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Extraction of the multi-TeV proton and lead LHC beams with a bent crystal or by using an internal
gas target allows one to perform the most energetic fixed-target experiment ever. pp, pd and pA
collisions at y/sxy = 115 GeV and Pbp and PbA collisions at 4/syy = 72 GeV can be studied
with high precision and modern detection techniques over a broad rapidity range. Using the
LHCDb or the ALICE detector in a fixed-target mode offers unprecedented possibilities to access
heavy-flavour production in a new energy domain, half way between the SPS and the nominal
RHIC energy. In this contribution, a review of projection studies for quarkonium and open charm
and beauty production with both detector set-ups used with various nuclear targets and the LHC
lead beams is presented.
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1. Introduction and Physics Motivations

A fixed-target mode with the 7 TeV LHC proton and 2.76 A TeV lead beam provides the center-
of-mass (c.m.s.) energy per nucleon pair of 1/sxy = 115 GeV for pp, pd and pA and /snn =72 GeV
for Pbp and PbA collisions, and the c.m.s. rapidity boost of 4.8 and 4.2 units, respectively. It offers
variety of polarised and nuclear targets, and high luminosities thanks to dense and long targets.
Due to the large rapidity boost, the backward rapidity region (y. m.s. < 0) and so the high-x domain
(x is the momentum fraction of the parton in the target nucleon) are accessible with the standard
experimental techniques.

A fixed-target experiment utilizing the multi-TeV LHC proton and lead beams would greatly
complement the current LHC collider programs, in the new energy domain between the SPS and
the nominal RHIC collider energy. The main physics motivations for a fixed-target experiment
at LHC are threefold: (i) the high momentum fraction (x) frontier in nucleons and nuclei (ii) the
spin content of the nucleons (iii) studies of the hot and dense medium created in ultra-relativistic
heavy-ion collisions down to the target rapidity region [1, 2]. In this contribution we will focus
on the physics cases accessible with heavy-flavour probes. More details on the physics program, as
well as a technical review of the project can be found in [2, 3].

Production of the open heavy-flavour hadrons and quarkonia is sensitive to the gluon content
of the proton. A fixed-target experiment at LHC would allow one to constrain the gluon parton
distribution function (PDF) in the region of the high-momentum fractions (high-x) where the
uncertainties are large [4]. Moreover, at the high-x domain the predicted non-perturbative intrinsic
source of the heavy-quark contribution of the nucleon [5] can influence the open heavy-flavour
production [6]. This contribution can be verified with the proposed fixed-target experiment. These
studies are also of particular importance for the high-energy neutrino and cosmic ray physics.
Transversely polarised targets allow one to measure the Single Transverse Spin Asymmetries and in
this way to access the gluon Sivers function in order to study the gluon orbital angular momentum
in the proton [7]. A fixed-target program with a proton beam on different nuclear targets enables
extensive studies of the Cold Nuclear Matter (CNM) effects, such as modifications of the parton
distributions in the nuclear medium, energy loss or nuclear absorption. In particular, heavy-flavour
probes give an access to the gluon nuclear PDF which at high-x would allow one to study the still
very poorly known gluon EMC effect. Good understanding of the CNM effects from pA collisions
would also help in more precise studies of the properties of the deconfined hot and dense medium -
Quark Gluon Plasma (QGP) - expected to be created in PbA collisions at y/syn = 72 GeV. The wide
rapidity coverage of such an experiment would allow one to access the longitudinal expansion of the
medium and the phase diagram of the nuclear matter at different values of yg [8, 9] which would be
acomplementary approach to the RHIC Beam Energy Scan programs. Hard probes are of particular
interest here as they can provide a good handle on the dynamic and thermodynamic properties of the
medium, especially at mid-rapidity (yc.m.s. & 0) where the yields are the highest. Heavy quarks are
created at the very early stage of the heavy-ion collisions in the initial hard scatterings and participate
in the whole medium evolution loosing their energy via radiative and collisional interactions with
the medium. Studies of the sequential suppression of different bottomonium states, Y (1S, 25, 35),
have a potential to serve as the medium thermometer — with all the caveats related to the dynamical
effects beyond the static Debye-like screening of the QQ potential in the coloured medium, which
prevent the usage of the charmonium states as the thermometer.
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2. Possible implementations

There are several technical implementations that can be considered in order to realise a fixed-
target experiment with the LHC proton and lead beams [2]. The most promising and feasible
solutions are: (i) an internal gas target (ii) a bent crystal splitting the beam halo onto an internal
gas or solid target — both options can be installed in the existing LHCb or ALICE experiments.
Feasibility of the possibility (i), however with low gas densities and without the target polarisation,
was already demonstrated by the SMOG system at LHCb [10] and the recently installed SMOG2
system [11].
3. Projection studies

This contribution focuses on heavy-flavour projection studies with a fixed-target experiment at
the LHC using unpolarised targets. In particular, we present new studies of D° (and DY) meson
production with an ALICE-like detector setup. This setup assumes a 1-cm long solid target located
-4.7m away from the ALICE nominal interaction point (ALICE A-side). Hadronic D — K~ n*
decays are considered and D° mesons are reconstructed from the decay products identified in the
ALICE central barrel which provides a backward rapidity coverage for D°, -3.5 < ye.ms. < -2.3.
The simulations were performed using the PY THIA8 Monash2013 tune with ~ardQC D processes,
and the total ¢¢ production cross section was scaled to 2.29x10™! mb based on the HELAC-
ONIA [12, 13] studies in pp collisions at /s = 115 GeV [14]. Precise DY measurements would also
require an additional vertex detector placed close to the target position in order to reconstruct the
secondary vertex of the D meson decays. The detector response was parametrised — the assumed
DY efficiency X acceptance is 2% (based on the LHCb SMOG performance [15]) and the second
order event plane (W) resolution is taken to be 20%. Three nuclear target cases were studied,
they would provide the yearly integrated luminosities of 1.12 pb~! for pC, 0.56 pb~! for pTi and
0.64 pb~! for pW systems.
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Figure 1: Left: Typical kinematical reach in x, with bottomonium, charmonium and D, B meson probes and
atmy scale of the fixed-target mode with the LHCb-like detector acceptance in pp collisions at /s = 115 GeV.
Right: Expected D° meson yields with the ALICE-like setup as a function of x,, with the proton beam on
different nuclear targets at 4/sxy = 115 GeV, for one LHC running year.

The presented projections based on a LHCb-like detector consider gaseous H and Xe targets
placed in the LHCb nominal interaction point. The yearly integrated luminosities of 10 fb~!,
100 pb~! and 30 nb~! for the pp, pXe and PbXe collisions, respectively, are considered. Details
of these simulations are reported in [2, 14, 16].
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Figure 1 left presents a kinematical reach in x; for heavy-flavour hadron production with the
), in pp (or pA) collisions at /s = 115 GeV with

_ 2 2
scale chosen to be my (mp = \/Mha dron T PThadron

the LHCb-like acceptance in the laboratory frame of 2 < yj4, < 5. The expected yearly D° yields
(the same yields are expected for DY) in PA collisions at 4/sxy = 115 GeV with the ALICE-like
detector configuration as a function of D x, are shown in Fig. | right. The D° rapidity acceptance
is 1.3 < yjap < 2.5 and the obtained pr interval is 0-5 GeV/c. An example of the impact of
heavy-flavour studies on the gluon nPDF can be seen in Fig. 2 left, where pseudo-data from pp and
pXe collisions with LHCb-like detector setup were used. Only with D° R pXe pseudo-data a large
improvement on the gluon nPDF uncertainties, especially at high x, is clearly visible.
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Figure 2: Left: nCTEQ15 gluon nPDFs (ratio of gluon densities in nCTEQ15/CT14 PDFs) before and after
the reweighting using fixed-target D° R pxe pseudo-data from LHCb-like simulations at a scale Q = 2 GeV.
Right: The di-muon invariant mass distribution (the uncorrelated background subtraction) in the Y (nS) mass
range, PbXe collisions at 4/sny = 72 GeV with the LHCb-like setup. No nuclear modifications are assumed.

Figure 3 shows statistical projections on Rcp (nuclear modification factor in central collisions
w.r.t. 60-100% peripheral collisions) and the elliptic flow v, coefficient (the second order flow
harmonic of the Fourier expansion of the azimuthal distribution of the produced hadrons) as a
function of D° pz in 0-10% central pA collisions at y/syn = 115 GeV. The projections are based on
the expected D° and DO yearly yields with the ALICE-like detector setup and number of events per
10%-wide centrality class: 15x10°, 20x10° and 80x10° for pC, pTi and pW systems, respectively.
These measurements would not only serve a CNM baseline for heavy-ion studies, but would also
provide an important input for further investigation of the collective-like effects in small systems that
have been observed by the LHC and RHIC experiments, their origin is however still not understood.
Extensive heavy-flavour studies can also be performed in heavy-ion collisions with the LHC lead
beam on different nuclear targets. An example of Y (nS) signal reconstruction using the LHCb-like
detector setup is shown in Fig. 2 right. With the excellent LHCb momentum resolution it would
be possible to clearly separate the different Y (nS) states and thanks to the high enough yields to
perform measurements of the Y (nS) nuclear modification factors.

Moreover, heavy-flavour studies in ALICE can be extended with analyses of quarkonia via the
di-muon decay channel or using muons from the open heavy-flavour hadron decays thanks to the
ALICE muon detectors. These measurements would give an access to the heavy-flavour production
in the c.m.s. rapidity region of -1.6 < y.ms. < -0.5. In addition, with the high expected yields
one could also perform, e.g., high precision heavy-flavour v; or correlation studies. More detailed
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Figure 3: Statistical projections on Rcp (left) and v, (right) vs Do pr in 0—10% central pA collisions at
VSnN = 115 GeV for the ALICE-like detector setup.
projection studies, with a full ALICE detector simulation and the LHC beam halo deflected by a

bent crystal on different solid targets, are currently ongoing.

4. Summary

In these proceedings, we have briefly discussed the main physics cases and presented projection
studies for a fixed-target experiment with the multi-TeV LHC proton and lead beams, focusing on
heavy-flavour probes. In particular, new D° meson projections with an ALICE-like detector setup
were presented.

Acknowledgments

BT acknowledges support from The Czech Science Foundation, grant number: GJ20-16256Y. This
project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 824093. This research was also supported by the RFBR/CNRS grant 18-52-15007.

References
[1] S. Brodsky et al., Phys. Rept. 522 (2013) 239, 1202.6585.
[2] C. Hadjidakis et al., (2018), 1807.00603.
[3] C. Barschel et al., (CERN, Geneva, 2020).
[4] A. Kusina et al., PoS HardProbes2018 (2019) 110, 1901.07950.
[5] R.S. Sufian et al., Phys. Lett. B 808 (2020) 135633, 2003.01078.
[6] S. Brodsky et al., Adv. High Energy Phys. 2015 (2015) 231547, 1504.06287.
[7]1 D. Kikot a et al., Few Body Syst. 58 (2017) 139, 1702.01546.
[8] I. Karpenko, Acta Phys. Polon. B 50 (2019) 141, 1805.11998.
[9] V. Begun et al., Phys. Rev. C 98 (2018) 034905, 1806.01303.
[10] M. Ferro-Luzzi, Nucl. Instrum. Meth. A 553 (2005) 388.
[11] LHCb Collaboration, CERN preprint CERN-LHCC-2019-005. LHCB-TDR-020 (2019).
[12] H.S. Shao, Comput. Phys. Commun. 184 (2013) 2562, 1212.5293.
[13] H.S. Shao, Comput. Phys. Commun. 198 (2016) 238, 1507.03435.
[14] L. Massacrier et al., Adv. High Energy Phys. 2015 (2015) 986348, 1504.05145.
[15] LHCb Collaboration, CERN preprint LHCb-CONF-2017-001. CERN-LHCb-CONF-2017-001 (2017).
[16] B. Trzeciak et al., Few Body Syst. 58 (2017) 148, 1703.03726.



	Introduction and Physics Motivations
	Possible implementations
	Projection studies
	Summary

