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QCD

Quantum Chromodynamics is the theory of strong nuclear interactions.

A fundamental field theory in hand since the early 1970s, but quarks and 
gluons (degrees of freedom in the theory) cannot be observed directly in 

experiments (color confinement)


To study and understand fundamental 
aspects of QCD in terms of degrees of 
freedom we can start from the simplest 

stable QCD bound state: the proton
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Unveiling the proton structure by scattering particles

momentum fraction that the scattering particle would carry if the proton were made of …


momentum fraction 1

A point-like 

particle
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Unveiling the proton structure by scattering particles

momentum fraction that the scattering particle would carry if the proton were made of …
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3 bound valence quarks



What have we learned in terms of this picture by now? 

• Up and down quark “valence” distributions peaked ~1/3

• Lots of sea quark-antiquark pairs and even more gluons!
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It is only a 1-dimensional description

knowledge at Parton 
Distribution Function 

(PDF) level


What/who is Scotty?
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It is only a 1-dimensional description

knowledge at Parton 
Distribution Function 

(PDF) level


What/who is Scotty?

knowledge introducing spin-spin and spin-momentum 
dependent PDFs 
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You believe you understood something 
… now let’s add the spin


R.Jaffe



How much do we know about (proton) spin?

A proton has a total spin +1/2 along some axis.  
Most naively, you would expect it to contain two 

quarks with spin +1/2 and one with spin -1/2.

1/2 + 1/2 - 1/2 = +1/2


1
2

ℏ =
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How much do we know about (proton) spin?

A proton has a total spin +1/2 along some axis.  
Most naively, you would expect it to contain two 

quarks with spin +1/2 and one with spin -1/2.

1/2 + 1/2 - 1/2 = +1/2


Surprising data from late 1980’s!

Only ~12% of proton’s spin carried by quarks’ spins!
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How much do we know about (proton) spin?

1
2

ℏ =

Hence ~30% of the proton spin is carried by the 
spin of the quarks, the remaining spin must be 

carried by gluons or orbital angular momentum
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How to account for this?
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Particle production rates can be calculated using pQCD from:


–Parton distribution functions (from experiment)

–pQCD partonic scattering rates (from theory)

–Fragmentation functions (from experiment)
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We want a description - at Leading Order - that 
includes spin-spin and spin-momentum correlations 
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We want a description - at Leading Order - that 
includes spin-spin and spin-momentum correlations 
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Transverse Momentum Distribution Functions (TMDs) 

PDFs involving transversely polarised quarks are chiral-odd:

            can only be observed experimentally in conjunction with a second chiral-odd function 

polarised 
objects
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SIDIS angular-dependent cross section 
in terms of TMD pdfs and FFs 

C. Aidala, HUGS, June 2016 16 

From J.-C. Peng 
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Hadron tomography

New breakthroughs in the field can only arise from the joint effort of experimentalists and theoreticians: the former
providing high-precision results on TMDs observables based on both consolidated and innovative experimental
approaches, the latter developing the theoretical background, the phenomenological interpretation as well as
sophisticated global analysis procedures.

The 3D-FOUNDATION project is driven by this joint effort. Its strength is based on the synergic interplay of three Work
Packages (WP):

WP1. Construction and implementation of a gaseous target internal to the LHCb experiment. This will allow the study of
unpolarized quark and gluon TMDs in hadron-hadron collisions at unique kinematic conditions.

WP2. Development of original techniques to analyze experimental data at CLAS12 and COMPASS, to facilitate TMD
extractions and pave the way to analysis at LHCb and at a future Electron-Ion Collider (EIC).

WP3. Implementation of global fit procedures and phenomenological paradigms for the physical interpretation of the
results and the elaboration of predictions for relevant observables for the experiments.

Fig. 1: 3-D structure of the proton as emerging from one of the latest global analysis.

WP1: Internal gas target for LHCb

The construction and implementation of an internal gas target at the LHC constitutes a major milestone of the project.
The LHCb detector [LHCB08], the sole forward magnetic spectrometer at the LHC, is perfectly suited for the study of
fixed target hadron-hadron collisions. A gaseous fixed target can be installed in the proximity of the nominal interaction
region, as an integration of the LHCb detector system (Fig. 2).

Presently, LHCb detects unpolarized beam-target collisions using the SMOG (System for Measuring the Overlap with
Gas) system [LHCB14]. The injected gas propagates throughout the whole length of the LHCb beam-pipe section and

Prin 2017Prin 2017 https://prin2017.cineca.it/simbad/php5/6.8/vis_modello.php?info=...
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Now we need polarised protons

meaning


we need highly polarised H atoms



a polarised target at 

LHC beam

polarised target

(beam-gas) beam-beam 

collisions
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The LHC beams cannot be 
polarised



a polarised target at 

LHC beam

polarised target

(beam-gas) 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;
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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;

6

List = θ Np frev

areal

density

Np/b ⋅ Nb

number of particles

ρ0
L
2

=
Φ
C

L
2

C = 3.81
T
M

D3

L + 4
3 D

Storage cell 

concept

Luminosity

23



A unique project itself and a great playground 

TDR
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SMOG2 performances … similar to LHCspin 

[LHCB-FIGURE-2022-002] 
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LHCspin experimental setup 
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HERMES PGT

Space available in front of LHCb

Fro
m

 here
 to

 here



PGT implementation into LHCb
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PGT implementation into LHCb
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PGT implementation into LHCb



Some of the main requirements: openable cell

openable 
storage cell


needed

5

STORAGE	CELL	

FIXED	HALF	CELL	SUPPORT	
CONNECTED	TO	THE	RF	FOIL	
FRAME

ELECTRICAL	CONTINUITY	
BETWEEN	CELL	AND	RF	FOILFLOATING	HALF	CELL	SUPPORT	

CONNECTED	TO	THE	RF	FOIL	
FRAME

FLEXIBLE	WAKE	FIELD	SUPPRESSOR

GAS	FEED	TUBE	IN	
THE	CELL	CENTER

CONICAL	TRANSITION

STORAGE	CELL
SUSPENSIONS	

The transverse size of the LHC beam at injection (450 GeV) is much 
larger than at the lumi run (7 TeV)
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Some of the main requirements: low Secondary Electron Yield

non coated

amorphous Carbon coated

When primary incident particles hit 
a surface induce the emission of 
secondary particles creating 
beam instability and background
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Some of the main requirements: low atomic recombination

H↑

stick to the surface

H↑ H2

Avoid depolarisation avoiding sticking of particles with a proper coating

Materials used previously are not suitable at LHC

SEY behaviour (copper and ice) 
measured at the ARYA laboratory 

at INFN-Frascati laboratory


Copper: SEY ok, depol not-OK

Ice        : SEY ok, depol ok … very

                                 difficult to have




World best results reached
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H recombination

(1- )α

H transverse 
polarisation

HERMES system

storage cell coated with Drifilm+ice @ 100 K



LHCspin event rates
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TMDs
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The gluon Sivers function dominant process at LHC

•                             is the ideal observable to access gTMDs (qT(Q)<<MQ)

• Deep insight into the nucleon gluon dynamics

• Sheds light on spin-orbit correlations

• Sensitive to the totally unknown gluon Orbital Angular Momentum


pp↑ → QQ̄[HF]X

Completely unconstrained!



TMDs
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A TSSA analysis at LHCspin



41

Polarised Heavy-Ion collisions

Pb-beam

Pol-D 
prolate

Pol-D 
oblate



Additional Physics Motivations … 
we can measure already with SMOG2
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5 PHYSICS PROJECTIONS

RXe g

x

D0

Lpp=10 fb-1, LpXe=100 pb-1
p+Xe √sNN=115 GeV

Original
µF=µ0

µF=2.0µ0
µF=0.5µ0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

10-3 10-2 10-1 100

H
E
L
A
C
-
O
n
i
a
 
2
.
0

(a)

RXe g

x

J/ψ

Lpp=10 fb-1, LpXe=100 pb-1
p+Xe √sNN=115 GeV

Original
µF=µ0

µF=2.0µ0
µF=0.5µ0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

10-3 10-2 10-1 100

H
E
L
A
C
-
O
n
i
a
 
2
.
0

(b)

RXe g

x

B±

Lpp=10 fb-1, LpXe=100 pb-1
p+Xe √sNN=115 GeV

Original
µF=µ0

µF=2.0µ0
µF=0.5µ0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

10-3 10-2 10-1 100

H
E
L
A
C
-
O
n
i
a
 
2
.
0

(c)

RXe g

x

Υ(1S)

Lpp=10 fb-1, LpXe=100 pb-1
p+Xe √sNN=115 GeV

Original
µF=µ0

µF=2.0µ0
µF=0.5µ0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

10-3 10-2 10-1 100

H
E
L
A
C
-
O
n
i
a
 
2
.
0

(d)

Figure 21: nCTEQ15 nPDFs before and after the reweighting using RpXe pseudo-data shown in Fig. 20 for (a) D0, (b) J/ , (c) B+,
(d) ⌥(1S ) production at AFTER@LHCb. The plots show ratios RXe

g of gluon densities encoded in nCTEQ15 over that in CT14
PDFs at scale Q = 2 GeV.
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Figure 22: Same as Fig. 21 using a linear x axis in order to highlight the high-x region.

coherent energy loss. It was studied recently in the context of AFTER@LHC [222] and predicts a suppres-
sion of pA and AA cross-sections compared to the pp one which is depicted in Fig. 23 for J/ and ⌥ in
terms of RpA and RAA factors. AFTER@LHC will allow to further test the applicability of these kind of
approaches and maybe even discriminate between them.

5.1.3. Astroparticle physics
Recently, measurements of cosmic rays (CRs) with very high energies, ranging from about tens of

MeV up to hundreds of TeV, became possible for many particle species (e± [223, 224], � [225, 226], ⌫
[227, 228], p [229], p̄ [230], A [231, 232, 233], Ā) and attracted much attention. The mechanism respon-
sible for the generation of such Ultra High-Energy CRs (UHECRs) is still under intense discussion, with
two main scenarios: (i) the acceleration of particles due to astrophysical phenomena and (ii) dark matter
decay/annihilation. The mechanism generating CRs can only be determined if we can identify characteristic
shapes of the spectrum such as sharp cutoffs which will indicate the decay of massive dark matter particles.
In this precision test of CRs, the spectrum has to be accurately determined, thus naturally requiring precise
investigations of other sources acting as background. Here we present two cases where the AFTER@LHC
program can play a critical role.

UHECR neutrinos and the proton charm content. The terrestrial observation of UHE neutrinos lately be-
came possible thanks to IceCube, with the highest energy recorded on the order of PeV [227, 228]. Atmo-
spheric neutrinos, generated by the weak decays of final state particles of the collisions between CRs and
atmospheric nuclei, are however an important background to these ground observations of cosmic neutrinos.
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nPDF

(gluon)

estimation with 10 fb-1

arXiv:1807.00603
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Smaller uncertainty could better


constraint models on hadron


structure, e.g. for x—>1


• d/u —> 1/2 : SU(6) spin-flavour symmetry


• d/u —> 0 : scalar diquark dominance


• d/u —> 1/5 : pQCD power counting


• d/u —> 0.42 : local quark-hadron duality
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Heavy-Ion collisions
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Astroparticle
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Conclusions
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LHCspin is an innovative project conceived to bring polarized physics at the most powerful 
collider (LHC) exploiting the unique kinematic conditions provided by a TeV-scale beam, with one 
of the most advanced fully instrumented forward spectrometer (LHCb) 


The installation of the first storage cell target for unpolarized gases (SMOG2) already happened, it 
will start taking data from LHC Run3 (2022), and is a fantastic playground for the LHCspin R&D


LHCspin is extremely ambitious in terms of both physics reach and technical complexity

Conclusions

Pasquale Di Nezza

Today
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LHCspin is an innovative project conceived to bring polarized physics at the most powerful 
collider (LHC) exploiting the unique kinematic conditions provided by a TeV-scale beam, with one 
of the most advanced fully instrumented forward spectrometer (LHCb) 


The installation of the first storage cell target for unpolarized gases (SMOG2) already happened, it 
will start taking data from LHC Run3 (2022), and is a fantastic playground for the LHCspin R&D


LHCspin is extremely ambitious in terms of both physics reach and technical complexity

Conclusions

Pasquale Di Nezza

LHCspin represents a unique possibility … in a realistic time schedule and costs

Today


