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1. The LHCb detector – setup

Single arm spectrometer, the only LHC experiment fully instrumented in 2 < h < 5

09/10/2019 F. Fleuret - fleuret@in2p3.fr

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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can cover dimuon mass range up 
to the Z with excellent precision

• LHCb is specialised in heavy flavour precision physics, beauty and charm:
– Optimised for low pile-up collisions (ie low multiplicity): 

• Precise reconstruction of production and decay vertices
• Correlations between particles: flavour tagging

• Some characteristics of the experiment make it attractive for Heavy ion physics :
– Instruments fully the forward region: 2<h<5
– Precise vertexing: separation of prompt production from B decay products
– Precise tracking: reconstruction down to pT=0

– Particle identification: full reconstruction of hadronic decays of charm or beauty, such as D0➝Kp

Designed for heavy flavor physics

LHCb, specialized in heavy flavour precision physics, 
discovered its potentialities in HI in 2015: 

forward region 2<𝜂<5 fully instrumented 
precise vertexing: separation of prompt production from HF decay 
products 
precise tracking: reconstruction down to pT=0 
particle identification: full reconstruction of hadronic decays of 
charm and beauty 
low pileup, ideal for recording high multiplicities

JINST 3 (2008) S08005

IJMPA 30 (2015) 1530022 

PbPb Data Sets: 
√sNN = 5 TeV in 2015:   10 μb-1 
√sNN = 5 TeV in 2018: 210 μb-1

pPb/Pbp Data Sets: 
√sNN = 5      TeV in 2015:  1.6 nb-1 
√sNN = 8.16 TeV in 2018:   30 nb-1
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2. Summary of LHCb Run 1 and Run 2 analysis
• Published results

• Not yet addressed
– No flow analysis
– No low/intermediate mass dileptons (thermal radiations) analysis
– Correlations: Double J/y, double-D, … 
– Drell-Yan

09/10/2019 F. Fleuret - fleuret@in2p3.fr 14

Published results

Ongoing analyses: 

• Flow analysis  

• Low/intermediate mass dileptons (thermal radiations) analysis  

• Correlations: Double J/𝜓, double-D, ...  

• Drell-Yan 

• …

QM19 

4 talks + 5 posters
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3. Detector upgrade – LHCb Upgrade 1a

• Upgrade based on pp collision requirements :
– Collision rate at 40 MHz.

– Pile-up factor μ ≈ 5

– Remove L0 triggers (software trigger)

– Read out the full detector at 40 MHz.

– Replace the entire tracking system.

• Benefit for heavy ion physics
– Can reach more central PbPb collisions

New electronics for muon 
and calorimeter systems

New Tracking system :
- Silicon upstream detector (UT)
- Scintillating Fiber Tracker (SciFi)

New RICH optics and photodetectors

New pixel VELO 
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Improvements in the phase I 

Collision rate at 40 MHz 

Pile-up factor μ ≈ 5 

Remove L0 triggers (software trigger)  

Read out the full detector at 40 MHz 

Replace the entire tracking system

substantial improvements to HI, mainly for the possibility 
to reach more central PbPb collisions (up to 30%)
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LHCb upgrade 
schedule
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Improvements in the phase I 

Collision rate at 40 MHz 

Pile-up factor μ ≈ 5 

Remove L0 triggers (software trigger)  

Read out the full detector at 40 MHz 

Replace the entire tracking system
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•  LS3 (2024 – 2026) Upgrade 1b for Run 4  

        Proposal for a new tracker (stage 1): Inner tracker – 100 μm X 500 μm pixels or 0.1 mm X 100 mm strips  

•  LS4 (2030 – 2031) Upgrade 2 for Run 5, …  

        Proposal for a new tracker (stage 2): Inner tracker + Middle tracker 

no more 
limitations on 
the centrality 

CERN-LHCC-2012-007

substantial improvements to HI, mainly for the possibility 
to reach more central PbPb collisions (up to 30%)
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Year Systems, psNN Time Lint
2021 Pb–Pb 5.5 TeV 3 weeks 2.3 nb�1

pp 5.5 TeV 1 week 3 pb�1 (ALICE), 300 pb�1 (ATLAS, CMS), 25 pb�1 (LHCb)
2022 Pb–Pb 5.5 TeV 5 weeks 3.9 nb�1

O–O, p–O 1 week 500 µb�1 and 200 µb�1

2023 p–Pb 8.8 TeV 3 weeks 0.6 pb�1 (ATLAS, CMS), 0.3 pb�1 (ALICE, LHCb)
pp 8.8 TeV few days 1.5 pb�1 (ALICE), 100 pb�1 (ATLAS, CMS, LHCb)

2027 Pb–Pb 5.5 TeV 5 weeks 3.8 nb�1

pp 5.5 TeV 1 week 3 pb�1 (ALICE), 300 pb�1 (ATLAS, CMS), 25 pb�1 (LHCb)
2028 p–Pb 8.8 TeV 3 weeks 0.6 pb�1 (ATLAS, CMS), 0.3 pb�1 (ALICE, LHCb)

pp 8.8 TeV few days 1.5 pb�1 (ALICE), 100 pb�1 (ATLAS, CMS, LHCb)
2029 Pb–Pb 5.5 TeV 4 weeks 3 nb�1

Run-5 Intermediate AA 11 weeks e.g. Ar–Ar 3–9 pb�1 (optimal species to be defined)
pp reference 1 week

175

Possible LHC Run3 and Run4 schedule

Run3

Run4

Run5

LS2 - LHCb upgrade Ia

LS3 - LHCb upgrade Ib

LS4 - LHCb upgrade 2

LH
C

H
L-LH

C

Unique potentialities in pPb/Pbp at forward rapidities: 

•in pPb/Pbp: L ~ 30 nb-1 in Run2 (~1M J/𝜓, ~8M D0) — L~300 nb-1 in Run3 — 300 nb-1 in Run4  

Great potentialities in PbPb at forward rapidity:  

• will benefit from detector upgrade

arXiv:1812.06772 - CERN-LPCC-2018-07 

77



Selection of few HI highlights for Run3+4

Drell–Yan production in pPb collisions at low dimuon mass and at forward rapidity can probe the 
gluon nPDF at small Bjorken-x, where gluon saturation could be observed
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Selection of few HI highlights for Run3+4

Drell–Yan production in pPb collisions at low dimuon mass and at forward rapidity can probe the 
gluon nPDF at small Bjorken-x, where gluon saturation could be observed

can reach x~10-6 with the 
installation of the Magnet 
Tracking Station in Run4 9

Benjamin Audurier - benjamin.audurier@cern.ch

LHCb : general purpose detector for heavy-ions

4

Hadronic and QGP physics
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arXiv:1904.04130



Selection of few HI highlights for Run3+4

pPb: Ltotal = 500 nb−1 (4 weeks) 

pp reference:  Ltotal = 104 pb−1 (much shorter time) 

3. proton-Pb/Pb-proton in Run 3 + Run 4

• Example: Drell-Yan measurement
– Expected performances with p-Pb L=0.25 pb-1 data samples

Physics of HL-LHC WG5: Future physics opportunities for high-density QCD at the LHC
arXiv1812.06772 - CERN-LPCC-2018-07

[F. Arleo and S. Peigné, arXiv:1512.01794]
09/10/2019 F. Fleuret - fleuret@in2p3.fr 16

Will benefit from HL-LHC increased luminosities
EPPS16 nPDF prediction at NLO

At forward rapidity and low dimuon mass, a clear 
suppression is expected due to shadowing effect at low 
Bjorken-x 

DY production in this region is indirectly sensitive to the 
gluon nPDF at low x, which is largely unconstrained by data 
except for heavy-flavour production, which might be 
affected by other nuclear effects 

At backward rapidity, the EMC effect appears, whose 
origin remains an active field of research 

10

Already with a limited data taking period, these 
projections will provide valuable input for nPDF fits

Drell–Yan production in pPb collisions at low dimuon mass and at forward rapidity can probe the 
gluon nPDF at small Bjorken-x, where gluon saturation could be observed

LHCb-CONF-2018-005
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Selection of few HI highlights for Run3+4

Drell–Yan production in pPb collisions at low dimuon mass and at forward rapidity can probe the 
gluon nPDF at small Bjorken-x, where gluon saturation could be observed
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Correlations between pairs of charm and beauty hadrons in pp and pPb. The angular distribution 
can be used to disentangle the contributions from different production mechanisms revealing 
intrinsic transverse momentum kT, which may be related to the saturation scale

The shape of the away-side peak at ∆φ = π provides kT information, 
and is expected to be different in pPb and pp collisions 
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Figure 2: Projections for the di↵erent selections and kinematic regions compared with theory
calculations within the CGC framework with arbitrary normalisation [22,24].
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Projections for ∆φ compared with theory calculations within the CGC framework with arbitrary normalisation  

Near ∆φ = 0 the NLO production process via gluon 
splitting becomes dominant and is responsible for the 
peaking structure

The relative importance of these two contributions affects the initial momentum distribution of charm 
quarks, which is important for modelling charm thermalisation in nucleus-nucleus collisions

LHCb-CONF-2018-005
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Selection of few HI highlights for Run3+4

Drell–Yan production in pPb collisions at low dimuon mass and at forward rapidity can probe the 
gluon nPDF at small Bjorken-x, where gluon saturation could be observed

Correlations between pairs of charm and beauty hadrons in pp and pPb. The angular distribution 
can be used to disentangle the contributions from different production mechanisms revealing 
intrinsic transverse momentum kT, which may be related to the saturation scale

Beauty hadron production has negligible high-order corrections wrt charm. The production 
mechanism in pPb collisions provides an important reference for the study of HI collisions

The B+ meson RpPb projection is based on the B+ production cross-section measurement in pPb collisions at 8.16 TeV. The production cross-section of 

B+ mesons is measured using two decay channels: B+ → J/ψK+ and B+ → D0π+

The projected statistical uncertainty on the B+ production cross-section is scaled using the inverse of the square root of the expected luminosity increase
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Figure 3: Projections for the nuclear modification factor RpPb of B+ meson production in LHC
Runs 3 and 4, assuming values based on Ref. [9].

Table 9: Numerical values of RpPb for B+ mesons in pT bins in the rapidity range 2.5 < |y⇤| < 3.5,
assuming values based on Ref. [9], where for each result the first uncertainty is statistical and
second systematic.

forward configuration 2.5 < y⇤ < 3.5
2 < pT < 4GeV/c 0.84± 0.01± 0.03
4 < pT < 7GeV/c 0.85± 0.01± 0.02
7 < pT < 12GeV/c 0.86± 0.01± 0.01
12 < pT < 20GeV/c 0.87± 0.03± 0.03

backward configuration �3.5 < y⇤ < �2.5
2 < pT < 4GeV/c 1.05± 0.02± 0.04
4 < pT < 7GeV/c 1.07± 0.01± 0.04
7 < pT < 12GeV/c 1.09± 0.02± 0.02
12 < pT < 20GeV/c 1.09± 0.03± 0.03

6 Summary

We have presented projections for several measurements that will be made using pPb data
collected in Runs 3 and 4 using the LHCb detector. We studied Drell-Yan production,
azimuthal D0D0 correlations, and B+ production, assuming a pPb data sample corre-
sponding to a total luminosity of 0.5 pb�1, more than a factor of 10 larger than the Run 2
sample. Drell-Yan production will provide a clean probe of nPDFs in a regime that has
thus far only been studied using processes that might be modified by other mechanisms.
The study of D0D0 correlations will provide insight into possible modifications of the
parton kT kick, and will provide important input for the simulation of PbPb collisions.
Finally, beauty production measurements will help determine the dominant mechanisms
for the nuclear modification of heavy-flavour production, and potentially provide a new
test of the saturation scale. These projections demonstrate the unique potential provided
by the LHCb upgrade to study the emergent properties of QCD.

16

Precise measurements of nuclear modification 
in the beauty sector will potentially enable 
disentangling whether these effects are due to 
PDF modifications or other effects, such as 
coherent energy loss

LHCb-CONF-2018-005

12



13

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 results

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

slide 3 gas injection at the 
nominal IP

Data taking SMOG 2015-2018

2 papers published on PRL + other released results: 
-antiproton production in p-He collisions @ 110 GeV                                               PRL121,222001(2018) (arXiv:1808.06127) 
-First measurement of charm production in fixed-target configuration at the LHC - PRL122,132002(2019) (arXiv:1810.07907)

1 Introduction

LHCb is the only LHC detector that can run both in collider and fixed-target mode. The
LHCb fixed-target system, called SMOG (System for Measuring the Overlap with Gas) [1],
was originally conceived for precise colliding-beams luminosity calibration. The SMOG system
allows to inject a low flow rate of noble gas into the vacuum vessel of the LHCb VErtex LOcator
(VELO) detector [2]. A temporary local pressure bump of about 10�7 mbar is obtained in the
LHCb beam-pipe section (over a length of about 40 m around the interaction point), which is
about two orders of magnitude higher than the nominal LHC vacuum pressure and one order of
magnitude lower than the LHC vacuum interlocks limit. The resulting beam-gas collision rate
(also increased by two orders of magnitude) allows for a precise determination of the beam density
profiles. This has been successfully exploited to obtain very precise luminosity measurements
through the beam-gas imaging technique [1, 3, 4].

As an additional important feature, SMOG gives the unique opportunity to operate an LHC
experiment in a fixed target mode, and to study proton-nucleus and nucleus-nucleus collisions
on various target types and at different center-of-mass energies. Several dedicated runs have
already been performed since 2015 using He, Ar, or Ne targets with proton and lead beams at
energies ranging from 2.5 TeV to 6.5 TeV, as shown in Fig. 1. This allowed to disclose a new,
rich and ambitious physics program at the LHC, exploiting the unique fixed-target kinematics
achievable with beam energies at the TeV scale. Physics searches with SMOG include study of
cold nuclear-matter effects through prompt heavy-flavour production in pA collisions [5], Quark
Gluon Plasma (QGP) formation in PbA collisions, search for intrinsic charm in the proton at
high Bjorken-x, as well as measurements of prompt antiproton production in pHe collisions [6],
of relevance for Dark Matter searches in astrophysics.

Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded
using different gas types (He, Ar, Ne) and beam energies.

The SMOG2 project, presented in this document, constitutes an upgrade of the actual SMOG
system. The core idea of SMOG2 is the use of a storage cell for the injected gas, to be installed
at the upstream edge of the VELO, coaxial with the LHC beam. The proposed plan is to install
the SMOG2 setup during the LHC Long Shutdown 2 (LS2).

4

•Low intensity noble gas injected in the 
VELO vessel (~10-7 mbar) 

•Gas pressure 2 orders or magnitude higher 
than LHC vacuum

13

The first fixed target at the LHC
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LHCb fixed-target system, called SMOG (System for Measuring the Overlap with Gas) [1],
was originally conceived for precise colliding-beams luminosity calibration. The SMOG system
allows to inject a low flow rate of noble gas into the vacuum vessel of the LHCb VErtex LOcator
(VELO) detector [2]. A temporary local pressure bump of about 10�7 mbar is obtained in the
LHCb beam-pipe section (over a length of about 40 m around the interaction point), which is
about two orders of magnitude higher than the nominal LHC vacuum pressure and one order of
magnitude lower than the LHC vacuum interlocks limit. The resulting beam-gas collision rate
(also increased by two orders of magnitude) allows for a precise determination of the beam density
profiles. This has been successfully exploited to obtain very precise luminosity measurements
through the beam-gas imaging technique [1, 3, 4].

As an additional important feature, SMOG gives the unique opportunity to operate an LHC
experiment in a fixed target mode, and to study proton-nucleus and nucleus-nucleus collisions
on various target types and at different center-of-mass energies. Several dedicated runs have
already been performed since 2015 using He, Ar, or Ne targets with proton and lead beams at
energies ranging from 2.5 TeV to 6.5 TeV, as shown in Fig. 1. This allowed to disclose a new,
rich and ambitious physics program at the LHC, exploiting the unique fixed-target kinematics
achievable with beam energies at the TeV scale. Physics searches with SMOG include study of
cold nuclear-matter effects through prompt heavy-flavour production in pA collisions [5], Quark
Gluon Plasma (QGP) formation in PbA collisions, search for intrinsic charm in the proton at
high Bjorken-x, as well as measurements of prompt antiproton production in pHe collisions [6],
of relevance for Dark Matter searches in astrophysics.

Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded
using different gas types (He, Ar, Ne) and beam energies.

The SMOG2 project, presented in this document, constitutes an upgrade of the actual SMOG
system. The core idea of SMOG2 is the use of a storage cell for the injected gas, to be installed
at the upstream edge of the VELO, coaxial with the LHC beam. The proposed plan is to install
the SMOG2 setup during the LHC Long Shutdown 2 (LS2).
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•Low intensity noble gas injected in the 
VELO vessel (~10-7 mbar) 

•Gas pressure 2 orders or magnitude higher 
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storage cell

WFS

375 mm

VELO

7 SMOG2 gas feed system

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

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

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

7.1 Overview

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

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

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

37

Gas Feed System

SMOG2 can potentially run in synergy with 
the pp physics at 13 TeV
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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

PRD 93, 114017 (2016)

At the LHC fixed target pp, pA, Pb-p or Pb-A collisions one has unique kinematic conditions at the poorly 
explored energy of √s ~ 115 GeV

16

Unique kinematic region

0.9 - 7 TeV

2.76 TeV

s = 2mNEp = 115 GeV

−3.0 ≤ yCMS ≤ 0 → 2 ≤ ylab ≤ 5

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

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

x1~x2

x1 << x2

CMS
Target 
rest 
frame

x2

x1

x1

x1 x2

x2

yCMS = 0 → θ ∼ 1∘

yCMS = − 3

γ =
s

2mp
∼ 60
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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-1 

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

LHCb-PUB-2018-015
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Substantial improvement of the uncertainties

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.
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nPDF 
(gluon)

estimation with 10 fb-1

arXiv:1807.00603

Unique constraints on gluon nPDFs at high-x and low scales
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Selection of few HI highlights for FT Run3+4 

To reduce the uncertainties on (n)PDFs goes beyond the “simple” knowledge. Among others, it is 
a crucial ingredient for HEP measurements and predictions of physics processes BSM (e.g. heavy 
partners of the gauge bosons), fundamental input to Cosmic Ray physics, etc…
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Selection of few HI highlights for FT Run3+4 

To reduce the uncertainties on (n)PDFs goes beyond the “simple” knowledge. Among others, it is 
a crucial ingredient for HEP measurements and predictions of physics processes BSM (e.g. heavy 
partners of the gauge bosons), fundamental input to Cosmic Ray physics, etc…

QGP and phase transition

QCD Phase-Space
LHC
@5.02 TeV 

RHIC 

Region potentially 
covered by HI-FT collisions

Phys. Rev. C98 (2018) 034905

how to scan the phase space

3 experimental degrees of freedom: rapidity scan, different colliding systems, centrality dependence 
LHCb @72 GeV with FT can complement the RHIC beam energy scan 19



Selection of few HI highlights for FT Run3+4 

To reduce the uncertainties on (n)PDFs goes beyond the “simple” knowledge. Among others, it is 
a crucial ingredient for HEP measurements and predictions of physics processes BSM (e.g. heavy 
partners of the gauge bosons), fundamental input to Cosmic Ray physics, etc…

QGP and phase transition

Color screening, sequential suppression and QGP tomography

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

sequential suppression pattern

_

Phys. A28(2013) 1340012

Dissociation temperature from 
lattice QCD (+hydro)

Probing: 

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

-the colliding systems of different sizes  

-the centrality dependence 

-with and w/o HF probes 

T dependence of η/s by 
measuring the rapidity 
dependence of the 
anisotropic flow

3D+1 viscous 
hydrodynamic 

calculations
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Deep in the hadronic structure

Nucleon structure

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

y

xp

x
z

bΤ

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

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

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

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

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

2

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

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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Exclusive physics via Ultra Peripheral Collisions

Ultra-peripheral exclusive quarkonia production

p p

�

Exclusive meson production
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*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
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Exclusive meson production
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photon flux∝Z2

• high energy of LHC → extend to gluon GPDs, down to xB=2x10-6. 

• test saturation (e.g.: N. Armesto et al., PRD 90 ('14) 054003).
HERA: down to xB=10-4

 5

Wmax
�N = 34 GeV
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution
equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x0, Q2

0). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q

2
0, the DGLAP equation

allows one to find the parton distributions at
Q

2
> Q

2
0 at all x where DGLAP evolution

is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x0 > x and all Q

2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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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.
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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
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and ℓ+ℓ− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

The form of the second equation in (15) is useful in our
kinematics, where ∆T is small and σ = 1.

As polarization vectors ϵ(λ) for the incoming photon
we take ϵ(± ) = (∓e(1)−ie(2))/21/2, where e(1) and e(2) are
unit vectors along the 1- and 2-directions in the γp c.m. as
shown in Fig. 5. Our polarizations ϵ′(λ′) of the outgoing
photon are ϵ′(± ) = (∓e′(1) − ie′(2))/21/2 and ϵ′(0) = e′(3)

with unit vectors along the coordinate axes in the ℓ+ℓ−

c.m. described above.

4.2 The Bethe–Heitler contribution

The Bethe–Heitler amplitude is readily calculated from
the two Feynman diagrams in Fig. 6. We parameterize
the photon–proton vertex in terms of the usual Dirac and
Pauli form factors F1(t) and F2(t), normalizing F2(0) to
be the anomalous magnetic moment of the target. We find
for the BH contribution to the unpolarized γp cross sec-
tion

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
!"

F 2
1 − t

4M2 F 2
2

#

A

−t
+ (F1 + F2)2

B

2

$

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

%

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
&

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
L

(Q′2 − t)2. (18)

The cross section depends on the angles θ and ϕ through
the scalar products

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)

l+

l−

p p

γ

Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

given in (15) above, and through the product of the lepton
propagators in the two BH diagrams,

L = [(q−k)2−m2
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

These expressions are rather lengthy, but simplify con-
siderably in kinematics where t, M2 and m2

ℓ can be ne-
glected compared to terms going with s or Q′2. We then
have

L ≈ L0=
Q′4sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
!"

F 2
1 − t

4M2 F 2
2

#

2
τ2

∆2
T

−t
+ (F1 + F2)2

$

. (22)

We see that the product L of lepton propagators goes to
zero at sin θ = 0 in this approximation. Closer inspection
reveals that when sin θ becomes of order ∆T/Q′ or mℓ/Q′

the approximations (21) and (22) break down and one
must use the full expressions.

Let us see how small the product L can become. At
fixed s, Q′2, t, ϕ we find with (15) and (20) that L assumes
a minimum value,

Lmin ≈ Q′2m2
ℓ + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

up to corrections of order t/Q′2, M2/Q′2, m2
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ and share
their total longitudinal momentum in a highly asymmetric
way. In our numerical studies we will impose a cut on θ
which ensures that L remains of order Q′4, thus staying
away from the region where the BH cross section becomes
extremely large.

We finally remark that as long as L is of order Q′4 the
terms going with 1/L in (18) are suppressed at least like
m2

ℓQ
′2/L compared with the leading behavior of A and

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.

Comparison of real and reconstructed ɸ

Already interesting results presented at this conference
With high statistics, new frontiers for the exclusive physics at LHC21
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In the realistic time schedule of Run3 and Run4, LHCb will give 
unique and groundbreaking insights on the intrinsic properties 

of the HI physics
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