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FIG. 2. Luminosity vs. center-of-mass energy for the past (open markers), current (solid markers), and some of the planned
future lepton-proton or ion collision facilities (shaded markers). Most of the fixed-target facilities (blue) have high luminosity
but low energy, while collider facilities (green or red) typically access higher energy but have low luminosity. While all fixed-
target facilities can utilize polarized proton (or nuclear) targets, polarized proton or ion beams are only available at EIC and
not at HERA, LHeC or FCC-ep.

and fundamental scientific questions in particle physics. This whitepaper provides an overview of the science case of
EIC from the perspective of the high-energy physics community. The science case is broadly categorized into and
presented in the following sections:

• Beyond standard model physics: Sec. 2,

• Tomogography of hadrons and nuclei: Sec. 3,

• Jet physics: Sec. 4,

• Physics of heavy flavors: Sec. 5,

• Physics at small Bjoeken-x: Sec. 6.

Huge efforts in the past/present … and future

@BNL

What about LHC?

(RHIC)

The LHC beams cannot be polarised. The only possibility to have polarised collisions is 
through a polarised fixed-target

2

LHCspin
phase I+II

Spin is a key tool to explore a wide range of new and intriguing physics scenarios
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Broad and poorly explored 
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pp collisions: 0.45 - 7 TeV beam on fix target
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The LHCb detector
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The LHCb detector

5

geometry of a fixed target experiment

beam
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The installation of an unpolarised gas target 

proves the technical and physical feasibility of 

implementing this technique at the LHC



an unpolarized target at 

LHC beam

beam-gas

collisions
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Figure 6: Scheme of a tubular storage cell of length L and inner diameter D. Injection is in the center
with flow rate Q, resulting in a triangular density distribution ⇢(z) with maximum ⇢0 at the center.

consecutive tubes of length L/2. For cylindrical tubes, the conductance in the molecular flow
regime is given by [10]:

C(l/ s) = 3.81
p
T/M

D3

L+ 1.33 D
, (2)

where L, D are expressed in cm, the temperature T in K, and M is the molecular mass number.
The areal density is given by:

✓ =
1

2
⇢0L. (3)

A tube-like storage cell to be installed within the VELO vessel has to meet the following minimal
requirements:

1. has to be split in two halves, movable apart during beam injection, energy ramp, squeeze
and adjustment; the two halves have to be connected with the respective VELO boxes and
moved simultaneously;

2. must have conducting surfaces surrounding the beam, needed to shield the chamber from
the beam RF fields, thus preventing excitation of wake fields; in this specific case these are
provided by the cell structure itself, a conducting transition to the RF foil, and a flexible
connection to the beam tube suspended by the elliptical flange of the VELO vessel;

3. must be connected to a gas injection system feeding directly into the storage cell center
via a flexible line;

4. must include temperature measurement for each cell. Because of the
p
T dependence of

the conductance (Eq. (2)), T has to be measured precisely in order to determine the target
areal density ✓ through Eqs. (1) and (3).

Furthermore, additional pumping on the VELO vessel may be applied, in contrast to SMOG,
without a↵ecting the target density. This will have a beneficial e↵ect on the background
conditions.

The scheme of the SMOG2 gas target with its storage cell and GFS is shown in Fig. 7.

3.2 Gas flow and expected performance

For the present design of the SMOG2 target cell, the following parameters are assumed:

• open-ended tubular cell with inner diameter D = 1 cm;

• full length L = 20 cm;
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Storage cell 2 < η < 5Forward acceptance:

JINST	3	(2008)	S08005	

IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution

Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

Openable cell

5 mm radius  x  200 mm length
7

System for Measuring Overlap with Gas



It is the only system 
present in the LHC 
primary vacuum
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It is the only system 
present in the LHC 
primary vacuum
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LHCb-FIGURE-2023-001

… it really works

Pb-Ar collisions

Textbook fig
ure

Two well separated and independent Interaction Points working simultaneously

13.8 TeV113 GeV

Primary Vertex reconstruction
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Pb-Ar collisions
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LHCb is the only experiment able to run in 
collider and fixed-target mode 

simultaneously! 
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… it really works σJ/Ψ = 16.9 MeV    for pH2 only

σJ/Ψ = 17.2 MeV    for pH2 + pp

σD0 = 8.8 MeV    for pH2 only

σD0 = 8.9 MeV    for pH2 + pp

σΨ(2S) = 21.6 MeV    for pH2 only

σΨ(2S) = 22.8 MeV    for pH2 + pp

The spectrometer behaves in the same, excellent, way 
in case of: pp alone / pp+pgas / pgas alone

Large statistics! 

Rule of thumb: 100  reconstructed per minute!

In 6 months of data taking  >>1M of reconstructed  

J/Ψ
D0
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A lot of results have already been published, and 
much more will come
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Now we know that a storage cell at the LHC is possible 
and performs excellently! 


Therefore, we can take the next step



14

The physics goals of                  … just a quick overview

• Multi-dimensional nucleon structure in a poorly explored kinematic domain

• Measure experimental observables sensitive to both quarks and gluons TMDs

• Make use of new probes (charmed and beauty mesons)

• Complement present and future SIDIS results

• Test non-trivial process dependence of quarks and (especially) gluons TMDs

• Measure exclusive processes to access GPDs

Now we know that a storage cell at the LHC is possible 
and performs excellently! 


Therefore, we can take the next step



reconstructed particles

LHCspin event rates

Precise spin asymmetry on  and  
for  collisions in just few weeks

J/Ψ → μ+μ− D0 → K−π+

pH↑

Huge statistics

Statistics further enhanced by a factor 3-5 in LHCb upgrade II

15

J/Ψ

J/Ψ



Quark TMDs

• Extraction of qTMDs does not require knowledge of FF


• Verify sign change of Sivers function wrt SIDIS   


• Test flavour sensitivity using both H and D targets

f⊥
1T |DY = − f⊥

1T |SIDIS
Gold

en
 C

ha
nn

el

LHCb has excellent -ID & 
reconstruction for  

μ
μ+μ−

dominant: 


suppressed: 

q̄(xbeam) + q(xtarget) → μ+μ−

q(xbeam) + q̄(xtarget) → μ+μ−
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Gluon TMDs

Theory framework well consolidated, but experimental 
access still extremely limited

The most efficient way to access the gluon dynamics inside the 
proton at LHC is to measure heavy-quark observables.

At LHC heavy quarks are produced by the dominant gg fusion 
process

Inclusive quarkonia production in (un)polarized pp interaction 
turns out to be an ideal observable to access gTMDs

TMD factorisation requires :qT(Q) ≪ MQ

• Can look at associate quarkonia production, where only relative 
 needs to be small (e.g. )qT pp(↑) → J/Ψ + J/Ψ + X

• Due to the large masses, easier in case of bottomonium where 
factorisation can hold at large qT

{
17
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Gluon-induced asymmetries 
(unconstrained ) accessible 

by, e.g.,  or  production

h⊥g
1 + f g

1

di − J/Ψ Υ

… more probes: ηc, χc, χb, . . .



Probing the Sivers function

Can be accessed through the Fourier decomposition of the TSSAs for inclusive meson production

Sensitive to color exchange among IS and FS, and gluon OAM

Shed light on spin-orbit correlation of unpolarized gluons inside a transversely polarized proton

Predictions for  
production based on 

GPM & CGI-GPM

Expected amplitudes 

could be very large in the 
 region

J/Ψ

xF < 0

19
Phys. Rev. D 102, 094011 (2020)
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Ultra-peripheral exclusive quarkonia production

p p

�

Exclusive meson production
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ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
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Exclusive meson production
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Exclusive meson photoproduction
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large masshard scale = hard scale =

GPDs

p/A

photon flux∝Z2

• high energy of LHC → extend to gluon GPDs, down to xB=2x10-6. 

• test saturation (e.g.: N. Armesto et al., PRD 90 ('14) 054003).
HERA: down to xB=10-4
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Wmax
�N = 34 GeV
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution
equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x0, Q2

0). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q

2
0, the DGLAP equation

allows one to find the parton distributions at
Q

2
> Q

2
0 at all x where DGLAP evolution

is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x0 > x and all Q

2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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right-hand-side. This gives rise to the satu-
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ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
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velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
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- Impact parameter larger than sum of radii


- Process dominated by EM interactions


- Gluon distributions probed by pomeron exchange


- Exclusive quarkonia prod. sensitive to gluon GPDs 

[PRD 85 (2012), 051502]
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UPC and gGPDs

can be accessed at LHC in Ultra-Peripheral collisions (UPC)

Exclusive meson production
hard scale = quark mass

Timelike Compton scattering (TCS)
(access via angular modulation)

hard scale = large q2 (in practice few GeV2)

Accessible already with SMOG2 
for the unpol part

Recall: 
-barely explored high-xB region 
-moderate Q2
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Spin physics in heavy-ion collisions

•probe collective phenomena in heavy-light systems through ultra-
relativistic collisions of heavy nuclei with trasv. pol. deuterons


•polarized light target nuclei offer a unique opportunity to control 
the orientation of the formed fireball by measuring the elliptic flow 
relative to the polarization axis (ellipticity).


W
ojciech Broniow

ski, Piotr Bozek

sNN = 72 GeV
Pb
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Spin physics in heavy-ion collisions

sNN = 72 GeV
Pb

Single spin asymmetries in ultra-peripheral  collisionsp↑A → hAX

to test the assumed dominance of the contribution from twist-three fragmentation functions
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Polarized target

ppp-gas

a polarized target at 

H D
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Successful technology based on 
HERA and COSY experiments … but an extensive R&D is also required



Target density (H)  = 3.7 x 1013 cm-2 

LHC beam (Run5) = 6.8 x 1018 p s-1 


LpH = 2.5 x 1032 cm-2 s-1

24

LHCspin experimental setup 

Negligible impact on the LHC beam lifetime,  days 
to be compared with the typical 10h of the beam lifetime

τp−H
beam−gas ∼ 2000
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MAGNET INFO FOR THE CELL ACCESS

coils

V. Carassiti - INFN Ferrara

yoke

- MAGNET IN TWO SEPARATED COILS

- C SHAPE YOKE OR WITH A SIDE 
REMOVABLE PLATE 

28/12/2020 13

FEED THROUGH SERVICES

MOTORS

ABS

BRP

FEED THROUGHS:
- ABS x 1
- BRP x 1
- Ugfs x 1
- Motors x 2
- Thermal sensors x 1

WFS

• Inject polarized gas via ABS and unpolarized 
gas via UGFS

• Compact dipole magnet  static transverse field
• Superconductive coils + iron yoke configuration fits the 

space constraints
•  with polarity inversion, , suitable 

to avoid beam-induced depolarization

→

B = 300 mT ΔB/B ≃ 10 %
[PoS (SPIN2018)]

PGT implementation into LHCb

Possibility to switch to a solenoid and provide 
longitudinal polarization

Transverse polarization

25

https://pos.sissa.it/346/098
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Role of the storage cell coating

The material of the cell walls must have a low Secondary Electron Yield (e-cloud)

SMOG2 non coated cell
SMOG2 amorphous Carbon coated cell



Coating issues

Amorphous carbon is a very effective coating for maintaining low SEY, as 
demonstrated by SMOG2. However, what about atomic recombination?

polarized

unpolarized
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Coating issues

Amorphous carbon is a very effective coating for maintaining low SEY, as 
demonstrated by SMOG2. However, what about atomic recombination?

In previous experiments at HERA and COSY, Dryfilm (silicon) or Teflon (fluoride) coating, 
combined with ice layers, kept the SEY low and prevented recombination

This is not possible at LHC: no fluoride, no silicon materials allowed

polarized

unpolarized
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Coating issues

Let’s try to change the paradigm and exploit the recombination effects.

This can happen if:


1) the recombination process is “fast enough” to recombine two polarized atoms

2) the recombination into molecules is very high

29



Coating issues

Let’s try to change the paradigm and exploit the recombination effects.

This can happen if:


1) the recombination process is “fast enough” to recombine two polarized atoms

2) the recombination into molecules is very high

A test was performed at FZ-Julich on a quartz storage cell coated at CERN with 
amorphous carbon, just like the SMOG2 storage cell
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Coating issues

We can develop a new storage cell 
using polarized molecules

• high density target


• but an absolute polarimeter is needed
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Proton vector polarization for different magnetic fields

- aC coating -

Initial atomic polarisation       Pa = 0.90

Recombination rate               95.8 - 100 %
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Development of an absolute polarimeter

To validate the theoretical predictions of the analyzing power at 7 TeV, in addition to evaluating 
detection efficiency and background, the absolute polarimeter must be installed in coincidence 
with the standard Breit-Rabi Polarimeter along the beamline

Based on the Coulomb Nuclear Interference (CNI)
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The backup: the jet target Pro

-no recombination

-high polarisation

-very small systematics on the polarisation measurements


Contra

-x40 less luminosity than the cell solution

(tolerable for the standard channels, relevant for the rare 
probes)

In this case the small dipole becomes a simple small Helmholtz coil 
that has basically no impact on the LHCb current or future setup



The plan is to develop the project in 2 phases:
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The plan is to develop the project in 2 phases:

Install the PGT in LHCb for the Run5 and exploit 
all the enormous potentialities due to the LHCb 
(upgrade II) spectrometer: c-, b-quark 
reconstruction, rare probes, RTA, …

Polarized target

Develop a compact - LHCb independent - 
apparatus capable of:

- conducting R&D to have a “plug & play” PGT 

for Run5

- perform physics measurements never 

accessed before

- perform measurements connected to LHC

- etc…
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The LHC Interaction Regions
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The LHC 
Interaction 
Region 4
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https://indico.cern.ch/event/817655/contributions/3442649/attachments/
1861615/3059737/2019_06_BGV_GasJetTarget.pdf

BGV

This apparatus is not used and 

could be replaced by LHCspin39
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Detector concept at the IR4
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Even though the focus will be on polarimetry and beam interactions, we performed preliminary calculations to 
determine if a simple detector could meet our needs

we can achieve a resolution  within a few meters of lever arm (depending on space constraints) 
for momenta up to a few GeV and with N = 10 hit measurements 

δp/p < 1 %
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with we have  MeV,

excellent for any other measurement

δp/p ∼ 1 % δm ∼ 40

it is even possible to have a ToF PID

 level for 
@3σ π − K

p ∼ 1 GeV → σT𝒪(100) ps
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In parallel, we are working on the existing polarized target system. We 
have identified the tasks required for a initial phase of refurbishment 
and modification for the LHC. 

The system will be moved from Julich to Ferrara before the end of the 
year, where we will perform these modifications before moving the 
system to CERN



There already several WPs working on different subjects

lhcspin@lists.lnf.infn.it The R&D work is proceeding well

Very valuable note: all this developed at CERN, along LHC, in an international contest, by a small group of colleagues
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Polarized ABS BRP Absolute 
polarimeter

BGV 
integration Spectrometer Physics 

channels

DB repository

Dissemination

mailto:lhcspin@lists.lnf.infn.it
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The polarized target is part of the LHCb 
Scoping Document for the Upgrade II


The interaction with the LHC experts is 
ongoing. The idea is to submit an 
Expression of Interest (EoI) or a Letter of 
Intent (LoI) in the next months
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Timetable

2024

now

2026 2029

LHC LS3

time for installing the 
apparatus at the IR4

2033

LHC Run4

data taking at 

the IR4

LHC LS4

time for 

installing the 
apparatus at 

LHCb

2035

LHC Run5+6

data taking at LHCb

As an independent 
collaboration from 

LHCb



Pasquale Di Nezza

is an innovative and unique project conceived to bring polarized physics at the LHC. It is 
exceptionally ambitious, demonstrating  remarkable potential for advancing physics


Conclusions
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Pasquale Di Nezza

is an innovative and unique project conceived to bring polarized physics at the LHC. It is 
exceptionally ambitious, demonstrating  remarkable potential for advancing physics


It could be implemented within a realistic timeframe (during LHC LS 3 for the LHC Run4 
starting in 2029-30), and with a limited budget


Additional advantages include a small group of people, international contest, CERN, LHC, …


It is based on the feasibility of employing a gas target, as demonstrated by the SMOG2 project, 
and could use a location (IR4) along LHC

Conclusions

It will pave the way for another new frontier in spin physics
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