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Merging 3 worlds
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Merging 3 worlds

LHC

Most advanced 
detectors

Fixed Target

(pol, unpol)
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Kinematics

pp or pA collisions: 0.9 - 7 TeV beam on fix target

s = 2mNEp ≃ 41 − 115 GeV

yCMS = 0 → ylab = 4.80.9 - 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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Kinematics

pp or pA collisions: 0.9 - 7 TeV beam on fix target

s = 2mNEp ≃ 41 − 115 GeV

yCMS = 0 → ylab = 4.80.9 - 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

x1~x2

Boost effect        access to large x2 physics (-1<xF<0)

x1 << x2

CMS
Target 

rest 
frame

x2

x1

x1

x1 x2

x2

yCMS = 0 → θ ∼ 1∘

yCMS = − 4.8
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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 
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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: H↑, D↑

H2, D2, He, N2, Ne, Ar, Kr, Xe
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Physics Motivations 
(non exhaustive list)
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High-x physics

Very large uncertainties on 

the partonic structure of 

nucleons and nuclei at 

large-x
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PRD 93, 114017 (2016)

Ratio of PDFs to the CJ15 central values for various PDF sets:

∆>50% for x>0.6 on d(x) 

∆>50% for x>0.2 on g(x) 

very large on sea quarks
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High-x physics

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
0 0.2 0.4 0.6 0.8

x

0

0.2

0.4

0.6

0.8

1

d/
u

CJ15

MMHT14

CT14

JR14

PRD 93, 114017 (2016)

!10



High-x physics
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At the LHC fixed target pp, pA, 

Pb-p and Pb-A collisions one 
has unique kinematic 
conditions at the poorly 
explored energy of √s ~ 100 
GeV

Reminder on LHCb Fixed Target
LHCb as a fixed target experiment, thanks to the SMOG internal gas target

pA collisions at unique en-
ergy scale

p
sNN ⇠ 100 GeV

Unique coverage for (n)PDF
at large x

slide 2

p-target

Fermi motion in the nucleus can allow to 
access the exotic 𝒙 > 𝟏 region, where 
parton dynamics depends on the 
interaction between the nucleons within 
the nucleus.  

A bridge between QCD and nuclear physics !11



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
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Intrinsic heavy-quark: 
-recent global QCD analyses support the existence of non-perturbative intrinsic 
charm (not generated perturbatively by g-splitting) 
-5-quark Fock state (uudQQ) of the proton may appear at high x 
-charm PDFs at large 𝑥 could be larger (EMC, SELEX) than the one obtained from 

conventional fits  

W± boson production near threshold … never measured before 
-strongly dependent on quark PDFs at large 𝑥 
-search for heavy partners of the gauge bosons (predicted by many extensions to SM) 
-access to the barely known ratio         at high-x  

Complementary D and B-physics  
done at high energies

arXiv:1807.00603

Kinematical coverage
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Transverse Momentum Distributions (TMDs)                        

Boer-Mulders function . Even if it requires no target polarization, the Boer-Mulders function is in fact a polarized TMD
because it depends on the quark transverse polarization. These functions contribute both to semi-inclusive DIS and
hadron-hadron collisions, strengthening the need for global fits.

In addition, also quark TMD fragmentation functions are involved in unpolarized processes. In semi-inclusive DIS, TMD
distribution and FFs appear in combination, and their determinations are necessarily intertwined. The use of proton-
proton data indirectly helps to disentangle them. It is however necessary to use also electron-positron data to pin them
down [Bog17].

Compared to the case of standard integrated PDFs and FFs, TMDs are influenced by the presence of initial and final
state interactions, whose effects are encoded in the Wilson lines needed for a gauge-invariant definition of TMDs. As a
consequence, TMDs may become process dependent. It is therefore of crucial importance to consider several different
processes and wide kinematical ranges.

3.2 Gluon TMDs
Once a good knowledge of quark TMDs will be achieved, it will be natural to put more attention to their gluon
counterparts. Two gluon TMDs appear in unpolarized observables:  and the linearly-polarized gluon TMD .

The knowledge of gluon TMDs can have an impact on the ongoing studies of the Higgs boson and searches for physics
beyond the Standard Model. For instance, the knowledge of linearly polarized gluon TMDs offers a new tool to analyze
Higgs couplings to the various Standard Model particles into which it can decay [Boe13]. Gluon TMDs could be also
useful to explain the long-standing problems of the production mechanism and the polarization of the J/psi particle and
other quarkonium states. More generally, mapping gluon distributions can be useful to study gluon-dominated
processes, such as heavy ion collisions.

Fig. 5: Leading-order diagrams representing some of the processes relevant for the extraction of gluon TMDs.

3.3 Tasks

The WP will consists of the following tasks:

1. Extraction of quark TMDs
Identify common criteria to select the data where the TMD formalism can be applied and compare different methods of
error analysis (e.g the Hessian and replica methods). Extract the unpolarized TMD distribution and fragmentation
functions, using different functional forms, and assessing the size of theoretical errors due to higher-order corrections.
Extract the  function, almost unknown at present, using data from different processes. Make the extracted TMDs

Prin 2017Prin 2017 https://prin2017.cineca.it/simbad/php5/6.8/vis_modello.php?info=...

11 of 48 28/03/18, 17:10

Channels	measured	
with	high	efficiency	
“also”	at	LHC+LHCb

Channels	measured	
with	high	efficiency	
“only”	at	LHC+LHCb

Phys. Rev. Lett. 111, 032002 (2013) 

TMDs effects can have a significant impact on LHC physics: from the Higgs sector 
to the BSM physics, from the understanding of the J/Ψ polarisation to the 

quarkonia world, … 
!14



Z-boson transverse momentum qT spectrum in pp by CMS
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FIG. 1: The Z-boson transverse momentum qT spectrum in pp collisions at the LHC [1].

enhanced contributions in the ratio M/qT to the perturbation series expansions for the physical observables
to all higher orders in the QCD coupling. It is only after this generalized factorization analysis — going
beyond the collinear factorization — is carried through that the physical behavior of the Z boson spectrum
observed in Fig. 1 can be predicted.

A second example concerns the rise of proton’s structure functions at small longitudinal momentum
fractions. Since in pp collisions the product of initial-state longitudinal fractions scales like 1/s at fixed
momentum transfer, where s is the squared centre-of-mass energy, as we push forward the high-energy frontier
more and more events at small longitudinal fractions contribute to processes probing short-distance physics.
Many hard-production cross sections at the LHC receive sizeable contributions from proton’s structure
functions in this region. As parton longitudinal momenta become small, the fraction of momentum carried
by transverse degrees of freedom becomes increasingly important.

Fig. 2 shows the proton’s gluon density resulting from global fits [9] to hadronic collision data, performed
at LO, NLO, NNLO [10–12] of perturbation theory, as a function of the longitudinal momentum fraction
x for di↵erent values of the evolution mass scale Q

2. In the low-x regime the perturbative higher-order
corrections to structure functions are large, and the gluon pdf uncertainty is large. The strong corrections at
low x come from multiple radiation of gluons over long intervals in rapidity [13, 14], in regions not ordered in
the gluon transverse momenta pT , and are present beyond NNLO to all orders of perturbation theory [15, 16].
The theoretical framework to resum these unordered multi-gluon emissions is a generalized form of QCD
factorization [17, 18] in terms of TMD pdfs. Analogously to the Drell-Yan case discussed earlier, the TMD
pdfs obey a suitable set of evolution equations [19–21], appropriate to this kinematic region. These provide
another generalization, valid in the high-energy limit, of the ordinary renormalization-group evolution. The
TMD factorization in this case allows one to resum logarithmically enhanced corrections in the ratio

p
s/Q

to all higher orders in the QCD coupling.
Besides the above examples of Drell-Yan and structure functions, TMD factorization theorems apply to a

wide variety of processes at the LHC. In particular, with extensive measurements of Higgs boson production
at the LHC Run II, a new set of QCD processes becomes available in which the Higgs boson acts as a
color-singlet, pointlike source (in the heavy top limit) which couples to gluons. This is to be contrasted
with Drell-Yan and deep-inelastic scattering cases, based on weak and electromagnetic currents providing
color-singlet pointlike sources coupled to quarks. This opens up the possibility of a new program of precision
QCD measurements in gluon fusion at high mass scales in the LHC high-luminosity runs [22, 23].

Analogously to the case of vector bosons in the example of Fig. 1, theoretical predictions for the Higgs-
boson production di↵erential spectrum over the whole range in transverse momenta accessible at the LHC

Z-boson transverse momentum qT spectrum in pp collisions at the LHC 

The small qT region cannot be explained by usual 
collinear PDF factorization: needs TMD-PDFs  

Phys. Rev. D85 (2012) 032002

The small qT region cannot be explained by usual 
collinear PDF factorization: needs TMD-PDFs 

(Phys. Rev. D85 (2012) 032002)

Higgs	vs.	pT	

arXiv:1108.3609	

Effective field theories

Soft Collinear Effective Theory 
 pT distribution for gg-Higgs

Transverse Momentum Distributions (TMDs)                        

… still unsolved
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…then the SPIN

3D mapping of the parton momentum: access to … 

-quark and gluon orbital angular momentum Lq and Lg 
-gluon transverse-momentum dependent PDF (TMDs) 
-linearly polarised gluons in unpolarised protons 
-…

5

3D mapping of the parton 
momentum:

● Missing contribution to the proton spin: Gluon and 
Quark Orbital Angular Momentum L

q
 and L

g

p+p↑ → (indirect) access to quark L
q
,
 
gluon L

g 
and 

gluon transverse-momentum dependent PDF

● Determination of the linearly polarized gluons in 
unpolarized protons

The Spin Physics Program

Phys. Rev. Lett. 112, 212001
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Probing the gluon PDFs

Quark TMDs

Gluon TMDs

Unpol Circularly pol. Linearly pol.
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• Very significant progress in the 

last 15 years!

• Many experiments involved: 
HERMES, COMPASS, JLAB, RHIC, 
BELLE, BABAR,..

• First extractions from global 
analyses

• Now entering precision era!

• Theory framework consolidated

• …but experimental access still 

extremely limited!

• LHCSpin can provide a significant 

contribution to the field, already 

from Phase I (unpol target)

• Note: gluons with non-zero )*
inside an unpolarized hadron can 

be linearly polarized!
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Very significant progress in the last 
15 years!

Many experiments involved: 
HERMES, COMPASS, JLAB, RHIC, 
BELLE, BABAR, …

First extractions from global 
analyses

Now entering into the precision 
era!

Theory framework consolidated

… but experimental access still 
extremely limited

LHCSpin can provide a significant 
contribution to the field, already 
with an unpolarised target

Note: gluons with non-zero pT 
inside an unpolarised hadron 
can be linearly polarized!

Probing the gluon PDFs
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Probing the gluon PDFs

Being heavy quarks dominantly produced through 
gluon-gluon interactions, one can probe the gluon 
dynamics within the proton by measuring heavy-
flavor observables  

At LHC quarkonia production is dominated by gluon 
fusion 

Heavy quarks and quarkonium production turns out to 
be an ideal gluon-sensitive observable

p

p

fa

fb X

J/Ψ
Ψ′�
Υ

TMD factorisation requires pT(Q)<<MQ. At the LHC one can look at the back-to-
back production of quarkonia and isolated photon or associated production, 
where only relative pT is small: 
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Probing the gluon PDFs
Heavy quarks dominantly produced through gg interactions in high-energy hadron collisions:

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

Inclusive quarkonia production in pp
interaction turns out to be an ideal gluon-
sensitive observable!

Caveat: TMD factorization requires !"($) ≪ '(. At LHC one can look at 
back-to-back production of quarkonia and isolated photon or associate 
quarkonia production, where only the relative !" has to be small:

pp → ⁄J ψ + γ + X pp → Υ + γ + X pp → ⁄J ψ + ⁄J ψ + X
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Probing the gluon PDFs

Being heavy quarks dominantly produced through 
gluon-gluon interactions, one can probe the gluon 
dynamics within the proton by measuring heavy-
flavor observables  

At LHC quarkonia production is dominated by gluon 
fusion 

Heavy quarks and quarkonium production turns out to 
be an ideal gluon-sensitive observable

p

p

fa

fb X

J/Ψ
Ψ′�
Υ

For instance, LHCb can measure nearly all quarkonia states (including C-even) with high precision! 

The expected yields are much larger than previous fixed-target experiments 

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-) ]

!19



Probing the gluon PDFs

19L.L. Pappalardo  - CPHI 2018  - Yerevan - September  24-28  2018

Probing the gluon PDFs
As for quark TMDs, also the gluon TMD phenomenology is enriched by the process
dependence originating from ISI/FSI and encoded in the gauge links.

“Future pointing” 
Wilson line (“+”)

“Past pointing” 
Wilson line (“−”)

The gluon correlator depends on two path-dependent gauge links   [D. Boer: arXiv:1611.06089]

Both #$% and ℎ$'% are process dependent! Each of them can be of two types: 

+ + = − − Weizsacker-Williams  (WW)            + − = − + DiPole (DP)        

• can differ in magnitude and width (!)
• can be probed by different processes

!20



Probing the gluon PDFs

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 EIC

Can be measured at the LHC, in particular at LHCb

!21



… then the quark PDFs

21L.L. Pappalardo  - CPHI 2018  - Yerevan - September  24-28  2018

"̅($) ≠ '(($)!!
• sea is not flavour symmetric!
• hints that: )̅($) ≠ ) ($)
• Brodsky et al. arXiv:1809.04975
• intrinsic sea quarks?

What about quark PDFs ?

• Clean process
• LHCb has excellent 

reconstruction 
capabilities for **
channel!

Drell-Yan

• Allows to study the antiquark content of the nucleon!

• Provides sensitivity to unpolarized and BM TMDs up 
to high +,

• Dominant process: 'q $./01 + q $3045/3 → µµ
• But also possible: q $./01 + 'q $3045/3 → µµ
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Single Spin Asymmetries: non-collinear (leading twist) approach

Anselmino et al. arXiv:1504.03791v2 

-involves TMD PDFs and FFs 
-requires 2 scales (pT<<Q), but is not supported by TMD factorization  
-can be considered as an effective model description (Generalized Parton Model) 
-SSAs arise mainly from Sivers effects  

-Asymmetries above 10%! (for pions) 

-The effect increases with more negative  
CM rapidity
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Probing the polarised gluon PDFs

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

Probing the polarized gluon PDFs
Inclusive pion production provides sensitivity to the quark PDFs, but a fixed polarized
target at LHC can also open the way to the extraction of polarized gluon PDFs through
heavy-flavour observables:

!" =
1
%
&↑ − &↓
&↑ + &↓ ~

1
%
,-↑ − ,-↓
,-↑ + ,-↓

∝ /0123 45, 725 ⨂/3 49, 729 ⨂:&33→<<3 sin@A + ⋯

The measured STSAs can be related (GPM) to the convolution of the gluon Sivers function 
for the target proton and the unpolarized gluon pdf for the beam proton:

One main achievement would be accessing the gluon Sivers function through STSAs:
• first hints by RHIC and COMPASS, but still basically unknown!
• shed light on spin-orbit correlations of gluons inside the proton
• sensitive to gluon orbital angular momentum!

H
a
d
r
o
n

Polarized inclusive hard scattering 
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Process dependence of the GSF

29L.L. Pappalardo  - CPHI 2018  - Yerevan - September  24-28  2018

Process dependence of the GSF

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

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

[+, +] [−,−]

Same sign-change relation expected for the other T-odd gTMDs &'
( and &')

*(!

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

+,-*. /,/ “f-type”  → antisymmetric colour structures

+,-*. /,0 “d-type” → symmetric colour structures 

Can differ in magnitude and width (!)
Can be probed by different processes:
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Quark TMDs: a golden channel like DY
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arXiv:1807.00603 
and J.P.Lansberg, PBC CERN 2018

Expected statistical uncertainty on asymmetries in DY production at LHCb-like experiment 

Going further with Drell-Yan
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� the Boer-Mulders function and h q
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pretzelosity (f q� and f q
�T , the unpolarised and the Sivers TMDs).

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

Going further with Drell-Yan
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where hq� is the transversity, h
q

� the Boer-Mulders function and h q
�T the

pretzelosity (f q� and f q
�T , the unpolarised and the Sivers TMDs).

J.P. Lansberg (IPNO) AFTER@LHC Study Group June ��, ���� � / ��Excellent precision achievable for observables connected to (i.e.) the transversity, 
the Boer-Mulders function, the pretzelosity and the Sivers TMDs 

Lpp~10 fb-1
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pA collisions: 
-nuclear matter effects on PDFs (special sensitivity to high-x, e.g. poorly understood 

gluon anti-shadowing) 
-studies of parton energy-loss in cold nuclear matter  

PbA collisions at √sNN ≈ 72 GeV 
-study of QGP formation (quarkonium suppression, jet-quenching in hot nuclear  
matter) 
-fixed target kinematics allows to study the nucleus remnants in its rest frame  
(after QGP formation)

3/14

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

!27
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HI collisions



LHC 
@5.02 TeV 

RHIC 

LHC Fixed-target 
Moving on the µB-T plane by rapidity scan  

QCD Phase-Space
AA collisions (QGP)

Phys. Rev. C98 (2018) 58:148
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Elliptic flow in ultra-relativistic collisions with polarised deuterons 

arXiv:1808.09840

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
5 |22i|1�1i �

q
3
10 |21i|10i+

q
1
10 |20i|11i

i
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i
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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
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1� 3 cos2(✓)
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i
,
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U(r)V (r) +
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�
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.

3

It is interesting to examine the eccentricities of the
distributions of Eq. (3). Generically, the eccentricity of
rank n � 2 in the transverse plane with respect to a
fixed axis at angle �P for an arbitrary distribution f(~⇢)
is defined as

✏n{�P } = �
R
⇢d⇢d↵ cos [n(↵� �P )] f(~⇢)⇢nR

⇢d⇢d↵f(~⇢)⇢n
, (5)

where ~⇢ is in the transverse plane, ↵ is the azimuthal
angle, and the overall sign is conventional (chosen such
that the resulting v2{�P } has the same sign). For the
distributions of Eq. (3), with the symmetry axis aligned
with the polarization axis (cf. Fig. 1), we find for the
ellipticity (n = 2)

✏
| |2j3=0

2 {�P }=
R
d3r r2{ 2

p
2

5 U(r)V (r)� 1
5V (r)2}R

d3r r2{U(r)2 + V (r)2}
=0.070,

✏
| |2j3=±1

2 {�P } = � 1
2✏

| |2j3=0

2 {�P } = �0.035 (6)

(projection of the distribution on the transverse plane
provides here an extra dimension in the integration com-
pared to Eq. (5)). As already mentioned, the relatively
large values of these eccentricities are caused by the in-
terference term with U(r)V (r). Relation (4) implies the
equality in the second Eq. (6).

In the Glauber approach, the nucleons from the
deuteron interact (incoherently) with the nucleons of the
target. The reaction, shorter than any nuclear time scale
due to a huge Lorentz contraction factor, causes the re-
duction of the wave functions of both the projectile and
the target, with nucleons acquiring positions in the trans-
verse plane. The eccentricity of the deuteron wave func-
tion discussed above is thus reflected in the distribution of
its nucleons. Upon collisions with the nucleons of the tar-
get, a corresponding eccentricity of the fireball is gener-
ated. It can be quantified with the help of Eq. (5), where
now f(~⇢) takes the role of the distribution of entropy in
a given event, and averaging over events of ✏2{�P } is
carried out.

The discussed e↵ect is generic and appears in any vari-
ant of the Glauber model. In our study, we use the stan-
dard wounded nucleon model [24] with a binary collisions
admixture [25], as implemented in the Glauber Monte
Carlo code GLISSANDO [26]. In this model, the produc-
tion of the initial entropy is proportional to

S = const (NW/2 + aNbin) , (7)

with the parameter a = 0.145, whereas NW and Nbin are
the numbers of the wounded nucleons and binary colli-
sions, respectively. As is typically done, the deposition
of the entropy at the NN collision point in the transverse
plane is smeared with a Gaussian of width 0.4 fm.

The results of the simulations for the ellipticity coef-
ficient ✏2{�P } of the fireball with respect to the polar-
ization axis are shown in Fig. 3. The centrality of the
collision is defined via quantiles of the distribution of the
initial entropy S of Eq. (7). For convenience, we also
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FIG. 3. Ellipticities of the fireball formed in polarized d+Au
collisions at the energy of

p
sNN = 200 GeV. The lower coor-

dinate axis shows the centrality as defined via the produced
entropy of Eq. (7). The top coordinate axis shows the corre-
sponding number of the wounded nucleons. The arrows indi-
cate the eccentricities of the modulus squared of the deuteron
wave function of Eq. (6).

show the corresponding number of the the wounded nu-
cleons, NW, on the top coordinate axis. We note that
the most central collisions (large NW), the ellipticities of
the fireball tend to the ellipticities of the distributions
of the polarized deuteron of Eq. (6), indicated with ar-
rows. This is because with a large number of partici-
pants, the e↵ects of random fluctuations of the positions
of the target nucleons become small. As NW drops, so
do the magnitudes of ✏2{�P }. We note that the relationP

j3
✏j32 {�P } = 0 is satisfied up to statistical noise, com-

plying to Eq. (4). Finally and importantly, the size of
✏2{�P } is at the level of a few percent, which is a siz-
able value. The subsequent collective evolution yields an
approximate proportionality between the initial elliptic
eccentricity ✏2 and the elliptic flow coe�cient v2 of the
measured hadrons,

v2 ' k✏2, (8)

where the coe�cient k ⇠ 0.2 for the considered small sys-
tems [12]. This means that the the corresponding values
of v2{�P } for the reaction of Fig. 3 are expected to be of
the order of 1% for the most central collisions, compared
to zero in the absence of polarization and/or collective
evolution.
The experimental observation of the proposed e↵ect

requires the use of polarized beams [27, 28]. For parti-
cles of angular momentum 1, the vector polarization is
Pz = n(1)� n(�1), and the tensor polarization, relevant
for our proposal, is Pzz = n(1) + n(�1) � 2n(0), where
n(j3) denotes the fraction of states with angular momen-
tum projection j3 . Since in our case the magnitude of

Ellipticities of the fireball

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

perpendicular to the beam

A polarised D-beam at BNL will not come in a near future

A polarised target at LHC can easily provide Pb        collisions D↑
!29



We are already on the road …

SMOG2   and
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We are already on the road …

SMOG2   and

… at

Phase I 
unpolarised target

Phase II 
transversely 

polarised H and 
D target
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SMOG, a successful idea and a pseudo-target

System for Measuring Overlap with Gas (SMOG) has been thought for precise luminosity measurements by beam 
gas imaging, but then it served as a “pseudo-target” producing interesting resultsSMOG: the LHCb internal gas target

The System for Measuring Overlap with Gas
(SMOG) allows to inject small amount of no-
ble gas (He, Ne, Ar, . . . ) inside the LHC
beam around (⇠ ±20 m) the LHCb collision
region
Expected pressure ⇠ 2⇥ 10�7 mbar

Originally conceived for the luminosity determination
with beam gas imaging JINST 9, (2014) P12005
Became the LHCb internal gas target for a rich and var-
ied fixed target physics program

slide 3

SMOG: the LHCb internal gas target

The System for Measuring Overlap with Gas
(SMOG) allows to inject small amount of no-
ble gas (He, Ne, Ar, . . . ) inside the LHC
beam around (⇠ ±20 m) the LHCb collision
region
Expected pressure ⇠ 2⇥ 10�7 mbar

Originally conceived for the luminosity determination
with beam gas imaging JINST 9, (2014) P12005
Became the LHCb internal gas target for a rich and var-
ied fixed target physics program
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gas injection at 
the nominal IP SMOG samples on tape

2012 First pilot runs with p and Pb beams on Neon
2015 Several data samples with He, Ne and Ar targets acquired during special runs (e.g. VdM

scans) with limited beam intensity and without interference with pp data taking
2016 Other special runs with helium gas
2017 First high-intensity SMOG run currently ongoing, with proton beam of nominal intensity

on Neon. Acquiring simultaneously beam-gas collision (when beam1 bunches cross the
detector without colliding) and beam-beam collisions for standard LHCb physics (up to 742
non colliding and 1094 colliding bunches)

pNe pHe pAr pAr PbAr pHe pHe pNe pNe
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Data taking SMOG 2015-2017

2 papers are going to be published on PRL: 
-antiproton production in p-He collisions @ 110 GeV             In print on PRL (arXiv:1808.06127) 
-charm (D0 and J/ψ) production in p-Ar collisions @ 110 GeV     Submitted to PRL (arXiv:1810.07907)
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New perspectives in QCD and soft QCD for Cosmic Ray Physics

J/ψ e cc cross section as a function of the c.m. energy

anti-p xsection

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)
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Inputs to Cosmic Ray Physics II

Intrinsic charm important for high-energy neutrino astrophysics:
background for the ICECUBE experiment is dominated by open charm
production in atmospheric showers
predictions are based on measurements at xF ⇠ 0 (like pp collisions in LHCb)
possible relatively large contribution from intrinsic charm

IceCube, arXiv:1705.07780
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FIG. 2. Left: Comparison of the total atmospheric ⌫e + ⌫̄e data (IceCube-86 for 332 days) with calculations. The contribution
to the ⌫e + ⌫̄e flux from intrinsic charm for Case (A) for various cosmic ray spectra is shown by the dashed lines (H3A =
magenta, H3P = green, H14A = brown, and H14B = magenta. H14A and H14B are on top of each other). The conventional
⌫e + ⌫̄e flux [123], conventional ⌫e + ⌫̄e + BERSS (H3A), and conventional ⌫e + ⌫̄e + BERSS + intrinsic charm contribution
for H3A are shown. Right: Same as the left panel, but for ⌫µ + ⌫̄µ [6] (IceCube-79/ 86 for 2 years). This measurement also
includes the astrophysical neutrino flux. The astrophysical flux shown in these panels is from Refs. [4].

contribution follows the inelastic cross section [127].

We solve Eqs. 1 – 3 separately in the low and high
energy regime [57, 58, 64, 70, 72]. The final prompt neu-
trino flux is a geometric interpolation of the low and high
energy solutions and includes the contribution of all the
charm hadrons, D0, D̄0, D±, D±

s ,⇤
+
c .

Our calculation improves over the previous esti-
mates [56, 57, 78–80] in various important ways. We
normalize our calculations to the ISR and the LEBC-
MPS collaboration data [86, 87], which were not used
in the earliest works. We employ the latest cosmic ray
flux measurement, and the experimentally measured nu-
clear scaling of the cross section, and a theoretically
motivated energy dependence of the cross section. We
use a more updated calculation of the intrinsic charm
cross section which takes into account the inherent non-
perturbativeness of the process [124, 125] whereas some
of these earlier works [78, 79] used a modified pQCD pre-
scription to account for the high xF data.

Results: Our predictions for the flux of neutrinos (⌫µ+
⌫̄µ or ⌫e + ⌫̄e) are shown in Fig. 1. The highest, interme-
diate and the lowest flux are given by Case (A), Case (B),
and Case (C) respectively. We also show the flux calcu-
lated by BERSS [69], GMS [72], GRRST [70], HW1 [78],
HW2 [79], and ERS w/G [6, 85]. Due to the uncertainties
in parametrizing the g ! cc̄ contribution, the resulting
neutrino flux has an uncertainty of a factor of ⇠ 5 [70].

Remarkably, we find that the atmospheric prompt neu-
trino flux due to intrinsic charm is at the same level as
the pQCD contribution.
The neutrino fluxes due to intrinsic charm are large

enough to be detectable by IceCube. If IceCube does not
detect atmospheric prompt neutrinos at these flux lev-
els, then it will imply strong constraints on the intrinsic
charm content of the proton.
In the intrinsic charm picture, the proton preferen-

tially forms a charm hadron with a similar energy. In
the g ! cc̄ picture, due to its steeply falling d�/dx dis-
tribution, the charm hadron comes dominantly from a
proton at much higher energy. A rapid energy depen-
dence, disfavored by Refs. [124, 125], is used in Ref. [78],
and this results in a much higher neutrino flux. Our re-
sults are slightly lower than the calculation presented in
Ref. [79] due to the above mentioned refinements.
So far, IceCube has presented upper bounds on prompt

neutrinos. IceCube assumes that the prompt neutrino
flux is the ERS w/G spectrum and varies the normal-
ization. IceCube takes into account the muon veto for
downgoing events via a likelihood analysis. The present
limit on the prompt neutrino spectrum is 1.06 times the
ERS w/G flux [7]. These IceCube limits are close to the
intrinsic charm prompt neutrino spectrum predictions,
implying that IceCube can give information about in-
trinsic charm content of the proton in the near future.
In Fig. 2 (left), we compare our calculation for Case (A)

and the measurement of the atmospheric ⌫e flux [123].
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Large impact on the AMS (anti-p) and ICECUBE (open-charm) measurements

S M O G p - N e o n d a t a 
represent a valid  model of 
the interaction in air. The 
energy corresponds to the 
3rd-4th interaction for a 1010 
GeV shower. Mid-rapidity 
measurements are useful 
for the lateral development 
of the showers 
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SMOG2 aims to built a real gas target (storage cell) in order to improve the  
SMOG performances and open the ground to the physics cases shown  
before

Increase of the luminosity by up to 2 orders of magnitude using the same gas load of 
SMOG 

   
Injection of  

Multiple gas lines 

New Gas Feed System. Gas density measured with high precision 

Well defined interaction region upstream the nominal IP: strong background 
reduction, no mirror charges effect, possibility to use all the bunches 

SMOG2 vs SMOG

SMOG2 can run in synergy with the high-energy pp physics

H2, D2, He, N2, Ne, Ar, Kr, Xe
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LHC beam

VELO 
silicon VErtex LOcator

2 < η < 5
VELOSMOG2

Internal  
side view

08/08/2018 2V.	Carassiti	- INFN	Ferrara

UNPOL	CELL	CLOSED	POSITION	– VIEW	1

08/08/2018 4V.	Carassiti	- INFN	Ferrara

UNPOL	CELL	OPEN	POSITION	– VIEW	1

openable 
storage cell

No changes are requested to the 
main spectrometer

storage cellWFS

375 mm
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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
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R&D basically completed

reconstruction efficiencies of major physics channels 
interaction with LHC: 

                                         -vacuum 
                                         -impedence 
                                         -aperture 
                                         -coating 
                                         -beam stability (SEY) 

target prototypes and tests 
induced heating and bake-out stress 
WFS prototypes and stress test (15.000 cycles) 
Material budget and Background Induced on LHCb

Informal green lights from both LHC and LHCb 
Formal approval in Fall after the EDR (15/11/2018) and the LMC 

meetings 

Installation foreseen during the LHC LS II (2019-2020) 
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SMOG2  

… at

not only a 
project itself

R&D

Phase II 
transversely 

polarised H and 
D target
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Experimental set-up

Polarised target

VELO 
and SMOG2

Well consolidated technique 

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) 

Important differences (i) HERA: multi-user facility (together with ZEUS, H1, HERA-B), but in  
case of problems usually access was granted quite timely; (ii) COSY: single-user, so  
access by decision of experimental group. 
Requirements for LHC: (i) extreme reliability of all safety systems, in particular the  
vacuum interlock ABS-TC; (ii) very long running times without possibility of interventions 

Completely different requirements for coating of surfaces 
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• Injected intensity of H-atoms = 6.5 1016/s    
• Standard Feed Tube 1.0 cm i.d., 10 cm long 
• Beam tube 30x1 cm 
• Cell temperature T ~ 100K 
• Areal Density  ≈ 1.2 · 1014 cm2  

• Beam Induced Depolarisation better in LHC 
than at HERA 

• Cell coating: the proven Drifilm surface as a 
polymere is forbidden at the LHC. 
Carbon-type surfaces + ice layer seems 
the best solution for the target coating 
in order to prevent the atomic 
recombination 

pol	H

LHC		
beam

sample	beam
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Synergic pp / p-target data 
taking: 
- 8 h per day   
- 20 d per month  
- 200 d per year	

Statistics error projection for some of the possible channels 
(within the LHCb reconstruction framework)

LHC beam life time and synergic data taking 
The PGT, at maximum intensity, will give a relative proton loss rate of N/Np=1.6 x 10-7 /s, 

corresponding to a reduction of 1/3 of the beam lifetime of 74 days —> completely 
negligible for synergic data taking pp/p-target
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The R&D is going on and it will speed up  
after the SMOG2 approval

We aim for the installation during the  
LHC LSIII(2024-…)
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Conclusions

Fixed target collisions at the LHC represent a unique 
possibility for a laboratory for QCD in unexplored 
kinematic regions … in a realistic time schedule

P. Di Nezza!44



            is very focussed on the project: 

SMOG2 is a reality and is foreseen to take data from 2021 

The R&D for           represents a fantastic challenge and is 
on its road 

Conclusions

Fixed target collisions at the LHC represent a unique 
possibility for a laboratory for QCD in unexplored 
kinematic regions … in a realistic time schedule

Pasquale Di Nezza!45


