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The high-lumi LHC
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A. Dainese et al., CERN Yellow Reports: Vol. 7 (2019)

pp collisions

\/E = 14 TeV

ATLAS/CMS & : 5 - 10 cm-2s-1 — Z;ne : 3000 fo~!
LHCb & :2-10%°/2 - 10°*ecm—2s-1 — P+ : 300 fo~!

PbPb collisions

ALICE/ATLAS/CMS RUN4: Zjnt : 6.8 nb~!
LHCb RUN4: &t : 1.0 nb~!

pPb collisions

\/Syny = 8.8 TeV

ATLAS/CMS RUN4: &t : 0.6 pb~!
ALICE/LHCb RUN4: &t : 0.3 pb~!

Also pO and OO runs and possibly other
Intermediate-mass nuclei such as Ar-Ar
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The electron-ion collider
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The electron-ion collider
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The electron-ion collider
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The electron-ion collider
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The electron-ion collider
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Kinematic coverage
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Kinematic coverage
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Exclusive processes at the EIC and LHC

Hard exclusive meson production
Hard scale=large Q2
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Exclusive processes at the EIC and LHC

Hard exclusive meson production Exclusive meson photoproduction
Hard scale=large Q2 Hard scale = large charm/bottom-quark mass

down to xg=10-4at HERA/EIC in ep
xg=10-3at EIC in eA

Exclusive meson photoproduction
Hard scale = large charm/bottom-quark mass

down to xg=10-6 at LHC in pp
xg=10-° at LHC in pA



What are we probing in UPCs?

proton-proton and proton-lead collisions lead-lead collisions

probing proton probing ion

proton-lead: Z2 dependence of photon flux
— predominantly probing proton



Measurement of exclusive production on proton at LHC: example LHCb
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Measurement of exclusive production on proton at LHC: example LHCb
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Measurement of exclusive production on proton at LHC: example LHCb
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Measurement of exclusive production on proton at LHC: example LHCb

proton-proton collisions
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Measurement of exclusive production on proton at LHC: example LHCb

proton-proton collisions
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Measurement of exclusive production on proton at LHC: example LHCb

proton-proton collisions
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Measurement of exclusive production on proton at LHC: example LHCb

proton-proton collisions
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Measurement of exclusive production on proton at LHC: example LHCb

proton-proton collisions
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Extraction of the J/{ photoproduction

pPb: use Z2 dependence of photon flux
— PDb Is predominantly photon emitter
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Extraction of the J/{ photoproduction

pPb: use Z2 dependence of photon flux pp: ambiguity in ID of photon emitter
— PDb Is predominantly photon emitter
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Extraction of the J/{ photoproduction

* r = gap survival factor

M
ke = %eiy = photon energy
pPb: use Z2 dependence of photon flux pp: ambiguity in ID of photon emitter |. dcj{_”i = photon flux

— PDb Is predominantly photon emitter

« Wi = 2ky+/s =ypinvariant mass

relation pp and yp cross section:

dn dn
Opp—spiop = T(W4 )kt @va—mbp(WﬁL) T T(W—>k—£0ﬁp—>¢p(w—)

LHCb used HERA data for low-Ey ( 1//_ ) contribution.
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Measurement of exclusive production on proton at EIC
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Measurement of exclusive production on proton at EIC
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Measurement of exclusive production on proton at EIC
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J/P photoproduction cross section
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J/P photoproduction cross section
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J/P photoproduction cross section
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Exclusive measurements on the proton at the LHC and the EIC

ALICE, Phys. Lett. B 817 (2021) 136280
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Exclusive measurements on the proton at the LHC and the EIC
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Polarisation and angles

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(xz, &, t) E(x,&,t)

H(z,&,t) E(x,,t)

proton helicity non flip| proton helicity flip

Four parton helicity-flip twist-2 GPDs

HT(mafat) ET(xvat)

I:-]T(xvgvt) ET(ZU,f,t)

parton-spin independent

parton-spin dependent
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POIarisatiOn and ang IeS Exclusive p on transversely polarised p

Possible at EIC HERMES, Eur. Phys. J. C 77 (2017) 378
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POIarisatiOn and ang IeS Exclusive p on transversely polarised p

Possible at EIC HERMES, Eur. Phys. J. C 77 (2017) 378
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Ultra-peripheral PoPb collisions

What object are we probing?

coherent scattering

Incoherent scattering

Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.

Incoherent interaction: interaction with constituents inside target.

~ target does not remain in same quantum state.
EX.: target dissociation, excitation
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Coherent production

Nuclear GPDs (PDFs at low Xg)

b o e - - - - - - - e e - - - -—— - - --

shadowing

gantishadowingg

 Fermi
“motion

EMC
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Coherent production

Nuclear GPDs (PDFs at low Xg)
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- Fermi
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Experimental important points

Example at EIC
scattering of Au Toll, Ulrich, PRC 87 (13) 0249

45 J /\V o coherent - no saturation
: " " 10 incoherent - no saturation
» Good separation of coherent and incoherent production. Not easy! = - coherent - saturation (bSat)
&; - e incoherent - saturation (bSat)
O 103" fLdt = 10/A fb™!
© E . 1<Q2 <10 GeV2, x < 0.01
8
:-'6: 102 EO...Q...““ S000000'000e’e
~ o o, -] ooe nnonq
%5' f O 0
- 10 o "0
2 = -
? - %
- T
z i
3 -
5 -
T 101 In(edecay)| < 4 4
= P(edecay) > 1 GeV/c
- (@) Stt=5% i
10‘2lllllllllllllllllllllllllllllllllll
0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
It] (GeV?)
_t ~ 2
P
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Experimental important points

Example at EIC
scattering of Au Toll, Ulrich, PRC 87 (13) 0249

J /\V o coherent - no saturation
o incoherent - no saturation
= coherent - saturation (bSat)
¢ incoherent - saturation (bSat)

o fLdt = 10/A fb"?
2 1<Q2 <10 GeV?, x <0.01

» Good separation of coherent and incoherent production. Not easy!

m0

m0

)
S
| IIIII“&I_JI

—
o
W

» Coherent production: measurements up to large t:
3D or 2D (x independent) transverse position

© _—
dA; GPD(x,0,A ) e *""+74L

—r

o

N
QI T oo

[
o
T T e

0

—

| Illlllll | Illlllll

(e Au— e' Au' Jly) /dt (nb /GeV2)

Experimentally limited by maximum transverse momentum. :
Need to extend pT range as much as possible in measurement. © 107
~third diffractive minimum.

In(edecay)| < 4 ’ ‘t

p(edecay) > 1 GeV/c E‘J‘I%E
(@)  Stit=5% i

10'2llllIllllllllllllll[llllllllllllll

0 002 0.04 006 008 01 012 0.14 0.16 0.18
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—t ~ ph
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Experimental important points

Example at EIC
scattering of Au Toll, Ulrich, PRC 87 (13) 0249

J /\V o coherent - no saturation
o incoherent - no saturation
= coherent - saturation (bSat)
¢ incoherent - saturation (bSat)

» Good separation of coherent and incoherent production. Not easy!

m0

m0

)
S
| Illllu&l_ll

—
o
W

o fLdt = 10/A fb"?
2 1<Q2 <10 GeV?, x <0.01

» Coherent production: measurements up to large t:
3D or 2D (x independent) transverse position
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dAJ_ GPD(&?,O,AJ_) e L eL

—
o
N

l(‘llél T TTTT

[

o
T T e
o

L0

0

—

(e Au—e' Au' J/\y)/dt (nb/GeVz)

Experimentally limited by maximum transverse momentum.

L I I
Need to extend pr range as much as possible in measurement. C10te hedsomp] < evic *I :
~third diffractive minimum. Suturaton, W =1 TeV, Q10 Gev’ P &) anes :
— Saturation, W. =1TeV,Q=0 10-2 vt P P P Pl by by LR
» 0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Saturation, va =5TeV,Q=0

. 2
10 1-Pomeron, va =1TeV, Q2=10 GeV2 | t | (Gev )
= = 1-Pomeron, va =1TeV,Q=0
— — 1-Pomeron, Wyp= 5TeV,Q=0

» Saturation:

determine dip position indirectly
via slope and probe its dependence
With Wy

—t ~ ph

do/dt (nb/GeV?)
o

N. Armesto and A. H. Rezaeian, Phys. Rev. D 90 (2014) 054003.

it] [GeV’]
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Diffractive measurements on nuclel
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coherent scattering

Incoherent production

Incoherent scattering

Trot ~ (JA]%) average cross sections

2 average amplitude over target configurations:
Ocoh ™ |<A>| : : :
probes average distributions
o . = difference between both:
f#i -
probes event-by-event fluctuations
. . it A — Ay =1[0.0,1.8,3.5,5.3
= STGIALR T ALY — (ALY (] Al | 00,1835, 5.3 I
f 0 @
2 B —1t 10.4
= ((4P) - [(4)?)
| 10.2
E 0
SN n
1 0 1 1 0 1 H. Mantysaari and B. Schenke.

19 2[fn] 2] Phys. Rev. D 98, 034013 (2018)



Dissociative production measured by ALICE

pPb |
Bjorken-x
1072 1073 107 107°
| | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII
1021 Phys. Rev. D 108 (2023) 112004
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Search for the Odderon

hadron-hadron collisions
P ; ; P p

Pomeron Odderon

p/D I g p/p p/ﬁ—é“’% g— p/p

DO, TOTEM PRL 127 (2021) 062003

10_1 - I | I | | [ | ]
i \X vs =196 TeV TOTEM-DO0 ]
: \ N pp measurcment by D0): _
\ .
0 _ \\\ 8 e central values with error bars |
- \ ,
5 - \+ pp extrapolation by TOTIEM:
ey \:\ + A band center at DO bins
= i \\ — — band width (+1 o)
W)
<l f\ + i *\ .
%10_2—_ \:\+ ///1d \\\\\__
B AR ) + .
\ e \
: i :
I | I . I | I ! I .
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Search for the Odderon

hadron-hadron collisions
P ; ; P p

- -

Pomeron Odderon |

p/D g g p/P  p/p §§ g p/p

DO, TOTEM PRL 127 (2021) 062003

10~ — l | ! | ! ! ]

- :: /5=196 TeV  TOTEM-DO -
B pp measurcment by DO: -

& _ \: \ o e central values with error bars _

g - \\\+ pp extrapolation by TOTIEM:

ey \\\ + A band center at DO bins

E) i \\\ — — band width (+1 o)

)
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- \{ e .
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also e.g., f2 in pA and AA collisions
R. McNulty et al., EPJC 80 (2020) 288
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Search for the Odderon

hadron-hadron collisions
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\\\ + A band center at D0 bins
\ — — band width (+1 o)
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also e.g., f2 in pA and AA collisions
R. McNulty et al., EPJC 80 (2020) 288
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deep-inelastic scattering

C=-1

C=+1

0

offers more theoretical control

Measurement by H1
Phys. Lett. B 544 (2002) 35-43

o(y*p->n’N*)<39 nb
o(y*p->1,X)<16 nb
o(y*p-> a, X)<96 nb

mo, a9, f27 Tey Xe v



Search for the Odderon at the EIC
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Search for the Odderon at the EIC

S. Benic et al., arXiv:2402.19134
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Fixed target and nucleon PDFs

Drell-Yan impact on nucleon PDFs

1.4 I I 1-4 R — ™ T
Q=13 GeV | :
LiIp —  CTl4nlo ] 1.3
‘ - 1
1.2: CT14nlo prof. L=10fb B 1.2
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1.1 it
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e S 09
R-aF AFTER@LHC . 0.8
0.7+ u—PDF  Drell-Yanin pp collisions 0.7
Vs =115 GeV
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Fixed target and nuclear PDFs
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Fixed target

SMOG2:

exclusive measurements with SMOG2 (RUNS3):

pp pHe

pXe

special runs { |continuous pu*p” o =061.931 pb =686 evts o = 113.6 pb = 0 evts
data collection in{ J/p — pTpm o =20.467 pb = 2302 evts o = 27.3 pb = 0 evts
paraliel with pp p—> KK~  0=184pb=1210% evts o =109.4 pb = 5 evts

oc=17.6 nb = 29 10° evts
oc=1.3nb = 21 102 evts
oc=11.0 nb = 102 10° evts

25

total uncertainty on
cross section: 5-10%
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Fixed target

exclusive measurements with SMOG2 (RUNS3):

pp pHe

pXe

special runs { |continuous pu*p” o =061.931 pb =686 evts o = 113.6 pb = 0 evts
data collection in{ J/Y — T~ o = 20.467 pb = 2302 evts o = 27.3 pb = 0 evts
paraliel with pp p—> KK~  0=184pb=1210% evts o =109.4 pb = 5 evts

o =17.6 nb = 29 10° evts|  total uncertainty on

_ _ 3 .
o =13nb=2110"evts|  ©ross section: 5-10%
o =11.0 nb = 102 10° evts

SMOG2 /_\ LHCSPIN: transversely polarised gas target

protons gas (He, Ne, Ar)

@
Sy = 115 GeV

25

gas
protons protons, deuterons

— —+
Sy = 115 GeV

— access to spin-dependent GPDs at the LHC



Summary

* VVast complementarity between (HL-)LHC, fixed-target and EIC
* EIC provides high precision and polarisation
| HC covers otherwise unaccessible low-xg region
* Fixed target at the LHC covers the large-xg region
* EIC covers large variety of nuclei
—> valuable for study of nuclear effects, saturation
e Study of saturation effects: not an easy task: combined LHC and EIC data highly valuable!
* Fixed target also covers variety of nuclei, at large xs —> complementary channel

* Transversely polarised fixed target would allow to extend the complementarity with EIC
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