy of E, = 50GeV. Sets D1-D4 are for E, = £ Bt G o " T T e s
— . . . . . . . V& ete M8 E8 OSNes SN SNs ol Mel S S e ¢ om0
7TeV and e p scattering, with varying assumptions on the integrated luminosity and the electron beam 102+ B S ripoguapels Gimmitoqpepus seporiipninn BEDEOGI
polarisation. The data set D1 corresponds to possibly the first year of LHeC data taking with the tenfold ot el S o B ol oo B-Co DL UELT R
of luminosity which H1/ZEUS collected in their lifetime. Set D5 is a low Ep energy run, essential to 1 e | B eatl Boraal o PO ol Cln o (P L
. 9 X 10 ¢ Bl 1 - A - (- 0~ i G )y - - .
extend the acceptance at large x and medium Q<. D6 and D7 are sets for smaller amounts of positron a0fol Sac Qam el Sac SacBai Sa0 S 4 4 4
data. Finally, D8 and D9 are for high energy e~ p scattering with positive helicity as is important for 0 0k B (R (e i
electroweak NC physics. These variations of data taking are subsequently studied for their effect on PDF 10 102 10-4 10-3 10-2 10-1 100
determinations. X
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LHeC pdf parameterisation

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

no requirement that ubar=dbar at small x
no negative gluon term (only for the aesthetics of ratio plots — it has been checked
that this does not impact size of projected uncertainties)

= AyaPs(1 —2)%(1+ Dyx)

= A, 2P (1 —2)% 1+ E, 2%
Ag xPav (1 — 2)%

— AU:I:BU(I — :I:)CU

= AD:I:BD(l — :zr)c_

H&HH
&5 g
|

8
o

~

8

4+1 pdf fit (above) has 14 free parameters
5+1 pdf fit for HQ studies parameterises dbar and sbar separately,
17 free parameters
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xf(x,Q)

Summary of LHeC pdfs
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with further improvements after full
running period, plus HQs, (DIS jets, ...)
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Longitudinal Structure Function
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(W)

inclusive diffraction
constraints on diffractive pdfs,
new final states in diffraction,
EW exchange, ...

(t)

Diffractive Physics
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» elastic diffraction of vector mesons

arXivi2007.14491 , EPJ C79 (2019), 6, 474

+ sensitive to novel small x dynamics
» characteristic dips a feature of saturation
models =

access to GPDs, encoding 3D structure of nucleon
t-dependence gives information on spatial distribution

= Fourier Transform of impact parameter profile

sensitivity to non-linear evolution and saturation
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https://arxiv.org/abs/2007.14491
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3
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Sea quarks

Ubar distribution at Q% = 1.9 GeV?
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Sea quarks

Ubar distribution at Q2 = 1.9 GeV?
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no predictive power from current pdfs;
conflicting theory pictures;
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c, b quarks
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LHeC: enormously extended range and much improved precision c.f. HERA

dMc = 50 (HERA) to 3 MeV: impacts on as, regulates ratio of charm to light, crucial for precision t, H
oMb to 10 MeV; MSSM: Higgs produced dominantly via bb — A
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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.



Uncertanties in PDF luminosities @ {s=14 TeV

Uncertanties in PDF luminosities @ {s=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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Fractional uncertainty
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Impact of positrons
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Fractional uncertainty

Fractional uncertainty
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M, (GeV)

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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Ratio to data

Novel small x dynamics

HERA NC /s = 920 GeV, Q? = 3.5 GeV?
1.1 — T e —
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3 :

0.9 I $
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effect of small x B |
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recent evidence for onset of BFKL
dynamics in HERA inclusive data,

arXiv:1710.05935; 1802.00064

(see also, arXiv:1604.02299)

9(x, @) / g(x, Q)[ref]

1.3

1.2

1.

[y

NNPDF31sx, Q = 100 GeV

O™ X NNLO+NLLx HERA only, global
NNLO+NLLx HERA+LHeC+FCC-eh, DIS-only

‘# NNLO HERA+LHeC+FCC-eh, DIS-only

X2/NOF
NNLO:

LHeC / FCC-eh (NNLO+NLLX)
71/ 272

DSOS

1 IIII 1 IIII 1 IIII 1 IIII 1 IIII 1 IIII 1 llI

1074 107® 1072 107!

X

107 107° 10°°

small x resummation mainly affects

gluon pdf — dramatic effect for x < 103
essential for LHeC and FCC-eh

NB, gluon pdf obtained with small x resummation
grows more quickly — saturation at some point!

10°
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https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/1802.00064
https://arxiv.org/abs/1604.02299

In 1/x

SLtron

Novel small x dynamics: saturation

In Ageop

Test for saturation potential at LHeC:

Simulated pseudodata with saturation at low x

107
‘ LHeC760NCEM o DGLAP
DENSE s ©  Saturation
10° 3 w
REGION —
0 oo
10° 3 o 0 cocom®
e o o oocomm
e oo ooocww®
10* 5 e © oo oococu®
BTIMWLK S ee © oo oocuw
, © oo © o0 ooomw
107 5 e ©¢ oo © oo o000
DILUTE ee © o0 © o0 ©
REGION © o0 © 00 © oo
107 + e © oo © ©00 © ©
BFKL ee © o0 © o0 ©
® 00 © o0 o o0
10* - e © e © 00 o o
ataninl e © o0 © o0 o
InQ 10°° 10-5 10-¢ 103 102 10! 10°

X

In the rest of kinematic range use DGLAP to simulate the data

Perform the fits of DGLAP to these data and check the tension/agreement
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Novel dynamics at small x: saturation

0.4

DGLAP-based LHeC pseudo-data (PDF4LHC15)

Saturation LHeC pseudo-data (for x < 10'4)

L

1

M.
ANNNANNNNN

]

]

Distribution

]
/4777
7

%
7

7

N ANANRNANN:
N

j

EoONW .
03sE-. [ pre-fit
Eoz .
0.3F77 post-fit
.5 0.25 g
% 5 =
2 02f
o F
80.15F
0.1F
0.05; Wf; 2
- ‘ 7
8.4 0.6

pre- and post-fit X2
distributions consistent
for DGLAP pseudo-data
fitted with DGLAP

LHeC can distinguish between DGLAP and saturation

Post-fit results to LHeC (500 pseudo-experighents)

/// %7// //5/ %///

7.
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RN
NN

i%%% DGLAP pseudo-data

7257 .
“+~ Saturation pseudo-data

T
oz

/
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Y 1
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%
7

I
|

o
o

o

=.hm
Zhpk

pre- and post-fit distributions

very different for DGLAP fit to

saturation-based (x < 104, GBW
model) pseudo-data

DGLAP can not absorb all
saturation effects
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Novel small x dynamics: saturation

LHeC pseudo-data, Q% = 5 GeV? LHeC pseudo-data, Q% = 10 GeV?
6T T T T 6——rrrT T T T

( PseudoData - Fit )/ ExpError
( PseudoData - Fit )/ ExpError

\‘\\\‘\\\!\\\‘\\\!\\\‘\\\

— Saturation | -6 — Saturation

107° 107 1078 1072 10°° 1074 1078 1072
X X

LHeC pseudo-data, Q% = 20 GeV? LHeC pseudo-data, @ = 50 GeV?
6T T T T 6——rrrT — T T T

( PseudoData - Fit )/ ExpError
( PseudoData - Fit )/ ExpError

\‘\\\‘\\\!\\\‘\\\!\\\‘\\\

\‘\\\‘\\\!\\\‘\\\!\\\‘\\\

-2 5 -2 i
-4 | aeaas DGLAP -4 aaas DGLAP
-6 — Saturation | -6 — Saturation
Ll Ll L o | Ll L o
107° 107 1078 1072 10°° 1074 107 1072
X X

inspect PULLS to highlight origin of worse agreement: in saturation case (fitted with DGLAP),
theory wants to overshoot data at smallest x, and undershoot at higher x
while a different x dependence might be absorbed into PDFs at scale Qy, this is not

possible with a Q2 dependence — large Q? lever arm crucial
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Longitudinal momentum fraction
of the Pomeron w.r.t hadron

2 2
Q>+ Mz —t

Q2 + W2
Longitudinal momentum fraction
of the parton w.r.t Pomeron

Q2
T Q2+ M2 —¢

§=ap =

&

4-momentum transfer squared

t=(p—p)

Bjorken x relation

rp; = T

Diffraction

Q? [GeV?]
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10!
100
101
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Tl
0>1° ]

| | L tol Lol

FCC-eh  Ep=50 TeV, Ec=60 GeV.

| LHeC  Ep= 7 TeV, Ec=60 GeV
HERA  Ep=0.92 TeV, Ec=27.5 GeV
EIC Ep=0.25 TeV, Ec=21 GeV
ZEUS-LRG  x

- H1-LRG o
HERA-FLPS

0.001 <y <0.96
B<1
£<04

108

10”7

105
X = B§

106

104

103 102 101

inclusive diffraction, constraints on diffractive pdfs,
new final states in diffraction, also EW exchange
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&EOred

&0red

Diffractive ored pseudo-data

LHeC FCC-eh
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potential for high quality data for inclusive diffraction at LHeC/FCC-eh (only small
subset of simulated data shown)

prospects for precise extraction of diffractive pdfs, tests of factorisation breaking
(soft and collinear)
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arXiv:2007.14491

o . EPJ C79 (2019), 6, 474
D Iffra Ct ive P D FS (thanks also to A. Stasto)

Gluon diffractive PDF g4 Z"I"EIUSSJ M

from LHeC: 3.5 A ]
3 .
2.5 .
(A,B,C: independent sets of |
LHeC pseudodata) 2
1.5
1 ]

0 Illlujl IIII|.|.|.|I L1111
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DPDF uncertainties reduced by factor 5 — 7 at LHeC and 10 — 15 at FCC-eh with inclusive data alone
prospects for precise extraction of diffractive PDFs, tests of factorisation breaking (collinear and soft)
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https://arxiv.org/abs/2007.14491
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3

(W)

small x: elastic diffraction of vector mesons

» access to GPDs, encoding 3d structure of nucleon

» t-dependence gives information on spatial distribution
= Fourier Transform of impact parameter profile

 sensitivity to non-linear evolution and saturation

virtual photon

* *
Y +p— Ip+p Y +p—Jp+p
I ' I ' I ' I I [ T T T T T T ]
10°F »—x IP-Sat (Saturation) 7 10°F %= IP-Sat (Saturation) -
——= [P-Sat (1-Pomeron) /—— TP-Sat (1-Pomeron)
[+~ +1b-CGC (Saturation) [+ =]b-CGC (Saturation)

—_—
(e

= 1TeV
»

do/dt (nb/GeV?)
SO
1
do/dt (nb/GeV?)
=

1l [GeV'] 1l [GeV']

one of the best processes to test for novel small x dynamics

characteristic dips a feature of saturation models — positions depend on exact model, Q, W, ,, My,

NN NN
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as is least known coupling constant
world av.: a,(M2)= 0.1175+0.0010 (w/o lattice)

current state-of-the-art: das/as = 0(1%)
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arXiv:2007.14491
Featured also in Snowmass as White Paper,

Stron g Cou P li ng arXiv:2203.0827

as determinations at NNLO QCD:

ABM } o -
ABMP —eo—
BBG C - —]
JR C ®
NNPDF

MMHT

H1 —
HERA incl. jets

LHeC incl. jets
LHeC DIS+jets
LHeC incl. DIS¢mun )

=
S —
@
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@
@
—e—
_._

World av|erage [2018]
| |
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https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/2203.08271

os from LHeC inclusive NC/CCDIS

20¢ ]
* s from inclusive NC/CC DIS: - LHeC-50: o, from inclusive DIS and jets 1
. o 18- DIS alone (sofb'e) -
« simultaneous determination of pdfs 16 — DIS alone (soto' e, 110" e
and as in NNLO QCD fit T DIS it )
14: I[:))llj'S»GlJr1j8e’[s (full lumi.)
o 12F---

3 LHeC scenarios:

« LHeC 1%t Run (50 fb™! e-p)

« plus 1 fb"! positron data

 full inclusive LHeC dataset (1 ab™")

\

Aas(Mz)(incl. DIS) = £0.00022(exp+ PDF) 10~ ox107" 1
Uncorr. uncertainty (DIS) [%]

* as to better than 2 permille experimental uncertainty!

inclusion of jet cross sections yields further improvement, and stabilises against uncorrelated uncertainty scenario —
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NCDIS jet production at the LHeC

sensitive to as at lowest order

NNLO QCD calculations for DIS jets available in
NNLOJet (arXiv:1606.03991, 1703.05977), and
implemented in APPLfast (arXiv:1906.05303)

full set of systematic uncerts. considered,;
benchmarked with H1, ZEUS, ATLAS, CMS

Exp. uncertainty Shift Size on o [%]
Statistics with 1ab™'  min. 0.15% 0.15-5
Electron energy 0.1% 0.02-0.62
Polar angle 2mrad 0.02-0.48
Calorimeter noise +20 MeV 0.01-0.74
Jet energy scale (JES) 0.5% 0.2-4.4
Uncorrelated uncert. 0.6 % 0.6
Normalisation uncert. 1.0% 1.0

do/dp__ [pb/GeV]

rel. errors

107
10°
10°
10*
10°
102
10

;
107"
1072
1073
107
107°

0.15
0.1

0.05

¢ LHeC pseudo data
NNLO predictions

~ [NNLOJET]

NNLO QCD
NNPDF31_nnlo_as 0118

W2 = u2=p2+Q°

[JJet energy scale uncertainty §0.5%
W Jet energy scale uncertainty (1.0%
v2AScale / total theo. error

|

10 10°
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https://arxiv.org/abs/1606.03991
https://arxiv.org/abs/1703.05977
https://arxiv.org/abs/1906.05303

as from LHeC NCDIS jets
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Figure 4.3: Studies of the size and correlations of experimental uncertainties impacting the uncertainty
of ags(Myz). Top left: Study of the value of the correlation coefficient p for different systematic uncer-
tainties. Common systematic uncertainties are considered as fully correlated, p = 1. Top right: Size of
the JES uncertainty for three different values of pjrg. Bottom left: Impact of the uncorrelated and nor-
malisation uncertainties on Aag(My). Bottom right: Contribution of individual sources of experimental
uncertainty to the total experimental uncertainty of as(Mz).
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Empowering the LHC: MW

Parameter Unit  ATLAS (Ref. [424]) HL-LHC projection
CT10 CT14 HL-LHC LHeC LHeC
Centre-of-mass energy, /s TeV 7 14 14 14 14
Int. luminosity, £ bt 5 1 1 1 1
Acceptance In| < 2.4 n <24 |n <24 <24 Inj<4
Statistical uncert. MeV +7 +5 + 4.5 + 4.5 + 3.7
PDF uncert. MeV +9 + 12 + 5.8 + 2.2 + 1.6
Other syst. uncert. MeV + 13 - - -
Total uncert. Amy, MeV + 19 13 7.3 5.0 4.1
= 20¢ | | |
é) 18 - ATLAS Simulation Preliminary
= Tpls=l4TeV =2 Il Stat. ® PDF 200 pb*
£ 16Fm, fromm, &p., Il <4 :
b - M T &P M, ] Stat. ® PDF 1 fb
14 I POF
12 3

10

[ \C I 2

CT10 CT14 MMHT2014 HL-LHC LHeC



Empowering the LHC: sin?9W

Parameter Unit ATLAS (Ref. [433]) HL-LHC projection
MMHT2014 CT14 HL-LHCPDF LHeCPDF
Centre-of-mass energy, /s TeV 8 14 14
Int. luminosity, £ fbh—? 20 3000 3000
Experimental uncert. 1073 + 23 +9 +7
PDF uncert. 1075 + 24 + 16 + 3
Other syst. uncert. 1075 + 13 — —
Total uncert., A sin?fy, 107° + 36 + 18 + 8
ATLAS Simulation Preliminary
LEP-1 and SLD: Z-pole average ' ' — 0.23152 = 0.00016
LEP-1 and SLD: A% B 0.23221 + 0.00029
SLD: A, B 0.23098 = 0.00026
Tevatron B —_——— 0.23148 = 0.00033
LHCb: 748 TeV B o 0.23142 + 0.00106
CMS: 8 TeV N o 0.23101 = 0.00053
ATLAS: 7 TeV N 0.23080 = 0.00120
ATLAS Preliminary: 8 TeV B —_—— 0.23140 + 0.00036
HL-LHC ATLAS CT14: 14 TeV B — 0.23153 = 0.00018
HL-LHC ATLAS PDF4LHC15, B —— 0.23153 = 0.00015
HL-LHC ATLAS PDFLHeC: 14 TeV B —— 0.23153 + 0.00008




FCC WS Nov 2020

MW and sin?26w arXiv:2007.11799
pdf+EW fits
I 1 I I I | T I T I I T T T T
W-boson mass sinZGs\f’fl
Direct measurements LEP+SLD
LEP2 —e Tevat
Tevatron ———— evatron y
ATLAS — LHC o
Indirect determinations AMW [MeV] LHeC-50 ——
LHeC-50 —%— +8 LHeC-60 —x—
LHeC-60 — +6
FCC-eh —x—
FCC-eh >  +45
FCC-eh + LHeC-60 . [ FCC-eh + LHeC 5§
PDG [2020] — e 12 Standard Model |[PDG20] |+ |
\ | | | 0 0 1 | | ] 1 ] | ] 1 ] | ]
80.35 80.4 0.231 0.2315 0.232
my, [GeV] Sinfoy)
*  Mw: most precise determination * sin“Bw: potential for most precise
from a single experiment measurement from single experiment
« complementary to direct measurements - can also test SM-prediction of scale dependence

across wide range of scale to 0(0.1%) precision

53


https://indico.cern.ch/event/932973/timetable/
https://arxiv.org/abs/2007.11799

selected examples:

LLP

arXiv:1712.07135
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arXiv:1908.02852

arXiv:2007.14491

o sterile v's

O« = mixing angle
between sterile neutrino
and active neutrino a
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