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Merging 3 worlds for the first time

LHC

One of the most 
advanced detectors


(LHCb)

Fixed Targets

(unpol+pol)
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This results as a laboratory for QCD

Fixed Targets

(unpol+pol)



Kinematics on fixed target

pp or pA collisions: 7 TeV beam on fix target

s = 2mNEp = 115 GeV

−3.0 ≤ yCMS ≤ 0 → 2 ≤ ylab ≤ 50.9 - 7 TeV

2.76 TeV

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

AA collisions: 2.76 TeV beam on fix target

between SPS & RHIC
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x1~x2

Boost effect                             access to large x2 physics (xF<0)

x1 << x2
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV
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In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics

 at moderate Q2 
and rapidity



LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:
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JINST	3	(2008)	S08005		
IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

LHCb upgrade 2019-2020 
Collision rate at 40 MHz 
Pile-up factor μ ≈ 5 
Remove L0 triggers (software trigger)  
Read out the full detector at 40 MHz 
Replace the entire tracking system



LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

2 < η < 5Forward acceptance:

LHCb is the only experiment able to run both in collider 
and in fixed-target mode … simultaneously!
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JINST	3	(2008)	S08005		
IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)optimised for studying particles containing c- and b-quarks



Simultaneous run for p-gas @ 115 GeV and pp @ 14 TeV

Saverio Mariani 
                                                  

Velo Tracking Performance                                   Track extrapolation performance                                                Other studies                                           Conclusions

Velo tracking performance

7SMOG2 reconstruction performance

● Velo clustering and tracking performed with a fully-vectorized algorithm. 
● No tunings required to also include tracks coming from SMOG2 region.

● Preliminary results obtained with reconstruction in Brunel confirmed in Moore.
● Same performance for the pp and the pHe components.

(see e.g. LHCb-FIGURE-2019-007 )  

beam-target	
interaction	region	 beam-beam	

interaction	region	

VELO track efficiency 

The two systems don’t interfere each other and the reconstruction efficiencies stay 
unchanged 

The DAQ data flow increases of 1.3% only



Why

-Advance our understanding of the large-x gluon, antiquark and heavy 

quark content in nucleons and nuclei  

-Advance our understanding of the dynamics and spin distributions of 

gluons inside (un)polarised nucleons 

-Study heavy-ion collisions between SPS and RHIC energies at large 

rapidities 
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Why

-Advance our understanding of the large-x gluon, antiquark and heavy 

quark content in nucleons and nuclei  

-Advance our understanding of the dynamics and spin distributions of 

gluons inside (un)polarised nucleons 

-Study heavy-ion collisions between SPS and RHIC energies at large 

rapidities 

Unique and large kinematic coverage 

High luminosity and high resolution detectors        rare probes 

Proton or Heavy-Ion Beam 

Large variety of atomic gas targets:  

Polarised targets: 

Marginal impact on LHC beam and mainstream physics at current experiments  

H↑, D↑

H2, D2, He, N2, O2, Ne, Ar, Kr, Xe
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(for H: 1/elifetime > 2000 days)



PDF world
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Reduce the uncertainties on PDFs goes beyond the “simple” knowledge. Among 
others, it is a crucial ingredient for HEP measurements (even FCC) and 
predictions of physics processes BSM (e.g. heavy partners of the gauge bosons) 

Cosmic Ray Physics (e.g. to reduce the uncertainties on the prompt atmospheric 
neutrino flux) 

More insight into EMC effect

High-x physics
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d/u —> 0 : scalar diquark dominance 
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d/u —> 0.42 : local quark-hadron duality



Substantial improvement of the uncertainties

PDF

5 PHYSICS PROJECTIONS
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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.

50

nPDF 
(gluon)

estimation with 10 fb-1

arXiv:1807.00603

High-x physics

15

Unique constraints on gluon nPDFs at high-x and low scales

Bayesian reweighting 



Cosmic Rays and DMAll-particle Cosmic Ray flux

figure from H. Haungs, 2015

⇤ CR primary energies extend well beyond present or future collider energies 13 -
100 TeV (GZK cuto↵ ⇠ 300-400 TeV)

⇤ present uncertainties on the galactic-to-extragalactic transition and the
CR composition at UHE could be (at least partially) addressed by redu-
cing our theoretical uncertainties on hadroproduction.

M.V. Garzelli Charm cross-section for CR September 5th, 2019 2 / 26

UHE CR composition (strongly model dependent) is still very 
uncertain! Solving the composition problem would be 
important to understand the CR production mechanisms

PROSA prompt (⌫µ + ⌫̄µ) flux:
QCD scale, mass and PDF uncertainties
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Crucial inputs from LHCb data (FT) 

-(n)PDF on nuclei present in interstellar medium  

-validation of the theory used to describe HF 
hadroproduction  

-cold and hot nuclear matter effects (in pA 
and AA collisions)
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Antiproton issue: Dark Matter annihilation (primary), 
scatter on interstellar matter (secondary)

  

  Antiproton Production Cross Section: Status 2014

Cosmic Rays in Space September 5, 2019           3  Martin W. Winkler (Stockholm University)

measure +
  scaling

ignored

Feynman scaling

invariant cross section

scaling variable

Feynman, Phys. Rev. Lett. 23 (1969), Taylor et al. Phys. Rev. D14 (1976)

see: Tan, Ng Phys. Rev. D26 (1982), Duperray et al., Phys. Rev. D68 (2003)

updates after 2014: Kappl, M.W. JCAP 09 (2014), di Mauro et al. Phys. Rev. D90 (2014), Kachelriess et al. Astrophys. J. 
803 (2015), M.W. JCAP 02 (2017), Donato et al., Phys. Rev. D 96, 043007 (2017)

MC or simple 
scaling factors

Big uncertainties from PDF

Inputs to Cosmic Ray Physics I

AMS02 results provide unprecedented accuracy for measurement of p/p ratio in cosmic rays
at high energies PRL 117, 091103 (2016)

hint for a possible excess, and milder en-
ergy dependence than expected
prediction for p/p ratio from spallation
of primary cosmic rays on intestellar
medium (H and He) is presently limited
by uncertainties on p production cross-
sections, particularly for p-He
no previous measurement of p production
in p-He, current predictions vary within a
factor 2
the LHC energy scale and LHCb +SMOG
are very well suited to perform this mea-
surement

Giesen et al., JCAP 1509, 023 (2015)

slide 7

LHCb paper: Phys. Rev. Lett. 121 (2018), 222001 (arXiv:1808.06127)

pHe, pO, pN 

unique opportunities  
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    Outlook

September 5, 2019           15  Martin W. Winkler (Stockholm University)

Cosmic ray modeling crucially relies on accelerator measurements

LHCb SMOG wishlist:

1)                     from existing run

2)                    to test scaling violation in forward hemisphere

3)              to test isospin eCects

4)                           to determine coalescence momentum

5)                         to model positron source term

Cosmic Rays in Space

Wishlist for fixed target measurements at LHCb from 
the CR community



Complementary D and B-physics done at high energies
Kinematical coverage
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OX
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ALICE could cover η � � for quarkonium into dileptons with one muon in
the muon arm and another in the central barrel

[done for UPCs in the collider mode]

NB:�e coverage depends on the target position

J.P. Lansberg (IPNO) AFTER@LHC Study Group June ��, ���� � / ��

Heavy Flavour

Intrinsic heavy-quark: 

-non-perturbative intrinsic charm  
(already hints from LHCb-FT PRL 122, 132002 (2019)) 

-5-quark Fock state (uudQQ) of the proton at high-x
18

• Wide kinematical range 

• Unique possibility to probe HF channels with the:  

-same spectrometer  

-same beam 

-at                          and  s = 115 GeV s = 14 TeV

arXiv:1807.00603



1 Asssumed gas flows for storage cell targets

at the LHC (case study)

Storage cell gas gas flow peak density areal density time per year int. lum.
assumptions type (s�1) (cm�3) (cm�2) (s) (pb�1)

SMOG2 SC

He 1.1⇥ 1016 1012 1013 3⇥ 103 0.1
Ne 3.4⇥ 1015 1012 1013 3⇥ 103 0.1
Ar 2.4⇥ 1015 1012 1013 2.5⇥ 106 80
Kr 8.5⇥ 1014 5⇥ 1011 5⇥ 1012 1.7⇥ 106 25
Xe 6.8⇥ 1014 5⇥ 1011 5⇥ 1012 1.7⇥ 106 25
H2 1.1⇥ 1016 1012 1013 5⇥ 106 150
D2 7.8⇥ 1015 1012 1013 3⇥ 105 10
O2 2.7⇥ 1015 1012 1013 3⇥ 103 0.1
N2 3.4⇥ 1015 1012 1013 3⇥ 103 0.1

PGT SC

Ne 1.2⇥ 1016 6.7⇥ 1012 1014 1⇥ 106 250
Ar 8.5⇥ 1015 6.7⇥ 1012 1014 1⇥ 106 250
Kr 2.9⇥ 1015 3.3⇥ 1012 5⇥ 1013 1⇥ 106 125
Xe 2.3⇥ 1015 3.3⇥ 1012 5⇥ 1013 1⇥ 106 125
~H 6.5⇥ 1016 8.1⇥ 1012 1.2⇥ 1014 5⇥ 106 1500
~D 5.8⇥ 1016 10.2⇥ 1012 1.5⇥ 1014 2⇥ 106 750
3 ~He 1.0⇥ 1016 2.1⇥ 1012 3.2⇥ 1013 2⇥ 106 160

Table 1: Typical gas fluxes, peak densities, areal densities, annual running
time and integrated luminosity with proton beams for di↵erent gas types.
SMOG2 SC: 20 cm long and 1 cm diameter at 293 K. PGT SC: 30 cm
long and 1 cm diameter central tube with a 15 cm long and 1 cm diameter
feedtube, both at 100 K.

The SMOG2 SC is assumed to be 20 cm long and 1 cm diameter (at
293 K). Here, it is assumed that one can keep pumping on the VELO vacuum
vessel, either with the two ion pumps or with the TP301 through the GV302.
If required, one could consider adapting the pumping system on the VELO
vacuum vessel in LS3.
The table assumes parallel operation of SMOG2 SC with pp collisions along
the whole data taking. Alternatively, the same integrated luminosities could
be obtained in shorter dedicated runs increasing the gas density by up to a

1

Statistics in full synergy mode (1 yr data taking)

Int. Lumi.                                                    80/pb 
Sys.error of          xsection                          ~3% 
                  yield                                           28 M 
                  yield                                         280 M 
                  yield                                          2.8 M 
                  yield                                         280 k 
                  yield                                           24 k 
                  yield                                           24 k

 SMOG2 example pAr @115 GeV

J/Ψ
D0
Λc
Ψ′�
Υ(1S)
DY μ+μ−

J/Ψ

19

LHCb-PUB-2018-015

Unpolarised 
gas



Deep in the 
hadronic structure

20

Nucleon structure

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions

4

�
⇤

 3



Accessing the quark TMDs                       

19L.L. Pappalardo  - XXVII International Workshop on Deep Inelastic Scattering - Torino - April 8-12 2019 

Polarized Drell-Yan

Sensitive to quark TMDs up to high !"↑ through TSSAs

($: azimuthal orientation of lepton pair in dilepton CM )

Accessing the quark TMDs

21
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Polarized Drell-Yan

Accessing the quark TMDs

arXiv:1807.00603

High precision achievable for observables connected to (i.e.) the transversity, the 
Boer-Mulders function, the pretzelosity and the Sivers TMDs 
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… heavy quark sector                
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Such measurement would open a new era 
of precision measurements in spin physics 

using heavy-quark probes  



Probing the gluon TMDs with fixed-targets at LHC 
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Theory framework consolidated

…but experimental access still 
extremely limited!

Accessing the gluon TMDs                       
In high-energy hadron collisions 
Heavy Quarks are dominantly 
produced through gg interactions: 

The most efficient way to access 
the gluon dynamics inside the 
proton at LHC is to measure Heavy 
Flavour observables

p

p

fa

fb X

J/Ψ
Ψ′�
Υ

Inclusive quarkonia production in pp interaction turns out to be an ideal gluon-sensitive
observable!
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Inclusive quarkonia production in pp interaction turns out to be an ideal gluon-sensitive
observable!
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Phys. Rev. D 99, 036013 (2019)

LHCb can measure nearly all quarkonia states (including C-even) with high precision! 
The expected yields are much larger than previous fixed-target experiments. 
Heavy mesons are unique observables, poorly accessible from other hadron-hadron experiments 
[unique channels: pseudoscalar quarkonia (η, ηc, ηc(2S),χc,b), Υ, J/Ψ, Ψ’, di−J/Ψ, Y(1,2,3S), D, B-mesons, DY (µ+µ-) ]

25



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)
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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 FT-LHCb

26

Weizsacker-Williams (WW) gluon distributions 

dipole (DP) gluon distributions 

linearly polarized gluon TMD 

unpolarized gluon TMD 

Accessing the gluon TMDs                       

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]
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TMDs 
(Sivers)

Sign change: 
Universality of QCD 
(indication from COMPASS and RHIC) 



Ultra-peripheral exclusive quarkonia production

p p
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Exclusive meson production
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Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
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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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PHENIX: Au-Au – Phys. Lett. B 679 ('09) 321.  
CDF: p-p – Phys. Rev. Lett. 102 ('09) 242001.  
ALICE: Pb-Pb – Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273.  
ALICE: p-Pb – Phys. Rev. Lett. 113 ('14) 232504.  
LHCb: pp – J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002,  
arXiv:1806.04079. (Exclusive    in pp – JHEP 1509 (2015) 084).                                                                                
LHCb: PbPb – CERN-LHCb-CONF-2018-003
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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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The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
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with decreasing x [150, 156, 157].
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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
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From 2015 Long Range Plan for Nuclear Science 7

x = 0.25 x = 0.09

2015 Long Range Plan for Nuclear Science

one of objectives: 
3D pictures over full phase space
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Timelike Compton scattering (TCS) 
(access via angular modulation)

hard scale = large q'2

In practice a few GeV2
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Exclusive physics with hard scale

One of the objectives: 
3D pictures in coordinate (impact 

parameter) space
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Heavy-Ion world
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Heavy-Ion collision: QGP and phase transition

QCD Phase-Space
LHC 

@5.02 TeV 

RHIC 
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Heavy-Ion collision: QGP and phase transition

QCD Phase-Space
LHC 

@5.02 TeV 

RHIC 

Region potentially 
covered by HI-FT collisions
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Heavy-Ion collision: QGP and phase transition

QCD Phase-Space
LHC 

@5.02 TeV 

RHIC 

Phys. Rev. C98 (2018) 034905

how to scan the phase space

3 experimental degrees of freedom: rapidity scan,  
different colliding systems, centrality dependence 

Rapidity scan at 72 GeV with FT@LHC can complement 
the RHIC beam energy scan from 62.4 GeV down to 7.7 
GeV (at ycms ~ 0)
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Charmonia studies in fixed-target configuration

Charmonia are among the best probes to study the phase transition from normal
matter to deconfined matter (quark gluon plasma)

I cc bound pairs: J/ , �c ,  0, ...
I di↵erent binding energy, di↵erent dissociation temperature / critical QGP

temperature (Td/ Tc )

States J/ �c  0

Td/ Tc 2.10 1.16 1.12
[H. Satz, J. Phys. G 32 (2006)]

When energy density increases:

1.  0 is suppressed

2. Then, �c is suppressed

3. Finally, J/ is suppressed

J/ production: 60% direct, 30% from �c decays, 10% from  0 decays

! J/ suppression should exhibit a sequential pattern

Manifestation of interest for SMOG2 LLR, LAL

cc bound states: J/ψ, χc , ψʹ, … ︎different binding 
energy, different dissociation temperature

Color screening and sequential suppression

Color Screening in hot nuclear matter prevents formation of cc bound states 

sequential suppression pattern

_

Phys. A28(2013) 1340012

Dissociation temperature 
from lattice QCD (+hydro)

_
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QGP tomography 

Probing: 

-the longitudinal extension of the hot medium 
(high rapidities) 

-the colliding systems of different sizes  

-the centrality dependence 

-with and w/o HF probes 

Temperature dependence of the shear 
viscosity to entropy density ratio (η/s) by 
measuring the rapidity dependence of 
the anisotropic flow

3D+1 viscous hydrodynamic calculations



Elliptic flow in ultra-relativistic collisions with polarised deuterons 

arXiv:1906.09045, 2001.10260

Ridge and flow measurements, connected to collectivity phenomena, are among the 
most interesting results achieved in the last years in the QGP physics. 

We can put this in connection with spin clarifying the nature of dynamics in small systems 

its experimental confirmation would prove the presence of the shape-flow transmutation mechanism, typical of 
hydrodynamic expansion, or rescattering in the later stages of the fireball evolution

2

FIG. 1. A schematic view of the ultra-relativistic d+A colli-
sion, where the deuteron is polarized along the axis �P per-
pendicular to the beam and has the spin projection j3 = ±1
(panel a) or j3 = 0 (panel b). During the collision a fireball is
formed, whose orientation in the transverse plane reflects the
deformation of the deuteron distribution. Via the shape-flow
transmutation, the elliptic flow is generated, with the sign as
indicated in the figure.

Our idea is based on the fact that certain light nuclei,
such as the deuteron, possess non-zero angular momen-
tum j, hence have magnetic moment and thus can be
polarized. In general, if the wave function of the nucleus
contains orbital angular momentum L > 0 components,
then the distribution of the nucleons in states with good
j3 quantum numbers is not spherically symmetric. This
allows us to control to some degree the “shape” of the nu-
clear distribution in the collision, which is the key trick
of our method.

Our basic idea is depicted in Fig. 1. The polarization
axis is chosen perpendicularly to the beam, i.e, in the
transverse plane. When the deuteron angular momen-
tum projection on this axis j3 = ±1 (panel a), then the
distribution of the nucleons at the reaction is prolate.
Upon collisions with the nucleons from the big nucleus
(the flattened disk in the figure), the formed fireball is
also prolate in the transverse plane, simply reflecting the
distribution in the deuteron. Then, if collectivity takes
over in the proceeding evolution, the elliptic flow coef-
ficient evaluated with respect to the polarization axis is
negative, v2{�P } < 0. For the state j3 = 0 (panel b),
the situation is opposite, with now an oblate shape and
v2{�P } > 0. Of course, the crucial question is the mag-
nitude of the e↵ect. We show that in fact it is within
the experimental resolution of the current experiments,
even if realistic (not 100%) polarization of the deuteron
is achieved.

The deuteron is a jP = 1+ state, with a dominant 3S1-
wave component and a few percent 3D1-wave admixture.
With these two components, the wave function with j3
projection of the total angular momentum j can be writ-
ten as

| (r; j3)i = U(r)|j = 1, j3, L = 0, S = 1i
+ V (r)|j = 1, j3, L = 2, S = 1i, (1)

where r in the relative radial coordinate, and U(r) and
V (r) are the S and D radial functions, respectively.

FIG. 2. Radial wave functions of the S-wave, U(r), and D-
wave, V (r), components of the deuteron, multiplied by the
relative radius r, taken from the parametrization provided
in [23] for the Reid93 nucleon-nucleon potential.

Explicitly, with the Clebsch-Gordan decomposition into
states |LL3i|SS3i,

| (r; 1)i = U(r)|00i|11i (2)

+ V (r)
hq

3
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i
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| (r; 0)i = U(r)|00i|10i

+ V (r)
hq
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Further, orthonormality of the spin parts yields the fol-
lowing expressions for the moduli squared of the wave
functions:

| (r, ✓,�;±1)|2 =
1

16⇡

⇥
4U(r)2� (3)

2
p
2
�
1� 3 cos2(✓)

�
U(r)V (r) +

�
5� 3 cos2(✓)

�
V (r)2

i
,

| (r, ✓,�; 0)|2 =
1

8⇡

⇥
2U(r)2+

2
p
2
�
1� 3 cos2(✓)

�
U(r)V (r) +

�
1 + 3 cos2(✓)

�
V (r)2

i
,

with
X

j3

| (r, ✓,�; j3)|2 =
3

4⇡
[U(r)2 + V (r)2]. (4)

We are being so explicit to point out several features.
First, the interference term between the spin |11i com-
ponents in the wave functions of Eq. (2), giving the
terms proportional to U(r)V (r) in Eq. (3), is crucial for
a significant polar angle dependence. This is because
V (r)2 ⌧ U(r)2 and the terms proportional to V (r)2 are
essentially negligible. Second, we note that the densities
of Eq. (3) are prolate for j3 = ±1, and oblate for j3 = 0
(cf. Fig. 1).
There are many parameterizations of the deuteron ra-

dial wave functions in the literature [23], yielding sim-
ilar results. Here we use the wave functions obtained
from Reid93 nucleon-nucleon potential, shown in Fig. 2.
In this parametrization, the weight of the D-wave part
in the probability distribution is

R1
0 V (r)2r2dr = 5.7%,

clearly exhibiting the strong S-wave dominance.

Ellipticities of the fireball

ultra-relativistic d+A collision, where the 
deuteron is polarised along the axis ΦP 

perpendicular to the beam

A polarised target at LHC can easily provide Pb        collisions D↑
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Fig. 1. Left: A schematic view of the ultra-relativistic collision of a heavy nucleus on the deuteron target polarized along ( j3 = ±1)
and perpendicular ( j3 = 0) to the fixed polarization axis {�P}. The deformation of the created fireball in the transverse plane reflects
the intrinsic deformation of the polarized deuteron. The collective shape-flow transmutation mechanism results in the one body elliptic
flow coe�cient with respect to the polarization axis, v2{�P}, with the signs as labeled in the figure. Right: Ellipticities of the initial
condition in the fireball, evaluated with respect to the fixed polarization axis, ✏2{�P}, for Pb collisions on a polarized deuteron target atp

sNN = 72 GeV. The lower-axis coordinate is the centrality determined from the initial entropy S , whereas the top-axis coordinate is
the corresponding number of the wounded nucleons, NW . (Graphics from [2])

The planned fixed target AFTER@LHC experiments, in particular SMOG2@LHCb [3, 4, 5, 6], will be
able to study collisions of a 2.76A TeV Pb beam on fixed targets, with a possibility of using in the future
polarized hydrogen and deuterium targets [7], which can be installed during the LHC Long Shutdown 3 in
the years 2023-2025. We note that the proposed method requires a measurement of a one-body distribution
and, with a very high intensity beam, could be simply performed with minimum bias events and without
event reconstruction or pile-up corrections. Precise estimates, including hydrodynamic simulations, error
estimates, etc., are provided in [2].

An analogous e↵ect is present for collisions on other light targets with j � 1, such as 7Li, 9Be, or 10B.
Interestingly, the magnitude of the elliptic flow can be estimated from their known mean square radii and
quadrupole moments, and is sizable, even larger that for the case of the deuteron. The estimate for the
elliptic flow coe�cient evaluated with respect to the polarization axis is [2]

v2{�P} ' �k
3Q2

4Z(hr2i + 3
2 hb2i)

3 j
2
3 � j( j + 1)
j(2 j � 1)

,

where k ⇠ 0.1 is the hydrodynamic response coe�cient, Q2 is the quadrupole moment, Z is the atomic
number, and hr2i is that mean squared charge radius of the light nucleus. The quantity hb2i ⇠ 1 fm2 is the
average impact parameter squared in inelastic NN collisions. The formula holds for perfect polarization,
su�ciently central collisions, and j � 1.

If the e↵ect of the elliptic flow in polarized heavy–light collisions is indeed confirmed, it would cor-
roborate the scenario of the late-stage generation of collectivity. Other interesting opportunities emerging
from such collisions involve studies of hard probes as well as femtoscopic correlations, with appropriate
measures defined with respect to the polarization axis.

2.
16

O � 16
O collisions

Proposals to study collisions with 16O beams at the LHC [8] and at RHIC [9] are presently under serious
consideration. In this regard we have carried out an analysis of the initial state in 16O-16O in the Monte Carlo
Glauber approach [10]. Similar results in other models were presented earlier in [11, 12]. The results can be



This is going to happen at 

Phase I 
unpolarised target

Phase II 
transversely 

polarised H and 
D target
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Internal side view

storage cell

WFS

375 mm

VELO

7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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Gas Feed System

Openable cell

35

It is the only object into 
the LHC primary 

vacuum



The storage cell … the only object in the LHC primary vacuum



During the installation



The Gas Feed System that will be completed and installed in 2021



Besides the unique scientific production, the SMOG2 system, during 
the LHC Run 3 (2022-2024), will deliver the first data usable for 

studying the mutual target-beam interactions providing a 
fundamental playground for the R&D of LHCspin



Polarised target

The technique proposed is well consolidated  

Design follows the successful HERMES Polarised Gas Target  which ran at HERA 1996 – 
2005, and the follow-up PAX target operational at COSY (FZ Jülich)

However the R&D is 
complex and needs 
several innovative 

developments 
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Polarised Gas Target (PGT) topology – a schematic view 
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Polarised Gas Target (PGT) topology – a schematic view 

Another option is to cut all this 
part and put the PGT closer to 

the VELO tracker



Figure 32: Minimum aperture for all studied scenarios. A 0.1 mm o↵set due to orbit drifts is assumed.
The figure is from Ref. [28] while the vertical red line, representing the storage cell edge, has been added
by the authors of this document.

Figure 33: Side view of the storage cell inside the VELO vessel.

below. The additional contribution to the low frequency broadband impedance due to the
SMOG2 setup is found to remain small compared to that of the VELO7. As a consequence,

7 https://indico.cern.ch/event/765714/contributions/3178582/attachments/1736779/2809412/
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PGT: R&D schematic status

Storage cell drawing: ADVANCED

A. Vasilyev15.07.19 2

Common design

1. Horizontal design

2. Openable in vertical direction cell

3. ABS and polarimeter shell are 

not separated on stages

4. Design include three cell chambers

5. Vertical holding field with separated 

magnets

6. Movable polarimeter

NEG pump system (12000 l/s)
for the PAX target at COSY (FZ-Jülich)

LHC beam

BRP

ABS

A. Vasilyev15.07.19 5
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Aperture studies: FINALIZED

At HL-LHC-25ns, LHCspin can reach L=8.3 ∙ 1032 cm-2s-1 

Electron clouds: FINALIZED

Coating: IN PROGRESS

Impedance and beam stability: ADVANCED

LHC longitudinal and transverse beam stability is not expected to be altered significantly by
the addition of the SMOG2 setup (replacing the VELO WFS upstream).

No indication has been found that the addition of the SMOG2 setup alters longitudinal and
transverse resonant modes significantly in both open and closed positions (see Fig. 34 and 35 for
longitudinal impedance from simulated wire measurements)8.

With or without the SMOG2 setup, the local power loss could reach up to ⇠ 1.5 kW if the
worst mode (⇠380MHz, Rs ⇠ 1.5 k ⌦ is hit by one the main spectral lines of the HL-LHC beam
(2748 bunches with 2.2 ⇥ 1011 protons/bunch). However, it must be noted that hitting that
single line, although possible, is considered a statistically unlikely scenario. Nevertheless, hitting
one of the many modes above this frequency is much more likely, and would yield a power loss
of the order of 350W. The mechanical design of the SMOG2 setup, as for the rest of the VELO,
should therefore account for that possibility, and temperature monitoring is recommended. It
is worth to mention that the situation in the open position is essentially the same as in Run 2
(apart from the beams, which will have higher intensity) and that the 350W are expected to
be dissipated mostly in the sturdy (bakeable) vacuum vessel. Detailed simulations on heat
dissipation into the open SMOG2 system have been recently reported by [29]. In the extremely
pessimistic9 case of resonance shifts of ± 20MHz, a power dissipation of 14W into the whole
cell have been estimated. This can increase up to a factor 4 in case the two beams create the
same simultaneous dissipation. No resonant heating into the closed cell is to be expected. In
test bench RF measurements with the VELO mock-up, it was found that the situation is much
worse when the wake field suppressor shape is altered by a bridge breaking. It is therefore very
important that the mechanical structure is robust enough to keep the design shape throughout
LHC operation.

Figure 34: Simulations of the VELO with SMOG2 and downstream wake field suppressor (open position):
eigenmode simulations (red dots) and longitudinal impedance from simulated wire measurements (black
line), see footnote 8.

LHC SMOG2.pdf
8 https://indico.cern.ch/event/765714/contributions/3178576/attachments/1736758/2809374/

Complete VELO with SMOG 181018.pdf
9Definition given by the LHC Impedance Group.
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Section with cell

Beam Induced Depolarization: FINALIZED

Transverse Magnet: IN PROGRESS
B2B1

Btot

Canted Cosin Theta
An interesting ad+fancy option
• very good field
• Easy+to wind
• Easy+to assembly
• Holes for+ABS+and+TGA
(1+or+2+magnets)+

• suitable for+HTS?

M.+Statera,+LHC+spin+kickoff+meeting+I Ferrara+16/7/2019 9

INFN*GrV project BISCOTTO:
development of*BiSCCO (Tc 96*K)*and*
MgB2*(Tc 39*K)*CCCT dipoles.
Winding machine*by*INFN

Canted cosine theta

Compact ABS+BRP: IN PROGRESS

Additional tracker: TO BE STARTED

At the moment common efforts on the R&D from 
CERN, INFN-Frascati, Ferrara, Erlangen, Julich, PNPI 43
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A lively and fast-growing fixed-target program is being developed 
at LHCb, exploiting the unique kinematic conditions provided by a 
TeV-scale beam and a fully instrumented forward spectrometer 

The installation of the first storage cell target for unpolarized gases 
happened in August 2020. The PGT could come few years later.

Conclusions

Pasquale Di Nezza
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A lively and fast-growing fixed-target program is being developed 
at LHCb, exploiting the unique kinematic conditions provided by a 
TeV-scale beam and a fully instrumented forward spectrometer 

The installation of the first storage cell target for unpolarized gases 
happened in August 2020. The PGT could come few years later.

Conclusions

Pasquale Di Nezza

Fixed target collisions at the LHC represent a unique 
possibility for a laboratory for QCD and astroparticle in 

unexplored kinematic regions … in a realistic time schedule


