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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
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Complementary D and B-physics done at high energies
Kinematical coverage
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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
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•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

Marco Santimaria /19FTE @ LHC

• high-x nucleon and nuclei structure is poorly known at all scales
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PDFs
2 MOTIVATIONS
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Figure 1: (a) CT14nlo gluon PDF relative uncertainties [5] in a proton as a function of the gluon momentum fraction x at three
values of the factorisation scale, µF , (b) Gluon-gluon-luminosity uncertainty computed for three sets of proton PDFs as a function
of the invariant mass (MS) of a to-be produced system at

p
s = 13 TeV. For y ⇠ 0, x ' MS/

p
s at the LHC (indicated on the upper

x axis). The kinematics of the AFTER@LHC programme is mainly that of high x where the uncertainties blow up. Plot done
thanks to the APFEL programme [6].

Figure 2: Compilation of the gluon nuclear PDF relative uncertainties [7, 8, 9, 10] in a lead nucleus at a factorisation scale (here
denoted Q) of 2 GeV.

provide a unique window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear
number (A) dependence, combined with precise DY data at high x, would provide decisive insights into the
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Figure 2: Compilation of the gluon nuclear PDF relative uncertainties [7, 8, 9, 10] in a lead nucleus at a factorisation scale (here
denoted Q) of 2 GeV.

provide a unique window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear
number (A) dependence, combined with precise DY data at high x, would provide decisive insights into the
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[PRD 93 (2016) 033006]

• Quark PDFs via W production
• Gluon PDFs are least known, accessed with 

heavy flavours: a strength point of LHCb!
• PDF knowledge is a basic ingredient for HEP 

computations (eg for FCC)

• The structure of nuclei departs from the 
simple sum of free p and n: EMC effect still 
to be understood

• More insight into the anti-shadowing region 
( )x ∼ 0.1

• Hints of an Intrinsic Charm (IC) 
component in the proton

• First search performed with SMOG:

without IC

with IC

The PDF sets that correspond to the three limiting cases (upper dots), along with three
lower ones on the same curves that represent typical, more moderate, model candidates

(lower dots), will be explored in detail next.

BHPS model results: Figure 2 shows the charm distributions c(x) = c̄(x) at three

factorization scales that arise from the BHPS model, along with results from the CTEQ6.5
PDFs which have no IC. The short-dash curves correspond to the marginally allowed amount

Figure 2: Charm quark distributions from the BHPS IC model. The three panels correspond
to scales µ = 2, µ = 5, and µ = 100GeV. The long-dash (short-dash) curve corresponds

to ⟨x⟩c+c̄ = 0.57% (2.0%). The solid curve and shaded region show the central value and
uncertainty from CTEQ6.5, which contains no IC.

of IC (⟨x⟩c+c̄ = 0.020) indicated by the upper dot on the BHPS curve in Fig. 1. The long-
dash curves correspond to IC that is weaker by a factor of ∼ 3, indicated by the lower dot

(⟨x⟩c+c̄ = 0.0057) on the BHPS curve in Fig. 1. This point corresponds to the traditional
estimate of 1% IC probability in the BHPS model, i.e.,

∫ 1

0
c(x) dx =

∫ 1

0
c̄(x) dx = 0.01, at

the starting scale µ0 = 1.3GeV. This physically motivated light-cone model estimate thus

lies well within the phenomenological bounds set by our global analysis.

We see that at low factorization scales, this model produces a peak in the charm distri-

bution at x ≈ 0.3. This peak survives in the form of a shoulder even at a scale as large as
µ = 100GeV. At that scale, IC strongly increases c(x) and c̄(x) above the gluon splitting

contribution at x > 0.1, while making a negligible contribution at x < 0.1.

Meson Cloud model results: Figure 3 shows the charm distributions that arise from

the D0 Λ+
c meson cloud model, together with the results from CTEQ6.5 which has no IC. In

the meson cloud model, the charm (c(x)) and anti-charm (c̄(x)) distributions are different.

The short-dash (short-dash-dot) curves correspond to the maximum amount of IC c(x)

(c̄(x)) that is allowed by the data (⟨x⟩c+c̄ = 0.018), while the long-dash (long-dash-dot) curves
show a smaller amount (⟨x⟩c+c̄ = 0.0096), and the shaded region shows CTEQ6.5 which has

no IC. Again we see that IC can substantially increase the charm PDFs at x > 0.1, even at
a large factorization scale.
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BHPS with CTEQ6.5
[PRD75 (2007) 054029]

[PRL 122 (2019) 132002]

• Still to be investigated

y=5
y=3.5

y=2.5

Marco Santimaria /19FTE @ LHC

• high-x nucleon and nuclei structure is poorly known at all scales
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Figure 1: (a) CT14nlo gluon PDF relative uncertainties [5] in a proton as a function of the gluon momentum fraction x at three
values of the factorisation scale, µF , (b) Gluon-gluon-luminosity uncertainty computed for three sets of proton PDFs as a function
of the invariant mass (MS) of a to-be produced system at

p
s = 13 TeV. For y ⇠ 0, x ' MS/

p
s at the LHC (indicated on the upper

x axis). The kinematics of the AFTER@LHC programme is mainly that of high x where the uncertainties blow up. Plot done
thanks to the APFEL programme [6].

Figure 2: Compilation of the gluon nuclear PDF relative uncertainties [7, 8, 9, 10] in a lead nucleus at a factorisation scale (here
denoted Q) of 2 GeV.

provide a unique window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear
number (A) dependence, combined with precise DY data at high x, would provide decisive insights into the
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contribution at x > 0.1, while making a negligible contribution at x < 0.1.

Meson Cloud model results: Figure 3 shows the charm distributions that arise from

the D0 Λ+
c meson cloud model, together with the results from CTEQ6.5 which has no IC. In
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BHPS with CTEQ6.5
[PRD75 (2007) 054029]

[PRL 122 (2019) 132002]

• Still to be investigated

light-q PDFs 

10 ft-1
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Accessing the gluon TMDs                       Probing the gluon TMDs with fixed-targets at LHC 

21L.L. Pappalardo  - XXVII International Workshop on Deep Inelastic Scattering - Torino - April 8-12 2019 

Theory framework consolidated

…but experimental access still 
extremely limited!

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

dominantly produced through gg interactions

p

p

fa

fb X

J/Ψ
Ψ′�
Υ

LHCb can measure nearly all 
quarkonia states with high precision! 
[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-) ]
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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)

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]

unpolarized gluon TMD 

linearly polarized gluon TMD 

TMDs 
(Sivers)

Weizsacker-Williams (WW) gluon distributions 

dipole (DP) gluon distributions 

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]

Sign change: 
Universality of QCD

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

Probing the gluon PDFs

[D. Boer: arXiv:1611.06089]

Can be measured at the EIC

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

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

Can be measured at FT-LHC
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Single Spin Asymmetries                        

Marco Santimaria /19FTE @ LHC

54 CHAPTER 2. EIC SCIENCE AND REQUIREMENTS FOR MACHINE DESIGN

distribution with decreasing x, indicating that gluons dominate the proton’s wavefunction
at high energies.
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Figure 2.3: Left: The x-Q2 range covered by the EIC with two different center-of-mass en-
ergy ranges in comparison with past and existing polarized e+p at CERN, DESY and SLAC
and p+p experiments at RHIC. Right: the kinematic range in x-Q2 for lepton-nucleus deep
inelastic scattering and Drell-Yan (DY) experiments and future CEBAF 12 GeV experiments
in comparison with the EIC.

The EIC design described in this document covers a center-of-mass energy range for the
e+p collisions of

p
s of 29 to 140 GeV. The kinematic reach in x and Q2, the momentum

transferred by the electron to the proton, is shown in Figure 2.3. The diagonal lines in each
plot represent lines of constant inelasticity, y, which represents the ratio of the virtual pho-
ton’s energy to the incoming electron’s, in the target rest frame. The variables x, Q2, y and
s are related to each other by a simple equation Q2 = sxy. Since the EIC is being designed
to study the domain of gluon dominance in the proton, it has to have a substantial energy
reach to access the low-x region (x µ 1/s). The left figure shows the kinematic acceptance
for polarized and unpolarized e+p collisions, and the right figure shows the acceptance for
e+A collisions. Also shown for comparison is the reach of past and current fixed target
facilities that acquire comparable data sets, and in case of the left plot, polarized p+p colli-
sions from RHIC. Note that there are no data from past or current experiments in the region
of x < 5 ⇥ 10�3. The two figures establish that the EIC would, for the first time, allow us
to explore significantly lower values of x where the role of gluon degrees of freedom is
enhanced.

The details of the science case for the EIC have been presented in the EIC White Paper [7].
In what follows, we describe, in greater detail, the compelling scientific questions outlined
above, and motivate the requirements for the machine parameters that would help us ad-
dress these questions.
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LHCspin: overview
• An example of SMOG data from 2016:  in just 7.6 nb−1 87 h

• Complementarity is the key:
•  JLab probing high-x, low 
• EIC measurements to focus on low-x, starting ~2035?
• higher  reach with future upgrade
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Figure 1: Mass distributions, fitted by an extended unbinned maximum-likelihood in
p
sNN = 86.6GeV pHe collisions; J/ ! µ�µ+ (left); D0

! K�⇡+ (right). The dashed blue line
corresponds to the combinatorial background, the red line to the signal and the solid blue line
to the sum of the two.

a crystal ball function [37] describing the J/ signal, and an exponential function for
the background. The D0 signal is fitted by the sum of two Gaussian functions, and an
exponential function for the background. Figure 1 shows the mass distributions obtained
after all selection criteria are applied to the entire pHe data set, with the fit functions
superimposed.

The signal yields are determined in uniformly populated bins of pT or y. A coarser
binning scheme is used for J/ candidates, owing to the smaller sample size. The yields
determined from the mass fit are corrected for the total e�ciencies, which include the
geometrical acceptance of the detector, the event trigger, the event selection, the primary
vertex, the track reconstruction, and particle identification. Particle identification [38] and
tracking e�ciencies are obtained from control sample of pp collision data. All the other
e�ciencies are determined from simulation. Several sources of systematic uncertainties are
considered, a↵ecting either the determination of the signal yields or the total e�ciencies.
They are summarised in Table 1 separately for correlated and uncorrelated systematic
uncertainties.

A systematic uncertainty is assigned to the signal determination. A first contribution,
common to J/ and D0 signals, is obtained by determining the maximum contamination
from residual pp collisions. The systematic uncertainty related to the determination of
the signal yields includes the contribution from b-hadron decays and the mass fit. The
fraction of signal from b hadrons, determined through the fit of the impact parameter
distribution of the D0 candidates with respect to the primary vertex, is (0.9+1.6

�0.9)%. The
systematic uncertainty related to the mass fit is evaluated using alternative models for
signal and background shapes that reproduce the mass shapes equally well.

Another source of uncertainty is associated with the accuracy of the simulation used
to compute the acceptances and e�ciencies. This systematic uncertainty includes the
statistical uncertainty due to the finite size of the simulation sample and the di↵erences in
the distributions of the transverse momentum and rapidity between data and simulation.
This systematic uncertainty is computed in each y and pT bin. Systematic uncertainties
in tracking and particle identification e�ciencies are mainly related to the di↵erences
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distribution with decreasing x, indicating that gluons dominate the proton’s wavefunction
at high energies.
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Figure 2.3: Left: The x-Q2 range covered by the EIC with two different center-of-mass en-
ergy ranges in comparison with past and existing polarized e+p at CERN, DESY and SLAC
and p+p experiments at RHIC. Right: the kinematic range in x-Q2 for lepton-nucleus deep
inelastic scattering and Drell-Yan (DY) experiments and future CEBAF 12 GeV experiments
in comparison with the EIC.

The EIC design described in this document covers a center-of-mass energy range for the
e+p collisions of

p
s of 29 to 140 GeV. The kinematic reach in x and Q2, the momentum

transferred by the electron to the proton, is shown in Figure 2.3. The diagonal lines in each
plot represent lines of constant inelasticity, y, which represents the ratio of the virtual pho-
ton’s energy to the incoming electron’s, in the target rest frame. The variables x, Q2, y and
s are related to each other by a simple equation Q2 = sxy. Since the EIC is being designed
to study the domain of gluon dominance in the proton, it has to have a substantial energy
reach to access the low-x region (x µ 1/s). The left figure shows the kinematic acceptance
for polarized and unpolarized e+p collisions, and the right figure shows the acceptance for
e+A collisions. Also shown for comparison is the reach of past and current fixed target
facilities that acquire comparable data sets, and in case of the left plot, polarized p+p colli-
sions from RHIC. Note that there are no data from past or current experiments in the region
of x < 5 ⇥ 10�3. The two figures establish that the EIC would, for the first time, allow us
to explore significantly lower values of x where the role of gluon degrees of freedom is
enhanced.

The details of the science case for the EIC have been presented in the EIC White Paper [7].
In what follows, we describe, in greater detail, the compelling scientific questions outlined
above, and motivate the requirements for the machine parameters that would help us ad-
dress these questions.
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LHCspin: overview
• An example of SMOG data from 2016:  in just 7.6 nb−1 87 h

• Complementarity is the key:
•  JLab probing high-x, low 
• EIC measurements to focus on low-x, starting ~2035?
• higher  reach with future upgrade
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Figure 1: Mass distributions, fitted by an extended unbinned maximum-likelihood in
p
sNN = 86.6GeV pHe collisions; J/ ! µ�µ+ (left); D0

! K�⇡+ (right). The dashed blue line
corresponds to the combinatorial background, the red line to the signal and the solid blue line
to the sum of the two.

a crystal ball function [37] describing the J/ signal, and an exponential function for
the background. The D0 signal is fitted by the sum of two Gaussian functions, and an
exponential function for the background. Figure 1 shows the mass distributions obtained
after all selection criteria are applied to the entire pHe data set, with the fit functions
superimposed.

The signal yields are determined in uniformly populated bins of pT or y. A coarser
binning scheme is used for J/ candidates, owing to the smaller sample size. The yields
determined from the mass fit are corrected for the total e�ciencies, which include the
geometrical acceptance of the detector, the event trigger, the event selection, the primary
vertex, the track reconstruction, and particle identification. Particle identification [38] and
tracking e�ciencies are obtained from control sample of pp collision data. All the other
e�ciencies are determined from simulation. Several sources of systematic uncertainties are
considered, a↵ecting either the determination of the signal yields or the total e�ciencies.
They are summarised in Table 1 separately for correlated and uncorrelated systematic
uncertainties.

A systematic uncertainty is assigned to the signal determination. A first contribution,
common to J/ and D0 signals, is obtained by determining the maximum contamination
from residual pp collisions. The systematic uncertainty related to the determination of
the signal yields includes the contribution from b-hadron decays and the mass fit. The
fraction of signal from b hadrons, determined through the fit of the impact parameter
distribution of the D0 candidates with respect to the primary vertex, is (0.9+1.6

�0.9)%. The
systematic uncertainty related to the mass fit is evaluated using alternative models for
signal and background shapes that reproduce the mass shapes equally well.

Another source of uncertainty is associated with the accuracy of the simulation used
to compute the acceptances and e�ciencies. This systematic uncertainty includes the
statistical uncertainty due to the finite size of the simulation sample and the di↵erences in
the distributions of the transverse momentum and rapidity between data and simulation.
This systematic uncertainty is computed in each y and pT bin. Systematic uncertainties
in tracking and particle identification e�ciencies are mainly related to the di↵erences
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• Accessing quark TMDs via TSSAs at high x↑

in the non-perturbative regime of QCD.

Figure 18: Three-dimensional representation of the u-quark densities in momentum space
(proton tomography) from a recent global analysis [122]. (Courtesy of A. Bacchetta).

Two quark TMDs are involved in unpolarized processes: the standard unpolarized
distribution function f q

1 and the Boer-Mulders function h?,q
1 [123]. 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. More specifically, it describes the correlation
between the quark transverse polarization and transverse momentum. It is noteworthy that
this correlation results in specific azimuthal modulations of the unpolarized cross-section.

In the last 15 years, significant progresses have been achieved in the comprehension
of the quark TMDs in Semi-Inclusive DIS (SIDIS) experiments (Hermes, Compass,
JLAB) [124]. High-energy pp collisions constitute a complementary approach. In particular,
fixed-target pp collisions at the LHC, with a beam energy at the TeV scale, will give
access to these objects for unique kinematic conditions (high x, at moderately high
Q2). Furthermore, by comparing the results obtained in SIDIS with those from hadronic
collisions, it is possible to perform stringent tests of QCD factorization, evolution and
universality. For instance, the Boer-Mulders function mentioned above has the peculiar
property of being naive-T-odd. This implies that its definition must include a proper
gauge-link (Wilson line) that manifests in a soft-gluon exchange between the ejected quark
and the color field of the nucleon remnant. In general, gauge links are process-dependent
and this leads to the remarkable fact that naive-T-odd TMDs (such the Boer-Mulders
and the Sivers functions) are not universal. In particular, they are expected to have
opposite sign when measured in Drell-Yan and SIDIS processes [125]. A solid experimental
verification of this direct QCD prediction is eagerly awaited.

At LHCb, the quark f q
1 and h?,q

1 TMDs can be probed in Drell-Yan processes, exploiting
the excellent reconstruction capabilities for muon-pairs. The unpolarized Drell-Yan cross-
section can be written as

�DY
UU / A f q

1 ⌦ f q̄
1 +B h?,q

1 ⌦ h?,q̄
1 cos 2� , (1)

where the subscript UU denotes that both beam and target are unpolarized, the symbol ⌦
indicates a convolution integral over the quark transverse momenta, and � is the azimuthal
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Physics case #2: hadron structure

• Ultimate goal: a 3D tomography of hadrons
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5.2.3. Quark-induced azimuthal asymmetries
In section 5.2.1 we discussed the extraction of the Sivers asymmetry from the DY production cross-

section. However this process can also give valuable information on other asymmetries, and thus on other
TMDs. In fact, the cross-section for a transversely polarised target (and an unpolarised beam) can be
schematically written in terms of the following structure functions [345]:

Acos2�
UU ⇠

h?q
1 (x1, k2

1T ) ⌦ h?q̄
1 (x2, k2

2T )

f q
1 (x1, k2

1T ) ⌦ f q̄
1 (x2, k2

2T )
, (19)

Asin�S
UT ⇠

f q
1 (x1, k2

1T ) ⌦ f?q̄
1T (x2, k2

2T )

f q
1 (x1, k2

1T ) ⌦ f q̄
1 (x2, k2

2T )
, (20)

Asin(2�+�S )
UT ⇠

h?q
1 (x1, k2

1T ) ⌦ h?q̄
1T (x2, k2

2T )

f q
1 (x1, k2

1T ) ⌦ f q̄
1 (x2, k2

2T )
, (21)

Asin(2���S )
UT ⇠

h?q
1 (x1, k2

1T ) ⌦ hq̄
1(x2, k2

2T )

f q
1 (x1, k2

1T ) ⌦ f q̄
1 (x2, k2

2T )
, (22)

where hq
1 is the transversity, h?q

1 the Boer-Mulders function and h?q
1T the pretzelosity ( f q

1 and f?q
1T are the

already introduced unpolarised TMD PDF and the Sivers function, respectively). Again ⌦ stands for a
convolution in momentum space, and a sum over parton flavours is understood. The superscript on the
A’s means that we weight the cross-section with that angular term to single out the corresponding angular
modulation.

Let us focus on the Boer-Mulders function h?1 , which encodes the correlation between the quark trans-
verse spin and its transverse momentum, namely it represents a spin-orbit effect for the quark inside an
unpolarised proton. This function, like the quark Sivers function, is naive time-reversal odd (T-odd), and
thus it changes sign under time-reversal transformations 52. In particular, a sign change is predicted for h?1
probed in SIDIS and DY production. Moreover, it might help explain [68] the violation of the Lam-Tung
relation in unpolarised DY reaction [67]. Hints about the transverse momentum dependence of the Boer-
Mulders function h?1 have been extracted from SIDIS data in [346]. AFTER@LHC will contribute to the
study of the Boer-Mulders function in DY production, shedding light on its process dependence and on the
TMD formalism in general.

In Fig. 39 we show the expected precision achievable at AFTER@LHC for different angular modula-
tions of the DY production cross-section in different kinematic regions (rapidity, invariant mass, momentum
fraction in the (un)polarised target nucleon). We note that Acos 2�

UU could be measured without a polarised
target and that asymmetries with faster modulations are usually determined with a poorer precision.

5.2.4. Gluon-induced azimuthal asymmetries
In the quark case, there are two leading-twist TMDs, as we have discussed, the unpolarised f q

1 (x, k2
T )

and the Boer-Mulders h?q
1 (x, k2

T ) functions. For a gluon in an unpolarised proton, the relevant functions are
the unpolarised distribution f g

1 (x, k2
T ) and the distribution of linearly polarised gluons h?g

1 (x, k2
T ) [52, 53].

The phenomenology of h?g
1 is potentially easier than that for the Boer-Mulders function in the quark

case, because it is T-even and matched onto the twist-2 unpolarised collinear distributions f g,q
1 , whereas h?q

1
is matched onto the twist-3 collinear matrix elements, which are so far unknown. However, no experimental

52Naive time reversal stands for time reversal but without the interchange of initial and final states [47].
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Figure 39: Expected statistical uncertainty on asymmetries in DY production at AFTER@LHCb, computed all for Lpp = 10 fb�1

andPe↵. = 0.8. The rapidity has been integrated over the bins specified in the plots, as well as the mass in bins of dM = 1 GeV. [The
statistical uncertainties are calculated using following expressions: �(Asin �S

UT ) = 1/Pe↵.⇥
p

2/
p

S + 2B, �(Acos 2�S
UU ) = 2

p
2/
p

S + 2B
and �(Asin(2�±�S )

UT ) = 2/Pe↵. ⇥
p

2/
p

S + 2B, where S is the signal yield, B is the background yield and Pe↵. is the effective
polarisation in a given measurement.]

extractions of h?g
1 have been performed yet. Recently, it has been proposed to access both f g

1 and h?g
1 in

di-J/ and ⌥ production in hadronic collisions [347, 344], for which data with sensitivity to transverse
momenta have been collected at the LHC. It is expected that h?g

1 reaches its maximal size in the small-x
regime [53, 348, 349, 350]. Its role in different x-regions has yet to be explored. Factorisation proofs have
recently been provided for ⌘c,b production [351, 352]. It is also expected to be constrained from azimuthal-
asymmetry measurements at the future EIC and the LHeC [353, 315], and also possibly from measurements
at RHIC and the LHC [339].

The impact of linearly polarised gluons in H0 production has been addressed e.g. in [354, 355, 356,
332]. Their effect has been predicted for gluon fusion into two photons in [357, 339], for (pseudo)scalar
quarkonium production in [69, 70], for vector quarkonium production in [358, 359] and for H0 plus jet
production in [340]. Associated production of quarkonium and Z boson has been investigated in [360].
Associated production of quarkonium plus one photon [71] is also promising, due to the possibility of
producing final states with different invariant masses, suited thus to be analysed using TMD factorisation
and to test TMD evolution. This process, together with ⌘b,c production [361, 69, 70] and double J/ 
production [223], can be investigated within the AFTER@LHC programme.

Several processes can be measured at the proposed AFTER@LHC programme in order to constrain
h?g

1 in yet unexplored kinematic regions. In Table 17 we show those in which the effect of the presence
of h?g

1 is the modulation of the transverse-momentum spectrum, referred to as “qT modulation”, while in
Table 18 we show those for which h?g

1 creates an azimuthal modulations of the spectrum, referred to as
“cos n� modulation”. We notice that in all the mentioned processes the same h?g

1 function is probed, since
the gauge-link structure is the same. As can be seen, overall the AFTER@LHC programme offers a great
opportunity to constrain h?g

1 through all these processes.
At AFTER@LHC, it will be possible to study the potential TMD factorisation breaking effects [362]

in the production of �c0 and �c2 [69]. Moreover, ⌘c production at low transverse momentum [351] will
be accessed, complementing the high transverse momentum region measured by LHCb and going beyond
RHIC’s capabilities.
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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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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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(quarks and gluons) are denoted by straight solid lines for simplicity.
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ration is a universal phenomenon, valid both
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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
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Exclusive meson production
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pp, pAr, pKr, pXe, PbAr
Statistical uncertainty on the 
cos(   ) modulation of the 
continuum 2 muons

ϕ 30%     10%       20%        15%       30%
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the          xsectionJ/Ψ

1 yr of data taking
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• QGP: complement the RHIC BES in the 
transition region via  scany

Physics case #3: heavy ions
LHC 

@5.02 TeV 

RHIC 

• Ultra-relativistic collisions of heavy nuclei on T polarised 
deuterons to probe the dynamics of small systems

• Deformation of  is reflected in the orientation of the 
created fireball in the transverse plane 

D↑

2 Author / Nuclear Physics A 00 (2020) 1–4
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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

• Suppression of  bound states as 
QGP thermometer

• Different binding energy  different 
dissociation temperature

cc

→

[PRC 101 (2020) 024901]

[IJMPA 28 (2013) 1340012]

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
,

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

+ V (r)
hq

3
10 |21i|1�1i �

q
2
5 |20i|10i+

q
3
10 |2�1i|11i

i
.

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.

D polarised along  , 
perpendicular to the beam

Φp

• Quantified by the ellipticity (  wrt )ϵ2 Φp

[PRC 98 (2018) 034905]



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

composition problem

PROSA prompt (⌫µ + ⌫̄µ) flux:
QCD scale, mass and PDF uncertainties
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from [arXiv:1611.03815]
M.V. Garzelli Charm cross-section for CR September 5th, 2019 7 / 26

Crucial inputs from FT data 

-(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)

12

Antiproton issue: Dark Matter annihilation (primary), 
scatter on interstellar matter (secondary)

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 … and also Op, OO 

unique opportunities 

  

    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 FT measurements at LHC from the CR community



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

SMOG2@LHCb - 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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LHCb-PUB-2018-015

Unpolarised 
gas

Large statistics in short time, 
without interfering with the 

beam-beam LHC operations
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pp simulated collisions

Figure 2: Velo tracking e�ciency for for tracks with su�cient Velo and SciFi information for the

track reconstruction as a function of the z of the primary vertex. The simulated distributions

for pp and pgas collisions, normalized to fit the picture, are super-imposed.
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On the road … where are we at the LHC?                       

SMOG2 @           , the unpolarised gas 
target has been installed and ready to 
work from the LHC Run3                       

The polarised upgrade of SMOG2 is 
in the R&D phase. Aiming at 
installing during the LHC LS3 (~2027)

6Cynthia Hadjidakis     PBC-FT   January 11th 2019

Solid target

beam pipe
target holder

pneumatic actuator

Fig. 2: Target and two screws for 
maintaining the target from its holder 

(red)

• Target setup with one target system 
• Pneumatic motion system with two positions (IN and OUT of the beam pipe) 
• Electro-valve distributor to control the actuator (can be away of the setup) 
• Target system size: 170x50x50mm

target holder

• Target type and size:  
• Oblong shape radius = 2.5 mm, length = 17 mm  
• Thickness from ~100 um to 5 mm (depending on beam flux on target) 
• Various target types needed (from low to large atomic mass). Large melting point for Be, Ca, 

C, Ti, Ni, Cu, Os, Ir, W.  To be investigated.

Solid target at          in the R&D 
phase

H2, D2, He, N2, O2, Ne, Ar, Kr, Xe H↑, D↑ Be, Ca, C, Ti, Ni, Cu, Os, Ir, W

1Cynthia Hadjidakis     PBC-FT   January 11th 2019

Update on fixed-target studies in ALICE 

Cynthia Hadjidakis

PBC-FT   January 11th 2019
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Fixed Target physics at the LHC opens new physics frontiers, exploiting even 
more the potentialities of the existent most powerful collider and using the 

most advanced detectors 

Part of this (unpolarized gas target) is already happening now 
The other projects could start at LHC Run4 

 These programs are, not only, complementary to EIC, but they could 
constitute test-benches for the future measurements

Pasquale Di Nezza
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up to 115 GeV
8 x 1032 cm-2 s-1

~85 % (target)
— (no double spin asymmetries)

H↑↓, D↑↓, H2, D2, He, N2, O2, Ne, Ar, Kr, Xe

1

17
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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

20L.L. Pappalardo  - XXVII International Workshop on Deep Inelastic Scattering - Torino - April 8-12 2019 

Polarized Drell-Yan

Accessing the quark TMDs

arXiv:1807.00603

High precision achievable for observables connected to (e.g.) the transversity, the 
Boer-Mulders function, the pretzelosity and the Sivers TMDs 

Accessing the quark Transverse Momentum Distribution functions (TMDs)                    
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… heavy quark sector                
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Such results would open a new era of 
precision measurements in spin physics 

using heavy-quark probes 
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