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Collective phenomena

We have the opportunity to explore a wide range of new physics scenarios at LHC
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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)

3

cost 3 B$
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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

cost 3 B$

What about LHC?

(RHIC)

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

phase I+II
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8.16 TeV pPb
LHCb
ATLAS/CMS
ALICE
ALICE Muon

Other Collision Systems
LHCb 110 GeV
HERA

Broad and poorly explored 
kinematic range

pp collisions: 0.45 - 7 TeV beam on fix target

s = 2mNEp ≃ 41 − 115 GeV

yCMS = 0 → ylab = 4.8

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

Ap collisions: 2.76 TeV beam on fix target
x1 x2

yCMS = 0 → θ ∼ 1∘

yCMS = − 4.8

1: beam; 2: target
Large CM boost, large x2 values (xF<0) and small x1

γ =
sNN

2mp
≃ 60

H D
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0.45 - 7 TeV

2.76 TeV



The LHCb detector
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The LHCb detector

7

geometry of a fixed target experiment

beam



an unpolarized target at 

LHC beam

beam-gas 
collisions

beam-beam 
collisions

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;

6

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
8



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

… wow-factor!

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

beam-beam

beam-gas

•same resolution for beam-gas and beam-beam 
collisions

K0
s

… wow-factor!
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LHCb Upgrade simulation

•beam-beam and beam-gas interactions are 
well detached 

LHCb is the only experiment able to run in collider 
and fixed-target mode simultaneously! 
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early data
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excellent results in 18 minutes of data taking, albeit low gas pressure & preliminary 
sub-detector performance as we were commissioning them 

LHCb-FIGURE-2023-001
LHCb-FIGURE-2023-008

2D

3D
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Thumb rule: in 2023, LHCb reconstructs ~100  particles per minute (after 
background subtraction) from SMOG2 collisions 

J/Ψ



The physics goals of                 

• 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

15

Talk of Luciano Pappalardo at 2 pm



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
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J/Ψ

J/Ψ

Talk of Marco Santimaria at 2.40 pm



Polarized target

ppp-gas

a polarized target at 

H D
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Successful technology based on 
HERA and COSY experiments



LHCspin experimental setup 
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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-1Negligible impact on the beam lifetime,
 days to be compared with 

the typical 10h of the LHC beam lifetime
τp−H
beam−gas ∼ 2000

19

LHCspin experimental setup 
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Figure 4: Kinematic coverage in the x � Q2 plane.
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Figure 5: Reconstruction e�ciencies for J/ ! µ+µ� events.

with the constraint a2 < a1/45. The results are shown in Fig. 7.
The fitted amplitudes are compatible with the parameters used in the generated model (Eq. 6),

showing no bias. Within the available statistics, corresponding to the data-taking time shown in the
plots, there is no sensitivity to fit for a second harmonic with the chosen binning scheme. The results for
the first harmonic amplitudes are summarised in Fig. 8 together with luminosity statistics, evaluated
from the method described in Sec. 2. As expected, the amplitudes are consistent with the generated
value and a mild, increasing trend is observed as xF (x) gets smaller (larger). With the chosen binning
scheme, Sivers amplitudes with around 10% error are expected to be measured in just three months
of data-taking at LHCspin.

5Given the available statistics, this constraint prevents the fit to converge to too large a2 values
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LHCspin

19/02/2021 1V. Carassiti - INFN Ferrara

PGT cell

• Cylindrical target cell with SMOG2 dimensions:  and 

• Full LHCb simulations show broader kinematic acceptance & higher 
efficiency in the same position of the SMOG2 cell

L = 20 cm D = 1 cm

VELO 
vessel

PGT implementation into LHCb

19/02/2021 18

ABS & BRP IN VERTICAL LAYOUT – SIDE VIEW 

V. Carassiti - INFN Ferrara

- A FITTING CONFIGURATION IS CRITICAL ON THE BOTTOM SIDE
- SPACE FOR FRAME , ASSEMBLY & HANDLING OF THE PARTS IS EASIER

- THE CELL OPENS HORIZZONTALLY
- MAGNET & PRIMARY VACUUM VESSEL ROTATE 90°

A SURVEY CHEKING THE ALLOWABLE SPACE
OF BOTH CONFIGURATIONS IS NEEDED

ABS

BR
P

1800

12
00

Atomic Beam Source

Breit-Rabi polarimeter

20



19/02/2021 12

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

21

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

24



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

25



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

Acknowledgement for the coating process: Yorick DELAUP, Bernard HENRIST,  Pedro COSTA PINTO - CERN TE-VSC
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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

Po
S 
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TP
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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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RHIC polarimeter
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SMOG2

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:

30



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

31



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…

32



The LHC Interaction Regions

Other possibilities: 
-IR3 
-IR8 just before or after 
LHCb (beyond the wall) 33



The LHC 
Interaction 
Region 4 

34



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 LHCspin35



36



37

Detector concept at the IR4
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Detector concept at the IR4
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V.Carassiti - Ferrara 40 CAD LHC tunnel: JP Corso, CERN 

-It is a bit tight, but we don’t currently see any 
showstoppers in the available space



The existing target ready to be used for the R&D

41



There already several WPs working on different subjects 
The idea is to present an EoI to the LHCC in the next few months

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

42
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Storage Cell solution (including the absolute polarimeter) 

Total cost - 600 kE

Then we have to add the spectrometer part

LHCb will include the polarized target in the official upgrade plan. I believe that, even though the IR4 
proposal is independent, having the LHCb upgrade stamp adds value. At a certain point, LHCb will ask to 
become a “technical associate”. This request does not imply any special obligation (no fee, no duties, no 

LHCb authorship), it is simply an expression of interests
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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
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LHCspin is complementary to EIC

LHCspin is unique in this respect

20L.L. Pappalardo  - CPHI 2018  - Yerevan - September  24-28  2018

Probing the gluon PDFs

[D. Boer: arXiv:1611.06089]

Can be measured at the EIC

Can be measured at the LHC (and in particular at LHCb with SMOG2)

Can be measured at the Electron Ion-Collider (EIC)

Can be measured at LHCspin

unpolarized gluon TMD 

47L.L.	Pappalardo		- Transversity 2017	- INFN-LNF,	Dec.	11-15	2017

Process dependence of the GSF

Can	be	measured	at	the	EIC Can	be	measured	at	the	LHCb with	a	PGT

Two	independent	gluon	Sivers functions can	be	defined	from	the	different	combinations	
of	Wilson	lines	in	the	gluon	correlator:

]Rb`^ •,• (Weizsacker-Williams	type	or	“f-type”)		→ antisymmetric	colour	structures

]Rb`^ •,ï (Dipole	s	type	or	“d-type”)	→	symmetric	colour	structures

Can	differ	in	magnitude	and	width	(!)
Can	be	probed	by	different	processes:

[D.	Boer:	arXiv:1611.06089,	D.	Boer et	al.	HEPJ	08	2016	001]

47L.L.	Pappalardo		- Transversity 2017	- INFN-LNF,	Dec.	11-15	2017

Process dependence of the GSF

Can	be	measured	at	the	EIC Can	be	measured	at	the	LHCb with	a	PGT

Two	independent	gluon	Sivers functions can	be	defined	from	the	different	combinations	
of	Wilson	lines	in	the	gluon	correlator:

]Rb`^ •,• (Weizsacker-Williams	type	or	“f-type”)		→ antisymmetric	colour	structures

]Rb`^ •,ï (Dipole	s	type	or	“d-type”)	→	symmetric	colour	structures

Can	differ	in	magnitude	and	width	(!)
Can	be	probed	by	different	processes:

[D.	Boer:	arXiv:1611.06089,	D.	Boer et	al.	HEPJ	08	2016	001]

linearly polarized gluon TMD 

TMDs (Sivers) 

20L.L. Pappalardo  - CPHI 2018  - Yerevan - September  24-28  2018

Probing the gluon PDFs

[D. Boer: arXiv:1611.06089]

Can be measured at the EIC

Can be measured at the LHC (and in particular at LHCb with SMOG2)

“Ambitious and long term LHC-Fixed Target research program. The efforts of the existing LHC experiments to implement such a 
programme, including specific R&D actions on the collider, deserve support“(European Strategy for Particle Physics) 

“This would be unique and highly complementary to existing and future measurements in lepton-proton collisions, 
because the asymmetries in question have a process dependence between pp and lp that is predicted by theory” (CERN 
Physics Beyond Collider)

Recognise
d re

levance
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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 

Conclusions
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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 that has already been tested by an apparatus 

Conclusions

It will pave the way for another new frontier for LHC
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