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HEAVY-ION AND FIXED-TARGET PHYSICS IN LHCb

Selected results of the LHCb experiment on heavy ion collisions studied in the collider and
fixed-target modes are presented. The clear evidence of the impact of the production mechanism
(prompt/delayed, p-p or p-Pb systems) on the pr and rapidity distributions for J/v, D° and
T (ns) species is demonstrated. The interpretation of the observations in frames of theoretical
models is briefly discussed. Some original results, as well as prospects of fized-target mode

studies, are presented.
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1. Introduction

The LHCb Collaboration has started heavy ion stud-
ies in the year 2013, and many interesting ob-
servations have been reported. In this presentation,
we shall discuss recent results on the charmonium
and bottonium production cross-sections measured
over the transverse momentum and rapidity. Phy-
sics goals include studies of the hadronic matter at
high densities and temperatures, nucleon and nu-
clear PDFs, dynamics of the multinucleon interaction,
hadronization, and QED at high electromagnetic field
strengths. Charmonium and bottomonium states are
considered as tools for the studies. It is assumed that
their features are dependent on the properties of the
QGP. One can expect their dependence on the in-
teraction energy (collider or fixed-target mode), sys-
tems size (p-p, p-A, A-A), localization of the quarko-
nium production and direction of its emission (pri-
mary interaction region or displaced vertices, forward
or backward emission), and different levels of a modi-
fication for the ground and excited states of the same
probe, as well as on the centrality factor or multiplic-
ity of events. To quantify the above-mentioned im-
pacts, it is natural to compare differential production
cross-sections measured in the proton proton scatter-
ing and in heavy ion collisions (p-A, A-A) at the same
nucleon-nucleon cms energy. The normalized ratio of
those cross-sections is defined as a Nuclear Modifi-
cation Factor (NMF). The LHCb experiment operat-
ing in the collider and fixed-target modes allows one
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to measure the double differential production cross-
sections for various hadronic probes as a function of
the transverse momentum and the rapidity. The mea-
sured physical observables treated theoretically allow
one to probe the structure of nuclei on the partonic
scale. In this presentation, selected recent results on
heavy ion collisions in the collider and fixed-target
modes are presented for .J/1, D°, and Y (ns) hadrons.

2. LHCb Detector

The LHCD detector [1] is a forward spectrometer with
excellent characterisitics: acceprance 2 < n < 5
(with HERSCHEL 8 < 7 < 10), momentum res-
olution about 0.5%, track reconstruction efficiency
>96%, impact parameter resolution ~20 pm (de-
cay time resolution: ~45 fs), invariant mass res-
olution ~15 MeV/c?, and perfect particle identifi-
cation efficiency in Ring-Imaging Cherenkov Detec-
tors and the Muon system. LHCD is the only exper-
iment at the LHC fully instrumented for the large-
rapidity range. The proton-lead collisions were stud-
ied at two energies corresponding to the proton-
nucleon center-of-mass energies vSyy = 5.02 TeV
and 8.16 TeV. Protons and lead ions at fixed tar-
gets (Ar, He, Ne) were studied at energies v/Syn of
~0.1 TeV. The directions of proton and lead beams
were swapped during the data-taking period. The
configuration with the protons traveling in the direc-
tion from the Vertex detector (VELO) to the Muon
system is referred to as p-Pb collisions, the inverse
configuration as Pb-p ones. The positive rapidity in
the proton-nucleon center-of-mass system is defined
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Fig. 1. Decay time distribution for J/v¢ events from Pb-p
collisions
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Fig. 2. NMF ( experiment — black circles with error bars)
as a function of pr for prompt J/1 in the rapidity range
1.5<y*<4.0
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Fig. 3. Nuclear modification factor as a function of the rapid-
ity for J/v from prompt events

616

by the direction of the proton beam. Thus, within
a single experiment, the production cross-sections,
forward-backward asymmetries, and nuclear modifi-
cation factors were measured in a wide energy range
for various hadronic states (J/v, DY, T(ns), antipro-
tons, B mesons, and other hadrons).

3. Charmonium Production in Proton-Lead
Collisions at /Snyn = 5.02 TeV and 8.16 TeV

Exploring the powerful vertexing tool of the detec-
tor, the double differential cross-sections were mea-
sured for prompt and delayed J/1) mesons separated
as illustrated in Fig. 1 [2]. The two components in
the J/1 decay time distribution (Fig. 1) correspond
to the prompt J/¢ (narrow peak at zero time) and
non-prompt J/¢ from the b-hadron falling exponen-
tially with a time constant of beauty hadrons. The
interpretation of the results in frames of different the-
oretical approaches is illustrated in Fig. 2, where the
experimental values for the NMF ( black circles with
error bars) are shown as a function of pp for prompt
J/1¢ in the rapidity range 1.5 < y* < 4.0. If there
would be no impact of the media, the NMF at the
level of unity should follow up the dotted line par-
allel to the z-axis. Instead, a strong suppression of
the J/v production is well pronounced for pr less
than 10 GeV/c. The CGC theory [3] follows experi-
mental points nearly ideally, while other calculations
(HELAC) just reflect the general tendency with large
uncertainties [2]. These results constrain nPDFs in
unexplored area at low-z [4, 5]. The comparison of
pr, as well as rapidity distributions, has revealed sig-
nificant differences for J/¢ mesons produced in p-p
and p-Pb collisions. The data extracted from p-Pb
collisions at 8.16 TeV for J/v¢ originated from pri-
mary vertices (prompt events, forward rapidity re-
gion) demonstrated a reduction of the cross-section
by twice for low pr (<4 GeV/c). While, for the back-
ward rapidity range, the cross-sections are close to
be equal within statistical errors. The delayed events
are characterized by a much less suppression even for
the forward rapidity range y*. These observations are
consistent with data measured for J/i¢ at a lower
energy of 5 TeV. This is illustrated in Figs. 3 and
4 [2] which show the nuclear modification factor ex-
tracted from data measured at 5 TeV (open circles)
and 8.16 TeV (filled circles) for J/t from prompt
(Fig. 3) and from the decay of b-hadrons (Fig. 4). The
remarkable dependence on the mechanism of produc-
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tion is clearly visible. The theoretical approach based
on NLO nuclear PDFs accounting for the coherent
energy-loss (black thick line) [6] follows well exper-
imental data points for prompt J/¢ (Fig. 3). Non-
prompt J/v are treated less satisfactorily with large
uncertainties in frames of the calculations within the
code FONLL with EPS0INLO (7] (Fig. 4). The pro-
duction suppression at the forward rapidity for J/1
from b-hadrons is less pronounced than for prompt
J/1. These data allow one to constrain nPDFs at
low-z [7]. Studies of the prompt D° meson produc-
tion in pPb collisions at 5 TeV [8] have demonstrated
similar observations. As an example, Figs. 5 and 6
show data for the prompt D° meson production in
p-Pb collisions as a function of y* (Fig. 5) and the
Nuclear modification factor R, p1, as a function of y*
(Fig. 6) with pr < 10 GeV /c. The strong suppression
in the forward-rapidity range (Fig. 6) was observed
and well approximated by the theoretical description
based on Nuclear PDFs and Color Glass Condensate
assumptions. The data allow one to constrain nPDFs
at low-Bjorken x [7].

4. Bottonium Production
in Proton-Lead Collisions at 8.16 TeV

Comprehencive studies were performed for proper-
ties of bottonium states Y(15), Y(25), and Y(395)
produced in p-p and p-Pb collisions [9]. The de-
tailed analysis of pr, as well as rapidity distribu-
tions, demonstrates the suppression of 1S and 2S
states, with the 2S state being suppressed to a larger
extent. Figures 7 and 8 show an example of such
analysis for the nuclear modification factors R, py
for the T(15) and Y(25) states (black dots with er-
ror bars) compared with different theoretical calcu-
lations (bands). Rp.pp (1S) is consistent with unity
at negative y*, while a significant (by ~30%) sup-
pression is observed for positive y*. The nuclear mod-
ification factor for T(2S) is smaller than Y(15))
especially in the backward region, which is consis-
tent with the comovers models [10] and in agreement
with other experiments [11]. Calculations are based
on the comovers model of Y (nS) production, which
implements the final state interaction of the quarko-
nia states and a nuclear parton distribution function
modification. For the T(15) state, the nuclear mod-
ification factor is consistent with unity for pr > 10
GeV /c, as predicted by the models. It is important to
point out that the measurements of B+, B?, and A%,
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Fig. 4. Nuclear modification factor as a function of the rapid-
ity for J/4 from b-hadrons
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Fig. 5. Differential cross-section of the prompt D® meson
production in p-Pb collisions as a function of y*
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Fig. 6. Nuclear modification factor Rj_py, as a function of y*
for the prompt DY meson production with pr<10 GeV/c

production in pPb collisions at 8.16 TeV [12] also indi-
cated a significant nuclear suppression of the nuclear
modification factors and forward-to-backward cross-
section ratios at the positive rapidity.

617



V. Pugatch

5. Fixed-Target Mode Studies

The LHCb fixed-target program [13] includes, in par-
ticular, the study of the heavy-quark production in
the large Bjorken x region, the test of the intrin-
sic charm content of the proton and cosmic rays
physics relevant production of antiprotons. Below,
some results obtained in this area are briefly pre-
sented. In particular, the antiproton production in
proton-helium collisions and the charmonium pro-
duction in proton-argon collisions are discussed. The
prompt anti-p production in p-He collisions was
thourouphly studied in a fixed-target mode at the
energy /Syny = 110 GeV exploring a He gas in-
jected inside by the SMOG system [14]. These data
are important for the interpretation of recent results
on the antiproton fraction in cosmic rays. An increase
of the antiproton fraction in cosmic rays might be a
sign of the antimatter produced by the dark matter
annihilation. The measured production cross-sections
were interpreted in frames of the several models dif-
fering by hadronization, parton model, and dynam-
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Fig. 7. Nuclear modification factor R,_py, as a function of the
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Fig. 8. Nuclear modification factor R, py, as a function of the
rapidity y* for Y(2S) state

618

ics. The shapes are well reproduced except at low ra-
pidities, and the absolute yields deviate up to a factor
of two [15]. The uncertainties (~10%) of experimen-
tal data are smaller than the spread of theoretical
models. The results contribute to shrink background
uncertainties in the dark matter searches in space
[15, 16]. Among other important resuts obtained in
a fixed-target mode exploring the SMOG system, the
first measurement of the heavy flavor (J/v¢ and D°)
production cross-section in p-He at v/Syny = 86.6
GeV and p-Ar at v/Syny = 110 GeV at the LHC were
reported in [18]. The measurements were performed
in the range of J/¢ and D transverse momentum
pr < 8 GeV/c and the rapidity 2.0 < y < 4.6. In
this range, any substantial intrinsic charm contribu-
tion should be seen in the p-He results. The mea-
surements show no strong differences between p-He
data and the theoretical predictions which do not con-
sider the intrinsic charm contribution. Future mea-
surements with larger samples and more accurate the-
oretical predictions will permit one to perform more
quantitative studies.

In view of the successful running in the fixed-target
mode in Run2, it is decided to upgrade the system for
the injection of a gas for Run3. The SMOG2 [19] will
inject a gas inside a 20-cm-long storage cell (1 cm
in diameter) in front of the vertex detector aiming
to provide the instantaneous luminosity higher by up
to two orders of magnitude. In addition to the no-
ble gases, hydrogen and deuterium will operate as
well. To extend the Heavy Ion Fixed Target program
for Run4 and further, a crystal target, polarized tar-
get, and superthin wire targets were proposed and
discussed. The LHCDb fixed-target mode is unique for
the experiments at LHC, and it is planned to extend
this area of studies in the future RUN3 and Run4
data taking.

6. Summary and Outlook

Double differential cross-sections for the production
of charm and beauty hadrons measured in the col-
lider and fixed-target mode in various combinations
of heavy ions collisions at 5, 8, and 0.1 TeV have
been presented. The remarkable feature was observed
in the collider-mode data: significant suppression of
cross-sections at low transverse momenta and the for-
ward rapidity in comparison with p-p data. The inter-
pretation of the obtained results has been performed
in frames of several theoretical approaches. The sta-
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tistical and theoretical uncertainties have to be re-
duced for improving the extraction of nPDFs.
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PeszmowMme

IIpencrasneno Bubpani pesysbratu ekcnepumenty LHCb mo
3ITKHEHHSM BasKKWX 10HIB, TOC/III?KEHNM B KOJIalIEPHOMY pe-
xkumi Ta 3 dikcoBanow wmimennoo. CHocTepe:keHO He3arepe-
9HUN BIUIUB MexaHi3My (MUTTEBOrO 4 3 3aTPUMKOIO, B P-P
4u p-Pb cucremax) yrsopenns mesonis J/, DO a6o Y(ns) ma
posnojiau oAl mo pr Ta GucrporaMm. KopoTko o6roBoproe-
ThCs IHTEpPIPETAIlisi CIIOCTEPEXKEHD ¥ PAMKAX TEOPETUIHUX MO-
neneit. IlpencraBieno Jiesiki OpuriHa/IbHI pe3yJIbTaTH, a TAaKOXK
[IEPCIIEKTUBY JOCIIIKEHb B pesKuMi (hbiKCOBaHOI MiIlteHi.
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