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Abstract

NA61/SHINE proposes to continue measurements of hadron and nuclear frag-
ment production properties in reactions induced by hadron and ion beams. The new
measurements requested will provide unique data on (i) charm hadron production
in Pb+Pb collisions for heavy ion physics, (ii) nuclear fragmentation cross sections
for cosmic ray physics and (iii) hadron production in hadron-induced reactions for
neutrino physics. The measurements require upgrades of the NA61/SHINE detec-
tor that shall increase the data taking rate to about 1 kHz. NA61/SHINE is the only
experiment which can conduct the measurements in the near future.

In this document the beam request for the early post-LS2 measurements in 2022
is presented. Plans for a continuation of measurements are also discussed.
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1 Executive Summary

We propose to continue the NA61/SHINE measurements of hadron and nuclear frag-
ment production properties in reactions induced by hadron and ion beams after the
Long Shutdown 2. The measurements are requested by heavy ion, cosmic ray and neu-
trino communities and they will include:

(i) measurements of charm hadron production in Pb+Pb collisions for heavy ion physics,

(ii) measurements of nuclear fragmentation cross section for cosmic ray physics,

(iii) measurements of hadron production induced by proton and kaon beams for neu-
trino physics.

NA61/SHINE is the only experiment which will conduct such measurements in the
near future.

The objective of charm hadron production measurements in Pb+Pb collisions is to
obtain the first data on mean number of cc̄ pairs produced in the full phase space in
heavy ion collisions. Moreover, first results on the collision energy and system size
dependence will be provided. This, in particular, should significantly help to answer
the questions:

(i) What is the mechanism of open charm production?

(ii) How does the onset of deconfinement impact open charm production?

(iii) How does the formation of quark-gluon plasma impact J/ψ production?

The objective of nuclear fragmentation cross section measurements is to provide
high-precision data needed for the interpretation of results from current-generation cos-
mic ray experiments. The proposed measurements are of paramount importance to ex-
tract the characteristics of the diffuse propagation of cosmic rays in the Galaxy. A better
understanding of the cosmic-ray propagation is needed to

(i) study the origin of Galactic cosmic rays and

(ii) evaluate the cosmic-ray background for signatures of astrophysical dark matter.

The objectives of new hadron production measurements for neutrino physics are

(i) to improve further the precision of hadron production measurements for the cur-
rently used T2K replica target, paying special attention to the extrapolation of pro-
duced particles to the target surface;
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(ii) to perform measurements for a new target material (super-sialon), both in thin
target and replica target configurations, for T2K-II and Hyper-Kamiokande;

(iii) to study the possibility of measurements at low incoming beam momenta (below
12 GeV/c) relevant for improved predictions of both atmospheric and accelerator
neutrino fluxes;

(iv) to ultimately perform hadron production measurements with prototypes of Hyper-
Kamiokande and DUNE targets.

The new measurements require upgrades of the NA61/SHINE detector that shall
increase the data taking rate to about 1 kHz. These are:

(i) Construction of a new Vertex Detector.

(ii) Replacement of the TPC read-out electronics.

(iii) Construction of a new trigger and data acquisition system.

(iv) Upgrade of the Projectile Spectator Detector.

Furthermore, the construction of new Time-of-Flight detectors would be highly desir-
able for potential future measurements of hadron production in C+C and Mg+Mg col-
lisions which are expected to be needed to understand the onset of fireball phenomenon.

In view of the Memorandum of the CERN DRC (see Appendix B), we ask for beam
time for physics data taking only in 2022. Namely, we request:

(i) 42 days of primary Pb beam at 150A GeV/c for data taking on charm hadron pro-
duction in Pb+Pb collisions (heavy ion physics).

(ii) 24 days of secondary light ion beam at 13A GeV/c for data taking on nuclear frag-
mentation cross section (cosmic ray physics).

(iii) 35 days of proton beam at 31 GeV/c for data taking on hadron production from the
T2K replica target and the Super-Sialon thin target (neutrino physics).

(iv) 28 days of K+ beam at 60 GeV/c for data taking on hadron production induced by
K+ mesons (neutrino physics)

In addition we plan commissioning and calibration of the upgraded detector in 2021
with hadron beams. Two weeks of beam time will be needed for this purpose. Finally
we request a feasibility study of very low energy (1-5 GeV/c) hadron beams needed for
neutrino physics.

We plan to continue the measurements of open charm production in 2023 and 2024
as follows:
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(i) In 2023 with 28 days of primary Pb beam at 150A GeV/c.

(ii) In 2024 with 28 days of primary Pb beam at 40A GeV/c.

Measurements for cosmic-ray and neutrino physics are also envisaged. The beam re-
quests for years 2023 and 2024 will be the subject of future NA61/SHINE documents.

Recommendation and approval of the NA61/SHINE physics programs presented in
this document is mandatory for acquiring resources and additional manpower needed
for detector upgrades, data taking, calibration and analysis.
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2 Introduction

NA61/SHINE [1] is a multi-purpose experiment to study hadron-proton, hadron-nucleus
and nucleus-nucleus collisions at the CERN Super Proton Synchrotron (SPS). The ex-
periment was approved by the CERN Research Board in 2007 based on the request
of heavy ion, neutrino and cosmic ray communities. They argued that opportunities
offered by the broad momentum range of beam particles, from pions to lead nuclei,
together with the large acceptance and high resolution of the NA61/SHINE detector
provide the unique opportunity to perform urgently needed measurements. The first
physics data with hadron beams were recorded in 2009 and with ion beams (secondary
7Be beams) in 2011. The approved program will be completed in 2018 by data taking on
Pb+Pb collisions and hadron-nucleus interactions. Data have been recorded to

(i) study the properties of the onset of deconfinement and search for the critical point
of strongly interacting matter,

(ii) provide precise results on hadron production for improving calculations of the
initial neutrino beam flux in long-baseline neutrino oscillation experiments as well
as well as for more reliable simulations of cosmic-ray air showers.

Among the most important physics results are:

(i) observation of a rapid change of system size dependence of hadron production
properties - the onset of fireball,

(ii) reduction of systematic uncertainties of the T2K final results by a factor of about 2,

(iii) precise investigation of mechanisms for muon production in ultra-high energy
cosmic-ray air showers.

Based on the success of the currently running program and motivated by new physics
needs NA61/SHINE proposes to continue measurements with hadron and ion beams
during the period 2022-2024. The measurements are requested by heavy ion, cosmic ray
and neutrino communities and include:

(i) measurements of charm hadron production in Pb+Pb collisions for heavy ion physics,

(ii) measurements of nuclear fragmentation cross sections for cosmic ray physics,

(iii) measurements of hadron production in hadron-induced reactions for neutrino physics.

It is important to stress that the beam momentum range provided to NA61/SHINE
by the SPS and the H2 beam line is highly important for the heavy ion, neutrino and
cosmic ray communities. Namely, it covers:

(i) energies at which the transition from a matter in which quarks and gluons are
confined in hadrons to quark gluon plasma takes place in heavy ion collisions -
the onset of deconfinement [2],
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(ii) proton beams of momenta used to produce neutrino beams at J-PARC, Japan and
Fermilab, US [3],

(iii) light nuclei at > 10A GeV/c important for the understanding of the propagation of
cosmic rays in the Galaxy.

There is a world-wide effort to construct facilities providing ion and hadron beams
in the CERN SPS beam momentum range. These are the fixed-target facilities at FAIR,
Germany and J-PARC, Japan as well as the collider facility NICA, Russia. They will start
operation after the here requested measurements are completed. The second phase of
the beam energy scan at RHIC, US is planned to run in 2019 and 2020. Data will be
taken in collider and fixed target modes. The fixed target facilities will operate only at
energies below the onset of deconfinement. Data from collider facilities are typically
complementary to the corresponding fixed target results. In particular, charm hadron
measurements in a wide region of phase space are only possible at the fixed target facil-
ities provided the collision energy and data taking rate are high enough.

In conclusion, NA61/SHINE is the only experiment which can conduct the requested
measurements in the near future. Moreover, the NA61/SHINE operation beyond the
LS2 leaves open the possibility to perform new measurements which are likely to be re-
quested in the future. In particular, measurements of hadron emission from the DUNE
and HyperK replica targets are expected to be requested only after the LS3 once their
design will be completed. Moreover, new measurements related to the recent obser-
vation of the onset of fireball are likely to be requested soon following the growing
experimental evidence.

The document is organized as follows. The status of the NA61/SHINE detector is
summarized in Sec. 3. Section 4 presents the physics motivation and the needed de-
tector upgrades for open charm measurements in Pb+Pb collisions which are requested
by the heavy ion community. New high-statistics measurements of spectator-induced
effects in Pb+Pb collisions are described in Sec. 6. Section 5 presents considerations on
future measurements with light primary ion beams motivated by indications of the on-
set of fireball. Measurements of nuclear fragmentation cross sections and anti-proton
production for cosmic-ray research are described in Sec. 7. Future hadron production
measurements for neutrino physics are presented in Sec. 8. The parameters of requested
data taking are summarized in Sec. 9. Section 10 gives the NA61/SHINE beam request
for 2022, the early phase of the post-LS2 physics data taking. Supporting letters and
the Memorandum on Operation of Fixed Target Experiments immediately after LS2 in Appen-
dices A and B close the document.
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Figure 1: Schematic layout of the NA61/SHINE experiment at the CERN SPS as of
2018 (horizontal cut in the beam plane, not to scale). The beam and trigger counter
configuration used for data taking with hadron beams is shown in the inset. The cho-
sen right-handed coordinate system is indicated in the figure. The incoming beam
direction is along the z axis. The magnetic field bends charged particle trajectories
in the x–z (horizontal) plane. The drift direction in the TPCs is along the y (vertical)
axis.

3 NA61/SHINE Detector

NA61/SHINE is a fixed-target experiment located in the H2 line in the North Area of
the CERN Super Proton Synchrotron (SPS) [1]. The multi-purpose detector is optimized
to study hadron production in hadron-proton, hadron-nucleus and nucleus-nucleus col-
lisions. Figure 1 presents a schematic drawing of the detector as of 2018. It consists of
a large acceptance hadron spectrometer with excellent capabilities in charged particle
momentum measurements and identification by a set of eight Time Projection Cham-
bers (TPC) as well as Time-of-Flight (ToF) detectors. The Vertex Detector (SAVD) is
placed 5 cm centimetres downstream from the target. It consists of four layers of sil-
icon pixel sensors allowing to reconstruct vertices of short-lived charm particles like
D0 mesons. The high resolution forward calorimeter, the Projectile Spectator Detector
(PSD), measures energy flow around the beam direction, which in nucleus-nucleus re-
actions is primarily a measure of the number of spectator (non-interacting) nucleons.
An array of beam detectors identifies beam particles, secondary hadrons and ions as
well as primary ions, and measures precisely their trajectories.
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4 Measurements of charm production in Pb+Pb collisions

The NA61/SHINE Collaboration studies, in particular, properties of hadron produc-
tion in nucleus-nucleus collisions. The primary aim is to uncover features of the phase
transition between confined matter and quark gluon plasma (QGP). Within the current
program, data on p+p, Be+Be, Ar+Sc, Xe+La, and Pb+Pb collisions at beam momenta
in the range 13A-150A GeV/c have been recorded. Single particle spectra, correlations
and fluctuations of light and medium mass hadrons, mostly pions and kaons, have been
measured.

Here we present the NA61/SHINE program to measure charm hadron, mostly D
mesons, production in central Pb+Pb collisions with the upgraded NA61/SHINE de-
tector at the CERN SPS. This will be the first direct measurements of charm production
in heavy ion collision in the CERN SPS energy domain. The charm measurements are
possible thanks to the advent of detector technologies that allowed the cost and man-
power efficient construction of silicon pixel Vertex Detectors, e.g. the VD of NA61/
SHINE. With this detector one can reconstruct decays of D mesons as close as ≈ 1 mm
to the primary interaction point.

In the past there were two attempts to measure charm production in Pb+Pb collisions
at the CERN SPS. First, the NA49 collaboration in 2002 [4] estimated an upper limit for
the D meson multiplicity via analysis of its decay topology into a pair of charged kaon
and pion. Later, an indirect estimate of the D meson yield was obtained by the NA60
collaboration by measurements of muons which possibly originate from semi-leptonic
charm meson decays [5].

Section 4.1 briefly summarizes the history, status and plans of heavy ion experiments
related to the search for and study of the phase transition from confined hadron matter
to the quark-gluon plasma. The role of NA61/SHINE and its predecessor NA49 at
the CERN SPS is underlined. The motivation of the charm program is discussed in
Sec. 4.2. The current status of the program including preliminary results of the first
data taking campaigns performed in 2016 and 2017 is presented in Sec. 4.3. The NA61/
SHINE plans for systematic charm production measurements in the years 2022− 2024
are discussed in Sec. 4.4. The section also presents the expected physics performance
and the uniqueness of the future NA61/SHINE results.

4.1 Heavy Ion Collisions and NA61/SHINE

This section briefly summarizes the history, status and plans of heavy ion experiments
related to the search for and study of the phase transition from confined hadron matter
to the quark-gluon plasma.
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4.1.1 Brief History of Ideas and Measurements

The quark model of hadron classification proposed by Gell-Mann and Zweig in 1964
starts a 15 years-long period in which sub-hadronic particles, quarks and gluons, were
discovered and a theory of their interactions, quantum chromodynamics (QCD) was es-
tablished. In parallel, conjectures were formulated concerning the existence and prop-
erties of matter consisting of sub-hadronic particles, soon called the QGP and studied
in detail within QCD [6].

Ivanenko, Kurdgelaidze [7], Itoh [8] and Collins, Perry [9] suggested that quasi-free
quarks may exist in the centre of neutron stars. Many physicists started to speculate
that the QGP can be formed in nucleus–nucleus collisions at high energies and thus it
may be discovered in laboratory experiments. Questions concerning QGP properties
and properties of its transition to matter consisting of hadrons were considered since
the late 1970s.

Cabibbo, Parisi [10] pointed out that the exponentially increasing mass spectrum
proposed by Hagedorn [11] may be connected to the existence of the phase in which
quarks are not confined. Then Hagedorn and Rafelski [12], Gorenstein, Petrov, and Zi-
novjev [13] suggested that the Hagedorn massive states are not point-like objects but
the quark-gluon bags. These picture leads to the interpretation of the upper limit of the
hadron gas temperature, the Hagedorn temperature, as the transition temperature from
the hadron gas to a quark gluon plasma. Namely, at T > 150 MeV/c the temperature
refers to the interior of the quark-gluon bag, i.e., to the QGP. Similar estimates of the
(pseudo-)transition temperature result from QCD lattice calculations at vanishing bary-
ochemical potential [14]. Results suggest that the transition is likely to be a continuous
cross-over, rather than a phase transition of the first order. On the other hand the transi-
tion at high baryochemical potential is believed to be of the first order and happen along
a line which ends with decreasing potential in a critical point (of the second order) and
then turns into a crossover region [15, 16].

In the mid 1990s numerous results on collisions of light nuclei at the BNL AGS
(beams of Si at 14.6A GeV) and the CERN SPS (beams of O and S at 200A GeV) were
obtained. Soon after experiments with heavy nuclei were conducted at the top AGS
and SPS energies (AGS: Au+Au at 11.6A GeV, SPS: Pb+Pb at 158A GeV). In 2000 the
CERN heavy ion community concluded [17]: a common assessment of the collected data
leads us to conclude that we now have compelling evidence that a new state of matter has in-
deed been created, at energy densities which had never been reached over appreciable volumes in
laboratory experiments before and which exceed by more than a factor 20 that of normal nuclear
matter. The new state of matter found in heavy ion collisions at the SPS features many of the
characteristics of the theoretically predicted quark-gluon plasma. In particular, the observed
suppression of the charmonium states was considered as the key evidence for the for-
mation of a transient quark-gluon phase without colour confinement. A verification of
the J/ψ suppression as signal of QGP formation is one of the goals of the NA61/SHINE
charm program.

Unambiguous evidence of the QGP state was however missing. The rich and precise
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results from RHIC and LHC heavy ion progarms did not change the conclusion. This
may be attributed to the difficulty of obtaining unique and quantitative predictions of
the expected QGP signals from QCD.

In the mid 1990s the first look at the energy dependence of hadron production in
nucleus–nucleus (A+A) collisions at high energies became possible. Compilations, on
pion production [18] and on strangeness production [19] resulted in a clear conclusion:
the energy dependence of hadron multiplicities measured in A+A collisions and p+p
interactions are very different. Furthermore the data on A+A collisions suggested that
there is a significant change in the energy dependence of pion and strangeness yields
which is located between the top AGS and SPS energies. Based on the statistical ap-
proach to strong interactions [20, 21] it was conjectured [18, 19, 22] that the change is re-
lated to the onset of deconfinement during the early stage of the A+A collisions. Soon af-
ter, following this hypothesis, a quantitative model was developed, the Statistical Model
of the Early Stage (SMES) [23]. The model predicts a rapid change of the collision energy
dependence of hadron production properties that are sensitive to the QGP, as a signal
of a transition to QGP (the onset of deconfinement) in nucleus–nucleus collisions. The
onset energy was estimated to be located in the CERN SPS energy range.

The predicted phase transition of strongly interacting matter to the QGP was discov-
ered within the energy scan program of the NA49 Collaboration at the CERN SPS [24,
25]. The scan was conducted between 1999 and 2002. The discovery was based on
the observation that several basic hadron production properties measured in heavy ion
collisions rapidly change their dependence on collisions energy in a common energy
domain [2], see Fig. 2. The NA49 results were confirmed by the data from the RHIC
Beam Energy Scan [26]. A smooth evolution of hadron production properties is ob-
served between the top SPS energies and the top RHIC and LHC energies [27]. This
supports the interpretation of the rapid changes of the energy dependence at the CERN
SPS as due to the transition to a quark-gluon plasma. Clearly, the observation of the
qualitative signals of the transition to the QGP serves also as evidence of QGP creation
in heavy ion collisions at high enough collision energies.

4.1.2 NA61/SHINE Physics Program

The NA61/SHINE experiment at the CERN SPS was primarily motivated [29] by the
results of NA49. Two major questions were asked by the collaboration [30]:

(i) What is the nature of the transition from the anomalous energy dependence mea-
sured in central Pb+Pb collisions at SPS energies to the smooth dependence mea-
sured in p+p interactions?

(ii) Does the critical point of strongly interacting matter exist and, if it does, where is
it located?

Production properties of light and medium mass hadrons, in particular pions and
kaons, have been measured. The most important results are briefly summarized below.
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Figure 2: Recent results on the observation of the phase transition in central Pb+Pb
(Au+Au) collisions [28]. The horn (left) and step (right) structures in the energy de-
pendence of the K+/π+ratio and the inverse slope parameter of mT spectra of K−

signal the onset of deconfinement located at the low CERN SPS energies.

Figure 3 shows example plots on the system size dependence of the ratio of K+ and
π+yields at mid-rapidity and of the scaled variance of multiplicity distributions [31].
The Be+Be results are close to p+p independently of collision energy. Moreover, the
data show a jump between light (p+p, Be+Be) and intermediate, heavy (Ar+Sc, Pb+Pb)
systems.

Here one recalls the following:

(i) The K+/pip ratio in p+p interactions is below the predictions of statistical models.
However, the ratio in central Pb+Pb collisions is close to statistical model predic-
tions for large volume systems. For detail see e.g. Ref. [32]

(ii) In p+p interactions, and thus also in Be+Be collisions, multiplicity fluctuations are
larger than predicted by statistical models. However, they are close to statistical
model predictions for large volume systems in central Ar+Sc and Pb+Pb collisions,
for detail see Ref. [33].

Thus the observed rapid change of hadron production properties that start when mov-
ing from Be+Be to Ar+Sc collisions can be interpreted as the beginning of creation of
large clusters of strongly interacting matter - the onset of fireball [31]. One notes that
non-equilibrium clusters produced in p+p and Be+Be collisions seem to have similar
properties at all beam momenta studied here.

Consequently the two-dimensional scan conducted by NA61/SHINE by varying
collision energy and nuclear mass number of colliding nuclei indicates four domains
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of hadron production separated by two thresholds: the onset of deconfinement and the
onset of fireball. The sketch presented in Fig. 4 illustrates this conclusion.

The results on the onset of fireball can be considered within two theoretical ap-
proaches:

(i) The percolation approach [34–38] assumes that with increasing nuclear mass num-
ber the density of clusters (partons, strings, ...) in the transverse plane increases.
Thus the probability to form large clusters by overlapping many elementary clus-
ters may rapidly increase with A, the behaviour typical for percolation models.
However, this approach does not explain the equilibrium properties of large clus-
ters.

(ii) Within the AdS/CFT correspondence [39] creation of strongly interacting matter
(system of strongly interacting particles in equilibrium) is dual to the formation of
a (black hole) horizon and trapping some amount of information from the distant
observer [40]. It was found that the formation of the trapping surface takes place
when critical values of model parameters are reached [41]. This may serve as a
possible explanation of the onset of the fireball phenomenon - only starting from
a sufficiently large nuclear mass number the formation of the trapping surface in
A+A collisions is possible. This is then observed as the onset of fireball.

A characteristic feature of a second order phase transition (the critical point or line) is
the divergence of the correlation length. The system becomes scale invariant. This leads
to large fluctuations in particle multiplicity. Moreover these fluctuations have specific
characteristics [42, 43]. Also other properties of the system should be sensitive to the
vicinity of the critical point [44]. Thus when scanning the phase diagram a region of
increased fluctuations may signal the critical point or the critical line.

Example results of NA61/SHINE from the search for the critical point using the
∆[PT, N] and Σ[PT, N] fluctuation measures [45] are presented in Fig. 5. No indication
for the critical point is observed so far.
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Figure 3: Top left and top right: System size dependence of the K+/pip ratio at mid-
rapidity at 30A GeV/c and 150A GeV/c. Bottom left and bottom right: System size de-
pendence of the scaled variance of the multiplicity distribution of negatively charged
hadrons at 30A GeV/c and 150A GeV/c.
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Figure 4: Two-dimensional scan conducted by NA61/SHINE varying collision en-
ergy and nuclear mass number of colliding nuclei indicates four domains of hadron
production separated by two thresholds: the onset of deconfinement and the onset
of fireball. The onset of deconfinement is well established in central Pb+Pb(Au+Au)
collisions, its presence in collisions of low mass nuclei, in particular, inelastic p+p
interactions is questionable.

Figure 5: Left: Sketch of the hill of fluctuations which may be observed in the
(beam momentum) - (system size) scan of NA61/SHINE provided the freeze-out
parameters are close to the critical point. Right: Σ[PT, N] measured by NA61/
SHINE in inelastic p+p interactions and violent Be+Be and Ar+Sc collisions at the
CERN SPS energies. Results refer to negatively charged hadrons at forward rapidity
(0 < yπ < ybeam) and pT < 1.5 GeV/c.
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4.2 Physics Motivation for Charm Measurements

The NA61/SHINE charm program is a natural extension of the previous studies of the
phase transition to the quark-gluon plasma. It addresses the question of the validity and
the limits of statistical and dynamical models of high energy collisions in the new do-
main of quark mass, mc ≈ 1300 MeV>> TC ≈ 150 MeV. Among many questions which
might be answered by the new NA61/SHINE program, there are three that primarily
motivate it [46], namely:

(i) What is the mechanism of charm production?

(ii) How does the onset of deconfinement impact charm production?

(iii) How does the formation of quark gluon plasma impact J/ψ production?

To answer these questions, knowledge is needed on the mean number of charm–
anti-charm quark pairs 〈cc〉 produced in the full phase space of heavy ion collisions.
Such data do not exist yet and NA61/SHINE aims to provide them within the coming
years.

4.2.1 Mechanism of charm production

Figure 6 presents a compilation of predictions by dynamical and statistical models on
〈cc〉 produced in central Pb+Pb collisions at 158A GeV/c. These predictions are obtained
from:

(i) The Hadron String Dynamics (HSD) model [49, 50] - a pQCD-inspired extrapola-
tion of p+p data.

(ii) A pQCD-inspired model [47, 48] - calculation based on model assumptions and
nucleon parton density functions only.

(iii) The Hadron Resonance Gas model (HRG) [51] - a calculation of equilibrium yields
of charm hadrons assuming parameters of a hadron resonance gas fitted to mean
multiplicities of light hadrons.

(iv) The Statistical Quark Coalescence model [51] - a statistical distribution of c and
c̄ quarks between hadrons. The mean number 〈cc〉 of charm pairs is calculated
using the measured 〈J/ψ〉 multiplicity [52] and the probability of a single cc pair
hadronizing into a J/ψ calculated within the model.

(v) The Dynamical Quark Coalescence model [53] - quark coalescence as a microscopic
hadronization mechanism of deconfined matter. The mean number 〈cc〉 of charm
pairs is calculated using the measured 〈J/ψ〉 multiplicity [52] and the probability
of a single cc pair hadronizing into a J/ψ calculated within the model.
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(vi) The Statistical Model of the Early Stage (SMES) [23] - the mean number of charm
quarks is calculated assuming an equilibrium QGP at the early stage of the colli-
sion.

Figure 6: Mean multiplicity of charm quark pairs produced in the full phase space in
central Pb+Pb collisions at 158A GeV/c calculated with dynamical models (blue bars):
HSD [49,50], pQCD–inspired [47,48], and Dynamical Quark Coalescence [53], as well
as statistical models (green bars): HRG [51], Statistical Quark Coalescence [51], and
SMES [23].

The predictions of the models on 〈cc〉 differ by about two orders of magnitude.
Therefore, obtaining precise data on 〈cc〉 is expected to allow to narrow the spectrum of
viable theoretical models and thus learn about the charm quark and hadron production
mechanisms.

4.2.2 Charm production as a signal of onset of deconfinement

The production of charm is expected to be different in confined and deconfined mat-
ter. This is caused by differences of the charm carriers in these phases. In confined
matter the lightest charm carriers are D mesons, whereas in deconfined matter the car-
riers are charm quarks. Production of a DD̄ pair (2mD = 3.7 GeV) requires an energy
about 1 GeV higher than production of a cc pair (2mc = 2.6 GeV). The effective number
of degrees of freedom of charm hadrons and charm quarks is similar [54]. Thus, more
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abundant charm production is expected in deconfined than in confined matter. Conse-
quently, in analogy to strangeness [23, 55], a change of collision energy dependence of
〈cc〉may be a signal of onset of deconfinement.

Figures 7 and 8 present the collision energy dependence of charm production in
central Pb+Pb collisions at 150A GeV/c predicted by two very different models: the Sta-
tistical Model of the Early Stage [54] and a pQCD-inspired model [56], respectively.

Figure 7 shows the energy dependence of 〈cc〉 predicted by the Statistical Model of
the Early Stage. According to this model, when crossing the phase transition energy
range (

√
sNN = 7− 11 GeV), an enhancement of 〈cc〉 production should be observed.

At 150A GeV/c (
√

sNN = 16.7 GeV) an enhancement by a factor of about 4 is expected.

Figure 7: Energy dependence of 〈cc〉 in central Pb+Pb collisions calculated within the
SMES model [54,57]. The blue line corresponds to confined, the purple line to mixed
phase, and the red line to deconfined matter. The dashed line presents the prediction
without a phase transition.

Figure 8 shows the ratio of mean multiplicity of cc pairs in deconfined and con-
fined matter calculated with the pQCD-inspired model of Ref. [56]. Both numerator
and denominator were evaluated at the same collision energy. At 150A GeV/c (

√
sNN =

16.7 GeV) an enhancement by a factor of about 3 is predicted.
Accurate experimental results will allow to test these predictions.
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Figure 8: Energy dependence of the ratio of 〈cc〉 in deconfined and confined matter
in central Pb+Pb collisions calculated within the pQCD-inspired model of Ref. [56].

4.2.3 J/ψ production as a signal of deconfinement

Suppression of the production of J/ψ mesons in central Pb+Pb collisions at 158A GeV/c
was an important argument for the CERN announcement of the discovery of a new state
of matter [17]. Within the Matsui-Satz model [58] the suppression is attributed to the
formation of the QGP.

Figure 9: Sketch of the charmonium production mechanism and its relation to cc
production in p+p interactions (left) and central heavy ion collisions (right) [59].

Figure 9 presents two scenarios of charmonium production. In the first case (Fig. 9
(left)), a produced cc pair hadronizes in vacuum - this corresponds to a p+p interaction.
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Open charm and charmonia are produced in vacuum with a certain probability, at high
collision energies typically 10% of cc pairs form charmonia and 90% appear in open
charm hadrons.

The second scenario is illustrated in Fig. 9 (right). Here the cc pair forms a pre-
charmonium state in the quark gluon plasma. Due to the color screening, which may
lead to disintegration of this state, the probability of charmonium production is sup-
pressed in favor of open charm production.

The probability of a cc pair hadronizing to J/ψ is defined as:

P (cc→ J/ψ) ≡ 〈J/ψ〉
〈cc〉 ≡

σJ/ψ

σcc
. (1)

To be able to calculate this probability, one needs data on both J/ψ and cc yields in
full phase space. At the CERN SPS precise 〈J/ψ〉 data was provided by the NA38 [60],
NA50 [52], and NA60 [61] experiments, while 〈cc〉 data is not available at the CERN SPS
energies.

The problem of the lack of 〈cc〉 data was worked around [52, 58] by assuming that
the mean multiplicity of cc pairs is proportional to the mean multiplicity of Drell-Yan
pairs: 〈cc〉 ∼ 〈DY〉.

Figure 10: The ratio of σJ/ψ/σDY as a function of transverse energy (a measure of
collision violence or centrality) in Pb+Pb collisions at 158A GeV measured by NA50.
The curve represents the J/ψ suppression due to ordinary nuclear absorption [52].

Figure 10 shows the result from the NA50 experiment [52] that was interpreted as
evidence for QGP creation in central Pb+Pb collisions at 158A GeV based on this as-
sumption. However, the assumption 〈cc〉 ∼ 〈DY〉may be incorrect due to many effects,
such as shadowing or parton energy loss [62].

This clearly shows the need for precise data on 〈cc〉 in centrality selected Pb+Pb
collisions at 150A GeV/c.
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4.3 Preparatory Work

Precise measurements of charm hadron production by NA61/SHINE are expected to
be performed in 2022–2024. The related preparations have started already. In 2015 and
2016, a Small Acceptance Vertex Detector was constructed and first measurements of
open charm production started in 2016.

4.3.1 Small Acceptance Vertex Detector

Primary beam: ions at 150A GeV/c

Target

Secondary
Vertex

Primary
Vertex

𝐾

𝜋

𝜋

𝐾

4.9 cm

Station 2

Station 1

𝐷0

0.1 cm

Figure 11: Schematics of reconstruction of a D0 → π+ + K− decay with help of a
vertex detector.

Starting the open charm program required construction of a new high-resolution
vertex detector. Its role in measurements of charm hadrons is schematically shown in
Fig. 11.

This measurement is challenging due to the short mean lifetime of charm hadrons
and the relatively low branching ratios into reconstructable decay channels. Table 1
presents properties of the more frequently produced charm hadrons which are relevant
for their measurement.

A big upside of NA61/SHINE is the fact, that it is a fixed-target experiment. Due
to the Lorenz boost (βγ ≈ 10 at midrapidity and pT ≈ 0), the average separation be-
tween the primary and the decay vertices of D0 mesons is about 1 mm. This makes the
measurement significantly easier than in the case of collider experiments. In addition,
due to the fact that the magnetic field is perpendicular to the beam direction (unlike in
a typical collider experiment, where it is parallel to the beam direction), the acceptance
extends down to pT = 0.
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Table 1: The most frequently produced charm hadrons: their mass, mean life time,
and the decay channels best suited for measurements are shown.

Hadron Decay channel cτ̄ [µm] BR

D0 π+ + K− 123 3.89%

D+ π+ + π+ + K− 312 9.22%

D+
S π+ + K− + K+ 150 5.50%

Λc p + π+ + K− 60 5.00%

For the measurement of D0 mesons the Small Acceptance Vertex Detector (SAVD)
was added to the NA61/SHINE detector in October 2016 and positioned about 80 cm
upstream of VTPC-1 (see Fig. 12).

Figure 12: Schematic layout of the NA61/SHINE experiment at the CERN SPS (hor-
izontal cut in the beam plane, not to scale). The beam and trigger counter config-
uration used for data taking of Pb+Pb collisions in 2016 is presented. The chosen
right-handed coordinate system is shown on the plot. The incoming beam direction
is along the z axis. The Small Acceptance Vertex Detector together with the integrated
target station is located upstream of VTPC-1. The magnetic field bends charged par-
ticle trajectories in the x-z (horizontal) plane. The drift direction in the TPCs is along
the y (vertical) axis.

The SAVD was built using sixteen CMOS MIMOSA-26 sensors [63]. The basic sensor
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properties are:

(i) 18.4× 18.4 µm2 pixels,

(ii) 115 µs time resolution,

(iii) 10× 20 mm2 surface, 0.66 MPixel,

(iv) 50 µm thick.

The estimated material budget per layer, including the mechanical support, is 0.3% of a
radiation length.

The sensors were glued to eight ALICE ITS ladders [64], which were mounted on
two horizontally movable arms and spaced by 5 cm along the z (beam) direction. The
detector box was filled with He (to reduce beam-gas interactions) and contained an
integrated target holder to avoid unwanted material and multiple Coulomb scattering
between target and detector.

Simulations of the performance of the SAVD performance using the AMPT model [65]
as input has shown that about 5% [66] of all D0 → π++K− decays will be reconstructed
and accepted by the analysis cuts. Figure 13 shows the phase space coverage provided
by the SAVD.

Figure 13: Transverse momentum and rapidity distributions of D0 + D0 mesons
produced in central Pb+Pb collisions at 150A GeV/c simulated within the AMPT
model and corresponding to 3 · 106 events. Left: Results for all produced D0 + D0

mesons. Right: results for D0 + D0 mesons fulfilling the following criteria: decay
D0 → π+ + K−, both decay products registered by the SAVD, passing background
suppression and quality cuts [66].
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4.3.2 Test data taking in 2016: Pb+Pb central collisions at 150A GeV/c

The SAVD was used in December 2016 during a Pb+Pb test run. Data on central Pb+Pb
collisions at 150A GeV/c were collected. Using these data, the following was demon-
strated:

(i) tracking in a large track multiplicity environment,

(ii) precise primary vertex reconstruction,

(iii) TPC and SAVD track matching,

(iv) feasibility to search for the D0 and D0 signals.

Based on these data, the spatial resolution of the SAVD was determined. Cluster
position resolution is σx,y(Cl) ≈ 5 µm and primary vertex resolution in the transverse
plane is σx(PV) ≈ 5 µm, σy(PV) ≈ 1.8 µm2, and along the beam direction is σz(PV) ≈
30µm for a typical multiplicity of events recorded in 2016. Primary vertex resolution of
30 µm is sufficient to perform the search for the D0 and D0 signals. Figure 14 shows the
first indication of a D0 and D0 peak obtained using the data collected during the Pb+Pb
run in 2016.

4.3.3 Data taking in 2017 and 2018

Successful performance of the SAVD in 2016 led to the decision to also use it during the
Xe+La data taking in 2017. About 5 · 106 events of central Xe+La collisions at 150A GeV/c
were collected in October and November 2017. Data were recorded with both mini-
mum bias and 0-20% centrality on-line trigger selection. During these measurements
the thresholds of the MIMOSA-26 sensors were tuned to obtain high hit detection ef-
ficiency (which was not the case for the Pb+Pb test in 2016). This led to significant
improvement in the primary vertex reconstruction precision, namely the spatial reso-
lution of the primary vertices obtained for Xe+La data is on the level of 2.5 µm, 1 µm
and 15 µm in x, y, and z coordinates, respectively. The distribution of the longitudinal
coordinate (zprim) of the primary vertex is shown in Figure 15 and the distributions of
differences between x, y and z coordinates of the primary vertices reconstructed using
different sub-events of SAVD tracks (see [31] for details) are shown in Figure 16. Note,
that by construction the indicated sigma values (widths of distributions) should to be
divided by 2 to obtain the spatial resolution of the full SAVD device.

The Xe+La data are currently under analysis and are expected to lead to physics re-
sults in the coming months. To get a first estimate of the number of D0 and D0 decays
that can be reconstructed in this data set, simulations for Pb+Pb collisions and p-QCD

2σx(PV) > σy(PV) because By � Bx
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Figure 14: The invariant mass distribution of D0 and D0 candidates in central Pb+Pb
collisions at 150A GeV/c after the background suppression cuts. The particle identi-
fication capability of NA61/SHINE was not used at this stage of the analysis [66].

inspired system size dependence were combined. Based on these simulations, one ex-
pects to reconstruct several hundred of D0 and D0 decays. These statistics could by itself
lead to an important physics result.

Moreover, one could combine this measurement with published results on J/ψ pro-
duction. The NA60 experiment [61] measured J/ψ production in In+In collisions (Fig. 17),
which is a system of similar size as Xe+La. This combination of the NA60 data on J/ψ
and the NA61/SHINE results on open charm could already challenge theoretical mod-
els.

The SAVD is also planned to be used during three weeks of Pb+Pb data taking in
2018 (recommended by the CERN SPS Committee in October 2017). About 1 · 107 cen-
tral collisions should be recorded and 2500 D0 and D0 decays can be expected to be re-
constructed in this data set. The expected signal to background ratio is about 2.6 when
using realistic particle identification information.
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Figure 15: Distribution of longitudinal coordinate of the primary vertex zprim for
interactions in the La target, which was composed of three 1 mm plates.

Figure 16: Distributions of differences between x, y and z coordinates of the primary
vertices reconstructed using two different sub-events of SAVD tracks.
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Figure 17: The invariant mass distribution of µ+µ− pairs produced in In+In collisions
at 158A GeV/c showing showing the J/ψ peak [61].
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4.4 Future Measurements, Performance and Uniqueness

Data taking on Pb+Pb collisions and reconstruction of decays of various open charm
mesons (see Table 1) are planned by NA61/SHINE for the years 2022–2024. In this sec-
tion required detector upgrades, anticipated results and their uniqueness are presented.

4.4.1 Planned Detector Upgrades

Figure 18: Upgrades of NA61/SHINE planned to be completed during the LS2 pe-
riod.

During the Long Shutdown 2 at CERN (2019-2020), a significant modification of the
NA61/SHINE spectrometer is planned. The upgrade is primarily motivated by the
charm program which requires a tenfold increase of the data taking rate to about 1 kHz
and an increase of the phase-space coverage of the Vertex Detector by a factor of about
2. This, in particular, requires the following:

(i) construction of the Vertex Detector (VD),

(ii) replacement of the TPC read-out electronics,

(iii) implementation of new trigger and data acquisition systems,

(iv) upgrade of the Projectile Spectator Detector.

Finally, new ToF detectors are planned to be constructed for particle identification at
mid-rapidity. This is mainly motivated by possible future measurements related to the
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onset of fireball, see Sec. 5 for detail. The detector upgrades are graphically summa-
rized in Fig. 18 and discussed in detail in Sec. 4.5. With the upgraded NA61/SHINE
spectrometer, one expects that during one day of data taking 6 · 106 Pb+Pb collisions at
150A GeV/c will be collected, see Sec. 9.1 for detail.

The data taking plan related to the open charm measurements in 2022-2024 is shown
in Table 2. All inelastic Pb+Pb collisions at 150A GeV/c will be recorded in 2022 and
2023. This data will provide the mean number of cc pairs in central Pb+Pb collisions
needed to investigate the mechanism of charm production in this reaction, see Sec. 4.2.1
for detail. Moreover, the data will allow to establish the centrality dependence of 〈cc〉 in
Pb+Pb collisions at 150A GeV/c and thus address the question of how the formation of
QGP impacts J/ψ production, see Sec. 4.2.3 for detail. Table 3 lists the expected number
of charm mesons in centrality selected Pb+Pb collisions at 150A GeV/c assuming statis-
tics of minimum bias collisions as given in Table 2. The estimate is performed assuming
that mean multiplicity of charm hadrons is proportional to the number of collisions and
using yields calculated for central Pb+Pb collisions within the HSD model [49,50]. Cen-
tral (0-30%) Pb+Pb collisions at 40A GeV/c are planned to be recorded in 2024. This data
together with the result for central Pb+Pb collisions at 150A GeV/c will start a long-term
effort to establish the collision energy dependence of 〈cc〉 and address the question of
how the onset of deconfinement impacts charm production, see Sec. 4.2.2 for detail.

Table 2: The NA61/SHINE data taking plan related to the charm program: year,
beam, number of data taking days, number of recorded Pb+Pb collisions as well as
numbers of reconstructed decays of D0 + D0 and D+ + D− mesons passing the back-
ground suppression cuts are given from left to right. Minimum bias Pb+Pb collisions
at 150A GeV/c will be recorded in 2022 and 2023. 30% of the most violent Pb+Pb col-
lisions at 40A GeV/c will be recorded in 2024. This document requests data taking in
2022 only.

Year Beam #days #events #(D0 + D0) #(D+ + D−)

2022 Pb at 150A GeV/c 42 250M 38k 23k

2023 Pb at 150A GeV/c 42 250M 38k 23k

2024 Pb at 40A GeV/c 42 250M 3.6k 2.1k

Statistics of charm mesons given in Table 2 is based on Monte Carlo simulations that
utilize particles transport through the NA61/SHINE upgraded set-up. The momentum
distribution of charm mesons was calculated within the AMPT model [67] and mean
multiplicities are taken as predicated by the HSD model [50, 68] (see Sec. 5.2 in Ref. [66]
for detail). This simulation input was selected as the HSD predictions are considered
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Table 3: Expected number of charm mesons in centrality selected Pb+Pb collisions
at 150A GeV/c assuming 500M minimum bias events recorded in 2022 and 2023, see
text for detail. The mean number of wounded nucleons 〈W〉 calculated within the
Wounded Nucleon Model is also given.

0–10% 10–20% 20–30% 30–60% 60–90% 0–90%

#(D0 + D0) 31k 20k 11k 13k 1.3k 76k

#(D+ + D−) 19k 12k 7k 8k 0.8k 46k

〈W〉 327 226 156 70 11 105

the most realistic but the HSD momentum distribution was not available. The expected
high statistics of reconstructed D0 and D0 decays is due to the high event rate and the
relatively large efficiencies of open charm detection in the VD. The efficiency will be
about 13% (3 times better than for the SAVD) for the D0→ π+ + K− decay channel and
about 9% 3 for D+ decaying into π+ + π+ + K−.

Figure 19: Transverse momentum and rapidity distribution of D0 + D0 mesons
produced in about 500M inelastic Pb+Pb collisions at 150A GeV/c for all produced
D0 + D0 mesons (left) and D0 + D0 mesons fulfilling the following criteria: decay
D0 → π+ + K−, decay products registered by the VD, passing background suppres-
sion cuts (right).

3The quoted efficiencies include the geometrical acceptance for D0→ π++K− (D+→ π++π++K−)
decays and the efficiency of the analysis quality cuts used to reduced the combinatorial background.
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Figure 20: Rapidity (left) and transverse momentum (right) distributions of D0 + D0

mesons produced in about 500M inelastic Pb+Pb collisions at 150A GeV/c. Dots in-
dicate all generated mesons, triangles mesons within the VD acceptance and squares
mesons within the VD acceptance and passing background suppression cuts.

Figure 21: Transverse momentum and rapidity distribution of D+ + D− mesons pro-
duced in about 500M inelastic central Pb+Pb collisions at 150A GeV/c for all pro-
duced D+ + D− mesons (left) and D+ + D− fulfilling the following criteria: decay
D0 → π+ + K−, decay products registered by the VD, passing background suppres-
sion cuts (right).

Figure 19 (21) shows distribution of D0 + D0 (D+ + D−) mesons in rapidity and trans-
verse momentum for all generated particles (left) and for particles passed the acceptance
and background reduction cuts (right). The presented plots refer to about 500M inelas-
tic Pb+Pb collisions at 150A GeV/c as indicated in Table 2. To provide more quantitative
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Figure 22: Rapidity (left) and transverse momentum (right) distributions of D+ + D−

mesons produced in about 500M inelastic Pb+Pb collisions at 150A GeV/c. Dots indi-
cate all generated D+ + D− mesons, triangles mesons for which both decay products
are registered by the VD and squares mesons within the VD acceptance and passing
background suppression cuts.

view we show also projected rapidity (left) and transverse momentum (right) distribu-
tions for D0 + D0 (Fig. 20) and D+ + D− (Fig. 22).

Based on the presented simulations one estimates, that fully corrected results will
correspond to more than 90% of the D0 and D0 yield (see Figs. 19 and 20). Total un-
certainty of 〈D0〉 and 〈D0〉 is expected to be about 10% and is dominated by systematic
uncertainty.

4.4.2 Anticipated results

Figure 23 shows the foreseen accuracy of the NA61/SHINE data on mean charm mul-
tiplicity compared to predictions of charm production models (see Sec. 4.2 for detail).
The red band indicates the expected accuracy of the NA61/SHINE result on the charm
yield assuming the yield prediction of the HSD model [49]. With that accuracy it should
be possible to exclude most of the current models.

Figure 24 shows the expected accuracy of the NA61/SHINE data on 〈cc〉 compared
to SMES model predictions (see Sec. 4.2 for details). Red bars indicate the foreseen
accuracy of the NA61/SHINE result on charm multiplicity for energies proposed for the
NA61/SHINE charm production studies: 40A GeV/c (

√
sNN = 8.6 GeV) and 150A GeV/c

(
√

sNN = 16.7 GeV). These results would be a start of confronting data with model
predictions on collision energy dependence. Clearly measurements at more energies
are necessary. In the future, these can be performed at J-PARC-HI and FAIR SIS-300.

Figure 25 shows the expected accuracy of the future NA61/SHINE results on the
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Figure 23: Mean multiplicity of charm quark pairs produced in central Pb+Pb col-
lisions at 158A GeV/c calculated within dynamical models (blue bars) and statistical
models (green bars). The width of the red band, at the location assuming HSD pre-
dictions, shows the foreseen the accuracy of the NA61/SHINE 2020+ result.

charm yield compared to J/ψ suppression data (see Sec. 4.2 for details). The red bars
indicate the foreseen accuracy of the σJ/ψ/σcc result that was made assuming σcc ∝ σπ.
One will be able to distinguish between two extreme scenarios: 〈cc〉 ∝ 〈DY〉 or 〈cc〉 ∝
〈π〉.

4.4.3 Uniqueness of NA61/SHINE Results

Figure 26 presents a compilation of present and future facilities and their region of cov-
erage in the phase diagram of strongly interacting matter. Their capability to measure
charm hadrons in Pb+Pb (Au+Au) collisions is summarized below:

(i) LHC and RHIC at high energies (
√

sNN & 200 GeV): measurements of open charm
are performed in a significantly limited acceptance; this limitation is due to the
collider kinematics and related to the detector geometry [70–73].

(ii) RHIC BES collider (
√

sNN = 7.7− 39 GeV): measurement not considered in the
current program, this may likely be due to difficulties related to collider geometry
and kinematics as well as the low charm production cross-section [74, 75].

(iii) RHIC BES fixed-target (
√

sNN = 3− 7.7 GeV): not considered in the current pro-
gram [76].
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Figure 24: Energy dependence of 〈cc〉 in central Pb+Pb collisions calculated within
the SMES model. The red bars show the foreseen accuracy of the NA61/SHINE
results for two energies: 40A GeV/c (

√
sNN = 8.6 GeV) and 150A GeV/c (

√
sNN =

16.7 GeV), assuming the SMES model yields [23].

(iv) NICA (
√

sNN < 11 GeV): measurements during stage 2 (after 2023) are under con-
sideration [77, 78].

(v) J-PARC-HI (
√

sNN . 6 GeV): under consideration, may be possible after 2025
[79, 80].

(vi) FAIR SIS-100 (
√

sNN . 5 GeV): not possible due to the very low cross-section
at SIS-100, systematic charm measurements are planned with SIS-300 (

√
sNN .

7 GeV) which is part of the FAIR project, but not of the start version (timeline is
unclear) [81, 82].

The conclusion is that only NA61/SHINE is able to measure open charm produc-
tion in heavy ion collisions in full phase space in the near future. The corresponding
potential measurements at higher (LHC, RHIC) and lower (FAIR, J-PARC) energies are
necessary to complement the NA61/SHINE results and establish collision energy de-
pendence of charm production. Potential measurements at NICA and RHIC BES fixed-
target will allow to cross-check the NA61/SHINE data.
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Figure 25: The ratio of σJ/ψ/σDY (left) and σJ/ψ/σπ (right) as a function of trans-
verse energy in Pb+Pb collisions at 158A GeV. The σJ/ψ/σDY ratio was measured by
NA50 [52] and was used to calculate the σJ/ψ/σπ ratio in Ref. [69]. Red bars mark the
expected accuracy of the σJ/ψ/σcc result of NA61/SHINE 2020+ assuming σcc ∝ σπ

and scaled to the σJ/ψ/σDY ratio in peripheral collisions.

Figure 26: Present (red) and future (green) heavy ion facilities in the phase diagram
of strongly interacting matter.
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Figure 27: The SAVD used by NA61/SHINE during the data taking in 2016 and 2017

4.5 Detector Upgrades

This section presents the NA61/SHINE detector upgrades primarily required by the
charm program. We plan commissioning and calibration of the upgraded detector in
2021 with hadron beams. Two weeks of the beam time will be needed for this purpose.

4.5.1 Upgrade of the NA61/SHINE Vertex Detector

The upgrade of the existing SAVD detector aims to adapt this detector to the require-
ments of data taking with a 1 kHz trigger rate, and to increase its geometrical accep-
tance. Both measures will yield significant (∼30×) increase of statistics of the recon-
structed decays of charm hadrons.

To fulfil its task, the novel Vertex Detector (VD) will have to provide a rate capability,
which exceeds the one of the SAVD by one order of magnitude. The related data rate
is found to exceed the possibilities of the successful MIMOSA-26AHR sensors used so
far in the SAVD. Moreover, the related increase of the radiation doses has to be consid-
ered. The requirements on the sensors can be estimated by scaling the related numbers
derived for the SAVD [83] to the novel running scenario. This is done assuming that the
VD will operate at a true collision rate of 5 kHz, and at a duty cycle of 0.15. The results
for the most exposed point of the VD and an operation time of 40 days are shown in
Table 4. No safety margin was considered. One finds the radiation load dominated by
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Radiation source Ionizing Non-ionizing

[krad] [1012 neq/cm2]

Direct particles 35 1.3

Delta electrons 40 Negligible

Beam halo (scaled) 1200 2.0

Beam halo (measured) 200 0.3

Sum requirements 275-1275 3.3

ALPIDE > 500 17.0

Table 4: Radiation doses for the most exposed point of the VD and a run of 40 days
with 150A GeV/c Pb+Pb. For the radiation dose generated by the beam halo, num-
bers scaled from Ref. [83] (scaled) and numbers relying on measurements of the beam
halo performed during the 2017 Xe+La run at 150A GeV/c (measured) are shown.
The beam halo of the Xe–beam was reduced by means of dedicated beam tuning.
The related numbers are considered as most representative for future experiments.

the damage caused by direct beam ions from the beam halo, which varies substantially
depending on the quality of the beam tuning. The table provides two numbers based
on the scaling of our initial assumptions as described in the reference and based on a
measurement of the beam halo carried out during the 2017 Xe+La at 150A GeV/c run.
One observes that optimizing the beam for a low beam halo yielded into a significant
improvement in terms of low radiation load. Despite remaining moderate, the ioniz-
ing radiation doses exceed once more the radiation tolerance of the previously used
MIMOSA-26AHR sensors.

The novel detector will reuse the mechanics and infrastructure of the SAVD. A pho-
tograph of the SAVD just before its installation on the beam for the test measurement
in 2016 is shown in Fig. 27. One can see vertically oriented carbon fibre ladders with
MIMOSA-26 sensors installed in their centres as well as the Pb target of 1 mm thickness
located about 50 mm upstream from the first SAVD station. The carbon fiber ladders are
exactly the same as these used in the Inner Barrel of the new ALICE Inner Tracking Sys-
tem (ITS); the group of the St. Petersburg State University involved in their development
and construction is also member of NA61/SHINE. More details on the construction and
performance of the SAVD are provided in Sec. 4.3.
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Table 5: Comparison of basic parameters of MIMOSA and ALPIDE sensors.

MIMOSA-26AHR ALPIDE

Sensor thickness (µm) 50 50

Spatial resolution (µm) 3.5 5

Dimensions (mm2) 10.6 × 21.2 13.8 × 30

Power density (mW/cm2) 250 40

Time resolution (µs) 115.2 10

Detection efficiency (%) >99 >99

Dark hit occupancy . 10−4 . 10−6

In spite of the good experience with the MIMOSA-26AHR sensors in the construc-
tion and operation of the SAVD, the VD cannot be built using these sensors: in order to
cope with the 10-fold increase in beam intensity and interaction rate better (a factor of
10) time resolution is required. We consider the ALPIDE sensor and the detector concept
developed for the new ALICE ITS the best candidate for the VD in 2022. In December
2016 one ITS Inner Barrel stave with 9 ALPIDE chips, the green vertical structure in
Fig. 27, was already successfully operated in NA61/SHINE during 5 days of the test
with Pb+Pb collisions at 150A GeV/c. Discussions concerning further collaboration and
technology transfer already started.

In the spirit of the above considerations the upgraded Vertex Detector (VD) will
rely on the carbon fibre support structures developed for the ALICE ITS. Instead of the
elder MIMOSA-26AHR, they will host the modern ALPIDE CMOS Pixel Sensors [84].
A comparison of the features of both sensors is given in Table 5.

The novel sensors come with a time resolution of 10 µs, which is by more than one
order of magnitude faster than the average time between two collisions, and a powerful
∼ 1 Gbps data interface. This fact and the capability of ALPIDE to use external trigger
information for data reduction assures the rate capability required for the VD. As shown
in Table 4, the sensor does as well match the requirements in terms of radiation dose.
To estimate its tolerance to direct ion hits in terms of SEE, the sensor was operated for
several days in a direct Xe-beam at the SPS in 2017 and no crucial incident was observed.
This suggests that the chip is not particularly vulnerable and that no dedicated detector
safety system for the case of beam displacement is required. Note that the tolerance of
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Plane 1

Plane 2
Plane 3

Plane 4

6 mm
6 mm

9 mm

12 mm

Figure 28: Schematic view of the VD layers based on ALPIDE sensors. From left to
right: the first layer with two sensors, the second layer with 8 sensors, the third layer
with 12 sensors and the fourth layer with 24 sensors. The total active area of the VD
sensors is 190 cm2.

ALPIDE to ionizing radiation does likely exceed the 500 krad guaranteed so far. This is
a subject of ongoing research.

Figure 29: The GEANT4 visualisation of the VD detector geometry described in
Fig. 28.

As the fibre supports were initially designed for ALPIDE, the carbon fibre plates
required for adapting them mechanically to MIMOSA-26AHR become obsolete, which
reduces the material budget by slightly below 0.1% X0. Moreover, accounting for the
very low power consumption of ALPIDE, it is considered not to use the active cooling
foreseen in the support structures. The absence of coolant in the structures would once
more reduce the material budget of the VD as compared to the SAVD. The obsolete
front-end cards and readout electronics of the SAVD will be replaced as well.
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The ambitioned extension of the of the VD aims to increase its geometrical accep-
tance from 33% to 70% of the tracks also detected in the TPCs of NA61/SHINE. This
number holds for a Pb+Pb collision system at 158A GeV/c. To reach this goal, it is
planned to extend the detector from initially 10 to 16 ladders, which will hold 46 ALPIDE
sensors with a total active surface of 190 cm2. The novel sensor configuration is dis-
played in Fig. 28 and the related GEANT4 model used for the performance simulations
may be found in Fig. 29. Note that the upgrade will require only minor modifications
in the mechanical design, as the SAVD was already designed for a compatibility with
ALPIDE and the related ladders.

4.5.2 TPC readout upgrade

The increase of the readout speed of the TPCs is an essential and integral part of the
upgrade of NA61/SHINE for the charm physics program. The goal is to reach a readout
rate of 1 kHz. To achieve this NA61/SHINE can profit from the fact that the ALICE
experiment at the LHC is replacing their wire chamber readout of the TPC by a readout
scheme based on Gas Electron Multipliers (GEMs). This implies also the exchange of the
complete readout electronics chain since the polarity of GEM output signals is reversed
compared to wire chambers. NA61 has signed a memorandum of understanding that
defines the transfer of part of the ALICE TPC readout electronics to NA61/SHINE.

In the following the two readout schemes are briefly compared and then the steps
necessary for the implementation of the ALICE readout chain into NA61/SHINE in-
cluding services is described in a sequence of work packages.

The design of the NA61/SHINE TPC is very similar to the design of the ALICE TPC.
Therefore it is not surprising that the readout electronics shows strong similarities in its
key parameters listed in Table 6.

The most relevant difference is the higher digitisation rate which at the end allows a
readout rate up to a factor 10 higher than presently possible in NA61/SHINE. In addi-
tion the dynamic range is considerably higher due to the 10 bit ADCs. Also the higher
sensitivity, the lower noise level and the doubling of the number of time bins should be
mentioned here.

For the transport of the data from the front-end-electronics to the DAQ system AL-
ICE has developed a second generation Read-out-Control Unit (RCU) called RCU2. Due
to its segmentation into four 40 bit wide readout buses where each readout bus can con-
nect up to 8 front-end-cards (FECs) and a 300 MByte/s optical link sufficient bandwidth
is provided.

In the following a detailed work plan organised in work packages of the various
steps necessary to replace the existing NA61/SHINE readout by the ALICE components
is presented.

Work packages for the upgrade of the TPC readout

(i) Development of a 3-D model of the NA61/SHINE readout chambers:
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Table 6: Comparison between key parameters of the NA61/SHINE and the ALICE
front-end electronics.

NA61/SHINE ALICE

signal polarity positive positive

signal width (FWHM) ns 180 190

dynamic range 120:1 900:1

MIP S:N ratio 14:1 14/20/18:1

noise e 1100 <1000

ADC number of bits 8 10

number of time slices 512 1000

power consumption mW/ch 51 35

sampling rate MHz 5, 10 5, 10

readout frequency MHz 0.1 5, 10

integrated non-linearity % <2 0.2
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Figure 30: Simulation showing an ALICE FEC with adapter cards and flexible Kap-
ton cables.

The NA61/SHINE TPCs were designed at a time when 3-D design software was
not readily available. Therefore it was necessary to incorporate the existing 2-D
information, complemented by on-site measurements, into a proper 3-D model.
This was then used to design the cable adapters described in the next section. This
work is to a large part finished and needs only minor additional effort. The fixation
and the cooling of the FECs also has to be considered and is described later.

(ii) Development, construction and tests of prototype input adapter cables:

Due to the big differences in readout connector topology and the large difference in
the number of channels per front-end card (32 vs 128), a careful study of the design
of adapter cables connecting the existing 32 channel NA61/SHINE connectors to
the six 22/21 channel input cables of the ALICE FECs was performed. A possi-
ble scenario for the connection of the FECs to the NA61/SHINE wire chambers is
shown in Fig. 30.

Furthermore, the operation of ALICE has shown a weakness in the input protec-
tion circuit (incorporated into the design of the pre-amplifier/shaper CMOS chip)
of the ALICE FECs. Therefore an additional protection circuit based on SMD com-
ponents will be incorporated into the adapter cables.

Based on the 3-D model, prototype adapter boards are being developed and built
in Frankfurt, see Fig. 31. The very first test of the effect of the protection network
and the increased length of the adapter cables on the noise performance of the
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Figure 31: Details of the design of a Kapton adapter cable including the protection
circuit.

FECs will be tested in an existing test stand at IKF. Further tests are then foreseen
on-detector in NA61/SHINE with a single FEC connected to the upstream corner
of a MTPC chamber, using a special adapter/test set-up from ALICE.

(iii) Design of the mechanical support of the FECs: The mounting of the FECs re-
quires a dedicated effort. For the MTPCs no major problems are expected as suffi-
cient space is available. However, the confined space in the vertex TPCs requires
a special arrangement of the FECs (mounting under an angle). This is presently
studied together with the design of the adapter cards on the output side of the
FECs (see work package (v)).

(iv) Design and implementation of the FEC cooling: The FECs will be cooled follow-
ing the present NA61/SHINE scheme and even use the existing cooling plates.
Another option is the use of fans to remove the heat. This will be decided once
the mounting schemes have been developed and the space constraints are better
known.

(v) Production and tests of interface boards for the connection of the FEC output to
the flexible buses: Due to the different topologies the ALICE FECs cannot be read
out via a rigid bus as in ALICE. Instead a more flexible readout using flat cables
has to be used. Such a cable readout has been already developed for the PHOS
detector in ALICE using the same FECs and RCUs as the TPC, see Fig. 32. This
know-how can be directly applied to the future NA61 readout. Nevertheless, the
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production and tests of the various adapter boards (to FEC and to RCUs) require a
considerable effort, see Fig. 33 and Fig. 34.

Figure 32: One of the three flexible readout bus cables with adapters.

Figure 33: Front-end card with its two adapter cards to connect to the flexible readout
buses.

(vi) Development of read-out and DAQ for the new electronics: The new readout
requires a new DAQ system. A new modular system partly based on the ALICE
HLT design is under investigation. The development and test of a new TPC DAQ
system will be done in parallel to the development of the hardware components
described above.

(vii) Laboratory tests of the new readout chain: Tests of the readout of several FECs in
the lab using the full read-out chain (FECs, flexible cables, small adapter boards,
RCU2s) will be performed in Bergen and at CERN and Warsaw University of Tech-
nology. These tests will be repeated with FECs connected to the upstream corner
of one MTPC chamber with beam in order to see real track signals.

(viii) Design and implementation of a new Low Voltage system: The new readout
system requires power supplies, bus bars and cables for the distribution of the low
voltage (LV). It is foreseen to follow the design of the ALICE TPC LV system using
power supplies from the company Wiener. For the distribution of the LV inside
the chambers a system with bus bars running on one side of the chambers will be

46



Figure 34: RCU with the adapter card plugged on.

used, very similar to ALICE. The connection between bus bars and FECs is then
done by short patch cables.

(ix) Development and implementation of new Detector Control System (DCS): The
new readout system requires a considerable extension of the existing NA61/SHINE
DCS system to make full use of the information supplied by the FECs and the
RCUs. It will follow the software design developed for ALICE.

(x) Dismounting electronics from Alice and mounting in NA61/SHINE: The last
work package listed here deals with the actual dismounting, storage and trans-
port and re-installation in NA61/SHINE of the ≈1700 FECs and ≈70 RCUs from
ALICE requiring close coordination of the activities of the two experiments.

4.5.3 Trigger and DAQ upgrade

The key motivation for the readout system upgrade is the need to increase the event
flow rate from 80 Hz to 1 kHz. This is possible thanks to the ALICE collaboration,
which offers TPC front-end cards capable of collecting data with such rates. The cards
were used with success to read out the ALICE TPCs and with small modification should
be suitable for the NA61/SHINE experiment.

Furthermore, the evolution of the NA61/SHINE physics program requires adding
new sub-detectors to the Data AcQuisition system (DAQ) easily without in-depth knowl-
edge of the DAQ system. Also excluding sub-detectors from the DAQ system, which
are not required for a particular run, would be beneficial to limit the event size.

The current DAQ system is already at the performance limit regarding the number of
detectors as well as the bandwidth. Adaptation of the system would require substantial
modifications. Consequently, it was decided to design a new system which meets the
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future requirements of NA61/SHINE. The most fundamental requirements regarding
the new DAQ system are:

• Speed – 1 kHz readout frequency

• Robustness – extended self diagnostic and adaptation algorithms of the DAQ core.

• Facile Control – shifter friendly interface to monitor and control data taking with
algorithms detecting pre-failing states.

• Use of commercial off-the-shelf (COTS) components – profit from industry progress
and competitive prices.

• Homogeneous Core – data from all subsystems treated in the same way.

• Inhomogeneous Nodes – each sub-detector readout system can be freely chosen
by the sub-detector group.

• Extendibility – adding new detectors in plug-and-play manner. Self subscription
(Nodes) and self adaptation (Core).

• Transparency – detector developers have well defined interface to pack, send and
unpack data. The DAQ details will be hidden from sub-detector developers.

Currently, the raw event size is about 50 MB which after compression (zero-suppression
algorithm) is reduced to about 1.5-5 MB depending on event multiplicity [85]. Adding
new detectors will increase the event size and consequently the cost of hardware and
data storage. To keep the overall cost within a reasonable range, an event size limit
has to be introduced. A maximum size of 20 MB per event should be sufficient for the
NA61/SHINE program beyond 2020.

1 kHz× 20 MB = 20 GB/s = 160 Gb/s (2)

In order to achieve such high readout speed, a network has to have a bandwidth of
20 GB/s as shown in Eq. 2. For the time being the 100 Gb Ethernet is being evaluated
as the technology for the DAQ core. The attractive price, low number of links as well
as flexibility due to high throughput makes 100 GbE a promising technology. Addition-
ally, in order to use the full potential of this technology two techniques are explored:
Remote Direct Memory Access (RDMA) and network package aggregation. The RDMA
reduces CPU involvement in data transmission by bypassing the Linux kernel network
stack. By so doing, the number of buffer copy operations between Open Systems In-
terconnection (OSI) layers is decreased and consequently the CPU time is saved. The
latter technique – network package aggregation – prevents throughput degradation due
to protocol overhead when dealing with very small packages. Therefore it improves
performance greatly when small packages are aggregated into one big buffer and sent
afterwards.
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Figure 35: Overview of the planned NA61/SHINE data acquisition system.
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The general schematic of the new readout system is depicted by Fig. 35. The Detector
Layer is the starting point of data flow. This layer consists of front-end electronics,
which sends data to the next layer – Readout Layer. The technology used to transport
data between those layers as well as everything inside the Detector Layer are not part
of the DAQ project. Thus sub-detector groups can freely choose the technologies they
want to use. This design describes the data flow starting with the Readout Layer.

The Readout Layer consists of nodes, which are sub-event builders. In other words,
a node collects data from the Detector Layer, builds sub-events and sends them to an
Event Builder. Nodes are required to utilize x86-64 architecture and Ethernet technol-
ogy for connection with Event Builders (through the Switching Network). The connec-
tion can be chosen as 1 GbE or 100 GbE depending on the amount of data produced
by the sub-detector. The new DAQ system will provide a library to facilitate sending
sub-events and communication with the Acquisition Supervisor as well as monitoring
facility. Furthermore, the library will also implement a software RAM-based buffer.
Therefore, nodes should have 8GB of RAM at minimum.

For the time being, the design foresees only a level 1 trigger (L1 Trigger). In order
to improve the time response of the trigger, it has to take input signals directly from
the front-end electronics of the beam counters. Signals from other sub-detectors can be
used as additional trigger input signals, if needed.

The Acquisition Supervisor is an integral and central part of the DAQ system and,
at the same time, the most crucial one. It is meant to perform the following functions:

(i) Sending/Updating LookUp Table (LUT) of Event Builder IP addresses.

(ii) Sending control commands such as START, STOP etc.

(iii) Collecting diagnostic data e.g. Buffer occupancy, CPU load etc.

(iv) Performing damage control tasks, e.g. abandoning non-responsive event builders

(v) Providing the DAQ User Interface (UI) for expert and non-expert users

The Event Builders receive sub-events from all nodes and form a final event. The
event is stored in an internal RAM-based buffer until a chunk (set of events) is formed
(1 GB size) which is then sent to the final storage.

The Storage will be delivered by CERN such as CASTOR, EOS etc. However, due to
frequent network bandwidth problems between the experiment and the CERN storage
services, an intermediate storage, which can buffer the data taking of up to three days,
is under consideration

The Vistar [86] will publish the most crucial information about data taking so that
experts can easily monitor the situation. In addition, the Event Monitor and the DCS
will be integrated with the DAQ system.

In order to reduce required the data storage requirements, additionally to the trig-
ger system, a partial online reconstruction (clustering) and an off-line filtration will be
used. The online clustering is already implemented in the TPC readout electronics of
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the ALICE readout system. The first test with one TPC sector is planned for the summer
of 2018. The prototype of the off-line filtration system has already been implemented
successfully on the OpenStack platform. Tests proved that the data can be filtered out
with a low latency of around one hour after data had been collected. Furthermore, con-
struction of the DAQ testbed has already started in November 2017, using more than
30 multi-core dual CPU machines. Before 2020, the testbed will be used for prototyp-
ing of the new data acquisition system. Afterwards, it is meant to be the DAQ replica,
used for developing additional features and further improvement of the existing ones.
Consequently, all developments will be done on the testbed, independently from the
production DAQ, thus without a risk of jeopardizing data taking.

4.5.4 NA61/SHINE PSD upgrade

A forward hadron calorimeter, the Projectile Spectator Detector (PSD), measures for-
ward energy (mostly from projectile spectators) and allows to reconstruct the event
plane independently from the tracking in the Time Projection Chambers (TPCs). In ad-
dition, a fast analog signal from the PSD is used to select at the trigger level events based
on the measured forward energy. The NA61/SHINE physics program beyond 2020 re-
quires a tenfold increase of the beam and trigger rates. This necessitates an upgrade of
the PSD. Details of this upgrade, performance studies, as well as the work schedule are
presented below.

Figure 36: Left: schematic front view of the present PSD of NA61/SHINE. Right:
Photo of the PSD placed on the beam line downstream of the NA61/SHINE detector.
An additional small module (1.8 interaction length) is installed in the front of the
PSD.

Performance of the present PSD of NA61/SHINE
The present PSD consists of 16 central small modules with transverse sizes of 10×10 cm2

and 28 outer large modules with transverse sizes 20×20 cm2 (Fig. 36 (left)). The length
(depth) of the modules is 5.6 interaction lengths. The present PSD has no beam hole in
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the centre. A small additional module is installed in front of the centre of the PSD to
improve the energy reconstruction for heavy fragments (Fig. 36 (right)).

Figure 37: Response linearity (left) and energy resolution (right) of the PSD.

The present PSD has a good response linearity and energy resolution
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according to measurements with proton beams in the energy range 20–158A GeV (see
Fig. 37). Results are shown for the case when the proton beam hits one of the PSD
central modules.

Motivation for the PSD upgrade.
The increase of the lead ion beam intensity by more than one order of magnitude (up

to 105 ions per second) requires upgrades of the radiation hardness and protection as
well as of readout rate of the PSD.

The radiation hardness problems with scintillator tiles, SiPMs, FEE and readout elec-
tronics in the central modules of the present PSD.

Figure 38 shows the radiation dose and neutron fluence simulated with the FLUKA
code for the present PSD. The Pb beam rate was assumed as 5× 104 ions per second.
The accumulated radiation dose during one month of data taking significantly exceeds
103 Gy for the central part of the present PSD. Light transparency of the scintillator tiles
degrades significantly above this dose. Moreover, the neutron fluence is of the order
of 1012 n/cm2 near the beam axis behind the calorimeter. This would cause degrada-
tion of the performance of the MPPC photo-detectors (increase of dark current, drop of
gain, etc.) placed at the rear side of the calorimeter as well as of the commercial FPGAs
used in the present readout electronics and also situated at the rear side of each mod-
ule. Thus, the radiation hardness problems will lead to the deterioration of reliability
and response of the calorimeter.
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Figure 38: Left: radiation dose distribution along the PSD for Pb ions of 150A GeV/c
and 13A GeV/c. Right: neutron fluence as function of distance from the beam axis at
the rear side of the PSD for the same beam momenta.

PSD readout at high Pb beam rate.
In the present PSD only 16 small central modules use fast Hamamatsu MPPC pho-

todetectors. Rather old MAPD-3A photodiodes with slow pixel recovery time are used
in the other 28 large modules.

Figure 39 shows the dependence of the signal amplitude on the proton beam rate for
one of the PSD sections. There is no reduction of the MPPC amplitude at a beam rate
of 105 protons per second. The present readout electronics is based on 33 MSPS ADCs.
Neither the slow photo-diodes nor the readout electronics are suitable for the higher
beam intensity planned for NA61/SHINE beyond 2020.

Radiation shielding.
The increase of the Pb beam rate by more than one order of magnitude will lead to

a radiation alarm in the experimental area of NA61/SHINE, because the present PSD
serves as an active beam dump. Therefore, the PSD must be protected by additional
concrete shielding. This is practically impossible for the present calorimeter because it
is placed on a movable platform with large transverse size which is used to change the
position of the PSD during data taking runs.

Planned upgrades of the NA61/SHINE PSD.
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Figure 39: MPPC and MAPD signal amplitudes as a function of proton beam rate in
one of the PSD sections.

Setup with two calorimeters.
To solve the problems mentioned above, it is proposed to use two calorimeters, the

Main (M-PSD) and a Forward (F-PSD), see Fig. 40, instead of the present PSD. The M-
PSD would be based on the present PSD with the 16 small central modules replaced by
four new central modules with transverse sizes 20×20 cm2 and with truncated edges
forming a beam hole of 60 mm diameter at the center. In addition, 8 cm thick boron
polyethylene blocks placed at the rear side of each of these modules will reduce the
neutron fluence in the front of the MPPCs.

The F-PSD is an additional small calorimeter placed at a distance of 4.6 m down-
stream of the M-PSD, see Fig. 41. It consists of 9 modules with transverse sizes of
20×20 cm2. All F-PSD modules will have 5.6 λint interaction lengths, the same as in
the M-PSD, except for a longer central module of 7.8 λint. As for the M-PSD, 8 cm thick
boron polyethylene blocks will be placed at the rear side of each module. According
to simulations, the two calorimeter setup will decrease the hadron shower leakage for
Pb+Pb interactions at 150A GeV/c from 11 % for the present PSD to 4 %.

Radiation dose estimate.
The distribution of the radiation dose simulated with the FLUKA code for Pb+Pb col-

lisions at 150A GeV/c are shown in Fig. 42 for the M-PSD and the F-PSD. The radiation
dose and neutron fluence for the M-PSD are at an acceptable level even in the central
modules. The expected radiation dose in the central module of the F-PSD is large, lead-
ing to loss of transparency of the scintillator tiles. But because the F-PSD will measure
mainly heavy fragments producing a large amount of light, the attenuation can be com-
pensated by increasing the MPPC bias voltages. The neutron fluences for the MPPCs in
the F-PSD are at an acceptable level. Clearly, permanent monitoring is necessary for the

54



Figure 40: Schematic front view of the current PSD and the proposed new M-PSD
and F-PSD calorimeters.

Figure 41: Horizontal cut of the proposed two calorimeter setup for NA61/SHINE.

F-PSD during data taking.
It is also important to take into account the activation of the M-PSD and F-PSD due

to the high beam rate. Permitted activation for access is 0.5 µSv/h. According to sim-
ulations, the M-PSD activation will decrease to the permitted level already after one
day without the beam. The activation of the F-PSD is significantly higher and decreases
to the permitted level of activation only 6 months after stop of the beam. Additional
concrete shielding of the F-PSD will be required for radiation protection.

Reaction plane determination.
The precision of the reaction plane determination for Pb+Pb collisions at 150A GeV/c

with the present PSD and with the two calorimeter setup is shown in Figs. 43 left and
right, respectively. One concludes that the precision of the reaction plane determination
for semi-peripheral collisions remains almost unchanged.
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Figure 42: Radiation dose distributions along the M-PSD and the F-PSD (left) and
neutron fluence distributions as a function of distance from the beam axis at the rear
sides of the M-PSD and F-PSD (right) for the two calorimeter setup.

Figure 43: Reaction plane resolution as a function of centrality in Pb+Pb collisions at
150A GeV/c determined with the present PSD (left) and with the M-PSD and F-PSD
setup (right).
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4.6 Beam Request for 2022

Measurements of charm production in Pb+Pb collisions as discussed in this section
require 42 days of Pb beam at 150A GeV/c in 2022.

Beam requests for 2023 and 2024 will be the subject of future addenda.
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5 Considered measurements with primary light ion beams

The results on the onset of fireball presented in Sec. 4.1.2 ask for precise measurements
of hadron production properties in collisions of light ions with nuclear mass number be-
tween 7Be and 40Ar. This will allow to establish the nuclear mass number dependence
in the transition region from p+p and Be+Be collisions to Ar+Sc and Pb+Pb collisions.
Consequently a mechanism of the rapid change from non-statistical to statistical sys-
tems created in these collisions can be uncovered.

Data taking for C+C and Mg+Mg collisions at 13A GeV/c, 30A GeV/c and 150A GeV/c
is considered. The measurements will require primary C and Mg beams. Secondary
beams do not provide sufficient beam intensity and purity for the needed ions [87].
Measurements will be requested as soon as the corresponding results from the already
recorded reactions will have been obtained. This is expected before the first data taking
after the LS2 in 2022.

The measurements will require precise identification of charged kaons at mid-rapidity.
This, in turn, requires new time-of-flight detectors with performance similar to that of
the currently used ToF-L and ToF-R detectors.

5.1 The MRPC for the Time of Flight system

5.1.1 Introduction

The present Time of Flight (ToF) identification system of NA61/SHINE consists of two
walls of 891 scintillation detectors each, designed and produced in 1997 at the Univer-
sity of Marburg and at the LHE JINR. It has a time resolution of about 75 ps, allowing
to separate kaons from pions below 8 GeV/c [88].

After 20 years of operation all parts of the system require upgrades due to significant
ageing of scintillators, photo-multipliers, power supplies as well as the obsolete readout
electronics and cables. New ToF detectors based on multi-gap resistive plate chambers
(MRPC) are proposed as replacement. At present, MRPCs are under construction for
ToF identification in the BM@N experiment at the NICA facility [89]. In 2016 a BM@N
type MRPC was tested next to the ToF-L wall of NA61/SHINE.

5.1.2 15-gap MRPC with strip readout

A schematic drawing of the triple-stack MRPC [90] is presented in Fig. 44. The detec-
tor consists of three stacks of 5 gas gaps each. Float glass was used for the resistive
electrodes. The outer glass electrodes have a thickness of 400 µm. The internal glass
electrodes have a thickness of 280 µm. A fishing line serves as a spacer and defines
the 200 µm gap between the resistive electrodes. The outer surface of the external glass
electrodes is covered by conductive paint with surface resistivity of about 10 MΩ/�
to allow applying the high voltage. All internal glass plates are floating. The overall
dimensions of the detector (600×300 mm2) are determined by the available size of the
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Figure 44: Cut view of the triple-stack MRPC.

Figure 45: Layout of the MRPC readout electrode.

glass sheets. The the inner layer of the readout PCB is covered by 48 pick-up strip elec-
trodes with pitch of 12.5 mm as shown in Fig. 45. It is necessary for better electrical
isolation of the strips from the high voltage layer.

The differential analogue signal is transferred from the PCB to the frontend elec-
tronics (FEE) board by doubled twisted pair cable. The FEEs based on the NINO ASIC
were designed by JINR [91]. The signal is read out from both ends of the strip. This pro-
vides better time resolution and a determination of the coordinate of a particle along the
strip. Digitization of the signal is provided by the VME based time-to-digital converter
TDC72VHL [92] designed by JINR. The native time resolution of the readout electronics
is below 20 ps.
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Figure 46: Location of the MRPC test setup in 2016: strip RPCs (SRPC,SR1,SR2) and
pad RPCs (PRPC1 and PRPC2) were placed behind the ToF-L wall of NA61/SHINE.

5.1.3 MRPC test in NA61/SHINE

A full-scale prototype of a BM@N type triple stack MRPC was tested in NA61/SHINE
in November 2016. The test set-up was positioned behind the ToF-L wall as shown in
Fig. 46. It registered particles produced in Pb+Pb collisions at 30A GeV/c. The test data
were recorded by a stand-alone data acquisition system. Two type of triggers were used
in the test.

(i) coincidence of two scintillator counters before (SR1) and after (SR2) the MRPCs,

(ii) central interaction trigger (T2) from NA61/SHINE.

The two MRPCs (PRPC1 and PRPC2) with pad readout [93] were used as a reference to
define the time resolution of the tested MRPC.

The time resolution of the MRPC was derived from the distribution of time differ-
ences between the tested MRPC and the two start MRPCs, as shown in Fig. 47 (left).
As the time resolution of one pad MRPC is about 62 ps, the time resolution of the sys-
tem of two detectors is 62/

√
2 ≈ 44 ps. The time resolution of the tested MRPC is√

662 − 442 ≈ 50 ps. The momentum spectrum of particles crossing the MRPCs was not
measured, but its influence can be neglected as the distance between the tested MRPC
and the start MRPCs is only 10 cm.
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Figure 47: Left: Distribution of the time difference between the tested MRPC and
the mean time of two reference MRPCs with pad readout. Right: Time difference
between the signals from two ends of the strip of the MRPC for different positions of
particles. Each peak represents the image of a pad on the strip.

The position of the particle impact point along the strip of the tested MRPC can be
calculated from the time difference between the signals from the two opposite ends of
the strip. The pad MRPCs were used as a rough tracking system. From Fig. 47 (right) one
can estimate the velocity of the signal on the strip: (0.28+ 0.14)/(4× 1.75) = 60 ps/cm.
If particles cross only one pad in each reference MRPC, one can evaluate the spatial
resolution of the tested MRPC along the strip. For one pad with a pitch of 17.5 mm
one expects the distribution of the time difference between the ends of the strip to be
uniform with standard deviation of 1.75/

√
12 = 0.51 cm. In practice, the standard

deviation of the distribution of pad projection on the strip is 50 ps (see Fig. 47 (right))
or 50/60 = 0.83 cm. Hence, the position resolution along the strip can be calculated as√

0.832 − 0.512 = 0.65 cm.
From the data collected with central interaction trigger one can evaluate the multi-

plicity of particles hitting the ToF wall for 30A GeV/c Pb+Pb interaction. The resulting
mean occupancy per strip is about 10% (Fig. 48). This means that this type of electrode
was suitable in the region where the MRPC was tested. Most likely, shorter readout
electrodes will be needed for regions located closer to the beam axis. It is planned to
evaluate maximum occupancies for the whole ToF acceptance. Based on this informa-
tion one will be able to design detectors with optimal size of readout electrodes and
number of channels.

5.1.4 Possible layout of the MRPC ToF wall

One of the possible variants of the arrangement of the detectors in the ToF wall is shown
in Fig. 49. A wall of 1008 strips of 15×1 cm2 covers an area of about 1.9 m2. The oc-
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Figure 48: Mean number of hits per strip of the MRPC for one Pb+Pb interaction at
30A GeV/c. The beam line is at a distance of 250 cm to the right (See Fig. 44).

Figure 49: Possible arrangement of the MRPC ToF wall.

cupancy should stay below 10% for the maximum possible multiplicity of particles.
Simulation-based optimization of the design is ongoing.

Considered measurements with primary light ion beams for the study of the onset
of fireball do not lead to a beam request for 2022.

The measurements will be requested in a future addendum as soon as the corre-
sponding results from the already recorded reactions will have been obtained. This is
expected before the first data taking after the LS2 in 2022.
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6 High statistics studies of spectator-induced effects in
Pb+Pb collisions

The research programme proposed in this Addendum offers a unique opportunity for
studies of electromagnetic as well as other effects induced by the spectator system in
Pb+Pb collisions. Such effects are already under study in NA61/SHINE as they offer
new, independent information on the longitudinal space-time evolution of the system
of deconfined matter created in the collision. The presently available information covers
the system size dependence of the electromagnetic (EM) distortion of π+/π−ratios (ex-
amples for intermediate multiplicity Ar+Sc and peripheral Pb+Pb collisions are shown
in Figs 50 (a), (b)). The theoretical counterpart of this activity is described in Refs. [97,98]
where the space-time observations from EM effects have been used to evaluate the role
of local energy-momentum conservation rules in the longitudinal evolution of the sys-
tem and to explain the centrality dependence of measured charged pion rapidity spectra
and yields.

For the NA61/SHINE beyond 2020 programme, a new subject of presently increas-
ing interest is the space-time evolution of the nuclear spectator remnant. From the point
of view of “classical” (low energy) nuclear physics, the spectator system after abrasion4

is quite an “exotic”, highly deformed and excited state, its space-time evolution being
affected by several different processes: evaporation, fission, multifragmentation, and
vaporisation [99]. Recent theoretical work based on the multidimensional stochastic
Langevin equation [95, 100] shows that the different state-of-the-art abrasion scenarios
result in very different predictions for the spectator excitation energy (Fig. 50 (c)), but
also that theoretical tools exist to compute the ensuing space-time evolution (Fig. 50 (d)).
The experimental verification of these model predictions is, for the “extreme” case of the
spectator system, the domain of ultrarelativistic heavy ion rather than classical nuclear
physics. While momentum distributions and isotopic spectra of nuclear fragments for
different systems and energies have been measured in the past, these give information
only on the final state of the reaction, with no direct insight into its space-time evolution.
EM effects, on the other hand, are known to be sensitive to the space-time evolution of
spectator fragmentation. This is illustrated in Figs. 50 (e), (f), (g) which show that the EM
distortion of π+/π−ratios in peripheral Pb+Pb collisions depends on spectator volume.
Thus the hope emerges for using ultra-relativistic Pb+Pb collisions as a high statistics
charged pion “factory” for spectator break-up time scale evaluation. EM effects have
been applied to such purpose in the past [101].

The new measurements of spectator-induced EM effects will necessitate neither an
improvement in detector set-up nor additional data with respect to those planned for
open charm measurements. On the contrary, these “parasitic” studies will greatly bene-
fit from the NA61/SHINE detector upgrades made for the latter purpose, with no extra
requirements. Two main benefits should be pointed out:

4Abrasion is the process in which the spectator is torn off from the colliding nucleus.
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(i) The inclusion of a new vertex detector will improve the event vertex reconstruc-
tion resolution, and consequently significantly decrease the beam-gas background
contribution for peripheral Pb+Pb events. It is therefore to be expected that more
peripheral Pb+Pb collisions will become available for analysis. This constitutes
an important advantage over existing studies as it “anchors” the measurement
of the centrality dependence of EM effects in the region of high spectator mass-
es/charges, corresponding to low excitation energies (Fig. 50 (c)). This creates a
useful reference point where a “maximally stable” spectator system simplifies any
possible phenomenological analysis, see e.g. Ref. [102, 103].

(ii) High statistics is the decisive factor for this measurement. The requested data
taking for the charm program should lead to 16 · 107 peripheral Pb+Pb collisions
at 150A GeV/c, 16 · 107 mid-central Pb+Pb collisions at 150A GeV/c and 16 · 107

central Pb+Pb collisions at 150A GeV/c to be recorded. This will results in more
than tenfold increase in statistics with respect to the analysis shown in Fig. 50 (b).
This is of particular importance in view of the very steep structures created by
EM effects in the d2n/dxFdpT spectra of final state particles. An example of such
structures is given in Figs. 50 (h) and (i), where the Monte Carlo simulation of EM-
induced enhancement of summed charged pion (mostly π−) emission [98] in the
vicinity of spectators (xF=0.15, low pT) is shown as a function of applied histogram
binning. With a granularity increased by at least a factor of 3 x 3 with respect
to the present measurement, a much better knowledge of these structures, and
consequently a higher sensitivity to the space-time evolution of participant and
spectator systems, is can be achieved.

The new measurements will not require new data analysis methods nor know-how with
respect to what is already available in the NA61/SHINE Collaboration, evidently with
the exception of software to be anyway developed in view of TPC upgrades and access
to information from the Vertex Detector. The obtained new experimental data can, on
the other hand, impose a challenge for existing models of nuclear dynamics both at low
(MeV-scale) and high (GeV-scale) energies.

High statistics studies of spectator-induced effects in Pb+Pb collisions will be
performed using data on Pb+Pb collisions recorded in 2022 for the charm program.
Thus there is no beam request for 2022 specific to the physics of spectator-induced
effects.
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Figure 50: (a) Electromagnetic distortion of the π+/π− ratio measured in intermedi-
ate multiplicity Ar+Sc reactions at 150A GeV/c, drawn as a function of xF at fixed val-
ues of pT. (b) Same for peripheral Pb+Pb collisions at 158A GeV [94]. (c) Correlation
between spectator mass, charge and excitation energy in two abrasion models (LSD,
ABRABLA), for two deexcitation channels (evaporation, fission) in Pb+Pb reactions
at 158A GeV [95]. (d) Corresponding mean fission time in collision centre-of-mass
frame as a function of the collision impact parameter, in the LSD-Langevin model, as
well as mean fission times averaged over all considered impact parameters for the
LSD-Langevin and ABRA-Langevin models [95]. (e), (f), (g) Results of Monte Carlo
simulation of peripheral Pb+Pb collisions at 158A GeV, for three different charged
spectator volumes corresponding to its original, doubled and tripled radius R0 (see
text) [94]. (h) Enhancement of summed charged pion production in peripheral Pb+Pb
over p+p reactions in the (xF, pT) binning corresponding to the present experimental
analysis. (i) Same in finer (xF, pT) binning. Plots in panels (c) and (d) courtesy of
Katarzyna Mazurek, 2017. Plots in panels (b)-(g) are redrawn from [96].
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7 Measurements for Cosmic-Ray Research

7.1 Nuclear Fragmentation Cross Sections

7.1.1 Introduction

A wealth of new data on Galactic cosmic rays has recently been collected by the AMS
and PAMELA space experiments. The fluxes of leptons, nuclei and antiprotons from
GeV to TeV are now known to an unprecedented percent-level precision [104–112] and
new detectors such as DAMPE, ISS-CREAM and CALET are pushing to even higher
energies (see e.g. [113,114]). These new data sets provide a unique diagnostic of cosmic-
ray propagation in the Galaxy [115, 116] and an opportunity to find signatures of dark
matter annihilation in the Galaxy [117, 118].

Cosmic rays can be classified as being of primary or secondary origin. Primary
cosmic-ray nuclei are assumed to be accelerated in supernova remnants (e.g., p, He, C,
N, O, Fe), whereas secondary cosmic rays are created in nuclear interactions of primary
cosmic rays with protons and helium nuclei of the interstellar medium (e.g. e+, p̄, d, Li,
Be, B). The flux ratios of secondary to primary cosmic rays are key observables to deter-
mine the characteristics of propagation of cosmic rays in the Galaxy, such as the effective
diffusion coefficient and its energy dependence, the column depth of material traversed
by cosmic rays and the time they spend in the Galaxy before escaping. The most studied
flux ratio is the B/C ratio because it is the experimentally most-accessible. The parame-
ters of cosmic-ray diffusion in the Galaxy are estimated by analyzing the measured flux
ratios of secondary and primary nuclei for an assumed propagation model. Using these
parameters, the secondary background fluxes (e.g., positrons and antiprotons produced
from interaction of primary cosmic rays with the interstellar medium) can be predicted.
Unfortunately, this approach is severely hampered by uncertainties in the modeling of
the propagation of cosmic rays in the Galaxy due to uncertainties of the cross sections
for nuclear fragmentation on the level of 10–20% [119–123]. These uncertainties propa-
gate directly to the flux predictions, i.e., if the integrated mass density is derived from
the measured B/C ratio with 20% too low cross section for boron production, then the
predicted secondary antimatter fluxes will be 20% too low as well (see e.g. [124]). A typ-
ical example of existing data relevant for cosmic-ray fragmentation is shown in Fig. 51.
As can be seen, most of the previous measurements of Boron production in C+p inter-
actions were performed at low energies. For the interpretation of cosmic-ray data, the
asymptotic behavior of the fragmentation cross section above 10 GeV per nucleon is of
major importance, since the current cosmic-ray measurements cover energies to up to
several hundreds of GeV per nucleon. The measurement campaign proposed in the fol-
lowing will address the lack of precise measurements of fragmentation cross sections
relevant to cosmic-ray transport in the Galaxy at high energies.
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Figure 51: Current measurements of the fragmentation cross sections of C + p →
11B and → 10B as a function of energy per nucleon. Two different fits of the cross
section data are shown by the red and black dashed lines. The light gray/red bands
indicate the statistical uncertainty of the fits. The energy of the proposed NA61/
SHINE measurements is shown as a vertical blue arrow. (Figure adapted from [123]).
The energy range of main interest for cosmic-ray physics is above 1 GeV/n.

7.1.2 Proposed Measurements

We propose to measure fragmentation cross sections relevant for the production of Li,
Be, B, C and N nuclei. These elements are of particular importance for the physics of
cosmic rays in the Galaxy. Most of the studies of the cosmic-ray propagation are based
on the B flux as mentioned above. In addition, Li provides a test of transport parameters
complimentary to B. C and N are mostly primary nuclei, but the secondary fraction can
reach ∼20-30%. Finally, different isotopes of Be are used to constrain the propagation
time of cosmic rays (“cosmic-ray clock”).

A detailed study of cross sections relevant for secondary cosmic rays has been per-
formed in [125] using the semi-analytical propagation code USINE [126, 127] together
with different cross section parametrizations. The impact of the fragmentation cross
section of a given primary cosmic-ray species on the total flux is calculated by repeat-
edly running full propagation calculations in which a certain production channel is set
to zero.

In these studies the most important reactions for secondary cosmic ray production
were identified. These are visualized in Figs. 52 and 53 for Li, Be, B, C and N nuclei.

Here we propose to measure the n most important reactions needed to reduce the
current uncertainties below desired uncertainty given by current space experiments, i.e.
the reactions left of the intersection of the green benchmark curve and the dashed curve
in Figs. 52 and 53. This leads to 13 reaction to be measured, 11 of which require a proton
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Figure 52: Evolution of uncertainty of predictions on the calculated Li, Be, and B
fluxes at 10 A GeV/c as a function of reaction. The plot is to be read from left to right,
with the first bin giving the currently estimated uncertainty on the flux (no new cross
section measurement) and consecutive bins showing the remaining uncertainty from
the reactions left to the bin. The three sets of curves correspond to three different
assumptions made on the cross-section errors: correlated, uncorrelated, or a mixture
of these two assuming ∆σcurrent

r = 20%. (plots taken from [125]).
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Figure 53: Evolution of uncertainty of predictions on the calculated C and N fluxes
at 10 A GeV/c as a function of reaction. See Fig. 52 for further explanations. (plots
taken from [125]).

target and 2 a helium target.
The statistical uncertainty of secondary cosmic-ray fluxes of type c depending on the

number of recorded nuclear a + b interactions can be determined via(
∆ψsec

ψsec

)
ab
=

1√
N
Cab. (4)

where the constants Cab were calculated in Ref. [125] taking into account the flux impacts
and partial production cross sections. They are listed in Tab. 7 for the aforementioned
13 reactions. Each projectile and target combination needs to be measured until the
individual uncertainty from the respective reaction becomes less than ξ/

√
n, where ξ

is the desired accuracy of the sum of uncertainties of the considered reactions. The
number of interactions to be recorded for each reaction is thus

Nab ≥ n (Cab/ξ)2. (5)

Previous cross sections measurements of NA61/SHINE had a detector-related sys-
tematic uncertainty of 0.5% [128]. Aiming at a total uncertainty (statistical plus sys-
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Table 7: Cab coefficients (see text) for the fluxes of cosmic-ray nuclei as indicated in
the table header. The first column list the reaction a + b and the second column gives
the Cab coefficient.

Li

16O + H 1.057

12C + H 0.773

16O + He 0.615

14N + H 0.410

12C + He 0.158

24Mg + H 0.152

11B + H 0.134

15N + H 0.120

13C + H 0.115

10B + H 0.066

7Li + H 0.059

Be

16O + H 1.419

12C + H 0.986

16O + He 0.881

14N + H 0.558

28Si + H 0.202

12C + He 0.192

24Mg + H 0.192

20Ne + H 0.130

10B + H 0.083

C

16O + H 1.047

B

12C + H 0.808

16O + H 0.656

16O + He 0.609

14N + H 0.574

12C + He 0.148

11B + H 0.108

N

16O + H 1.278

16O + He 0.219

20Ne + H 0.138

tematic added in quadrature) of 1% gives ξ = 0.0087 and the corresponding number
of desired interactions from Eq. 5 is given in Table 8. For each reaction the maximum
number needed for any of Li, Be, B, C and N is quoted.

7.1.3 Experimental Setup

The NA61/SHINE facility has already successfully taken data with light ion beams [129]
and can be used with practically no modifications to perform the needed cross section
measurements at isotope level (Fig. 54). Already in 2018, the NA61/SHINE facility
will be used for a pilot run to establish the feasibility of fragmentation cross section
measurements [130].

The main experimental components needed for the proposed measurement can be
summarized as follows:
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Table 8: Desired number of interactions, Ninter to be recorded for different reactions.

reaction Ninter A/Z

16O + H 250k 2

12C + H 150k 2

16O + He 100k 2

14N + H 40k 2

10B + H 5k 2

11B + H 5k 2

12C + He 5k 2

13C + H 5k 11/5

15N + H 5k 13/6

20Ne + H 5k 15/7

24Mg + H 5k 2

28Si + H 5k 2

7Li + H 5k 7/3

∑ = 0.6M

(i) secondary ion beam: nuclear fragments from SPS, Pb on primary target, p =
13A GeV/c at different A/Z settings. p = 13A GeV/c is about the lowest energy for
secondary ions at the SPS. This energy is well in the high energy region of Fig. 51
where new data is desperately needed and at the same time it is low enough to
allow for a precise determination of the properties of the projectile and fragment
with the NA61/SHINE setup.

(ii) target: the main data taking for X+H reactions will alternate between thin polyethy-
lene (C2H4) and carbon targets and a small fraction of runs without any target.
A systematic cross check of this measurement scheme will be performed by tak-
ing data with the standard NA61 liquid hydrogen target (ρ × l = 1.42 g/cm2,
re-interaction probability ∼ 14%). The implementation of the helium target is still
under study.

71



Figure 54: Simulation of the identification of isotopes of fragmented ions NA61/
SHINE.

(iii) beam pid: Measurement of the projectile mass Ab from its time of flight over a
distance of 240 m and determination of its charge Zb from the energy deposit in
a scintillator and amount of Cherenkov light produced in a quartz plate. Both
techniques give a signal proportional to Z2 of the particle.

(iv) fragment pid: Measurement of the charge of the fragment from the energy de-
posit in a scintillator downstream of the target and the energy deposit in the TPCs.
Determination of the rigidity of the fragment (and thus mass given the measured
charge) from the bending in the NA61 superconducting magnets with a maximum
bending power of 9 Tm.

This experimental set-up is described in more detail in [130]. The ability to separate dif-
ferent isotopes from fragmentation interactions for a given charge was validated with
simulations. Fragments were generated at the target position with a smeared momen-
tum to mimic the momentum acceptance of the SPS beam line and then passed through
a full GEANT4 description of the NA61/SHINE setup. The results of the simulation are
displayed in Fig. 54. The individual ions are well separated, demonstrating the ability
of the proposed setup to measure the production cross section of individual ions.
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Figure 55: Predicted antideuteron fluxes from different dark matter models and
astrophysical processes [131–134]. Also shown are limits from BESS [135] and the
projected sensitivity of AMS-02 [136] (updated for measurement time, geomagnetic
cutoff model, background fluxes) and GAPS [137, 138].

7.2 Dark Matter Searches with Cosmic-ray Antinuclei

The existence of dark matter is established on very different length scales from galaxies
to galaxy clusters to the cosmic microwave background [139]. Little is known about
dark matter particles except that they are gravitationally interacting, but other than that
only very weakly interacting - if at all - with regular matter. Many theories trying to
explain dark matter suggest a stable, relatively heavy particle - the weakly interacting
massive particle (WIMP). All WIMPs invoke physics beyond the Standard Model of
particle physics.

If dark matter was in thermal equilibrium in the early universe it is natural to assume
that dark matter particles are able to annihilate with each other and produce Standard
Model particles. These particles would contribute to the known cosmic rays, and thus
an imprint of dark matter might be observable as an excess on top of the diffuse cosmic-
ray flux. Dark matter models providing a very long-lived unstable candidate decaying
into Standard Model particles might be detectable in a similar way. Cosmic-ray antipar-
ticles without primary astrophysical sources are ideal candidates for such a dark matter
search. The positron fraction results of PAMELA [140], Fermi [141], AMS-01 [142], AMS-
02 [143, 144] show evidence of a structure that might be interpreted as induced by, e.g.,
dark matter or nearby pulsars [145]. Also the AMS-02 antiproton-to-proton ratio [107] is
inconclusive: some models do not require any additional component [146], while others
see potential evidence for dark matter annihilation [147]. The latter publication is espe-
cially interesting because it combines the antiproton measurements with a γ-ray excess
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observed by Fermi in the Galactic Center region [148].
Anti-deuterons may also be generated in dark matter annihilations or decays, offer-

ing a potential breakthrough in unexplored phase space for dark matter. The unique
strength of searching for low-energy anti-deuterons lies in the ultra-low astrophysical
background [131, 132, 149–152]. The final report of the strategic planning for U.S. par-
ticle physics concludes that: “Future experiments sensitive to anti-deuteron fluxes at
low energies may provide incisive tests of some WIMP dark matter candidates” [153].
Cosmic-ray anti-deuterons from any source have not been discovered so far and the
best limits are given by the BESS experiment [135]. Fig. 55 reveals why low-energy anti-
deuterons are such an important approach: the fluxes from a wide range of viable dark
matter models [131–133] exceed the astrophysical background [134] by O(100) in the
low-energy range below a few GeV/nucleon. This is in strong contrast to positrons,
anti-protons, and γ-rays where only a small contribution on top of the background is
expected in optimistic scenarios.

7.2.1 Anti-deuteron Formation

Although the predicted low-energy flux of antideuterons from dark matter annihila-
tions or decays is much higher in many models, the uncertainties of anti-deuteron for-
mation and propagation are on the order of a factor of 10 and should be reduced for a
more powerful dark matter interpretation. The formation of nuclei in hadronic interac-
tions is described by different models. It is an important question whether (anti)deuterons
are produced at chemical freeze-out from a quark-gluon plasma or at a later stage
via coalescence. The conclusion of the following short overview is that more experi-
mental data and better modelling of (anti)deuteron formation are needed. This is in
agreement with one outcome of the first dedicated cosmic-ray anti-deuteron work-
shop [154] that the measurement of (anti-)deuteron production in p+p interactions at
pLAB = 40− 400 GeV/c is of utmost importance.

The studies proposed in the following will have significant impact on dark matter
searches with cosmic rays. It was pointed out by the authors of Refs. [155, 156] that
more precise anti-proton data are needed to improve the modelling of the astrophysical
anti-proton flux. Furthermore, the improved anti-deuteron coalescence modelling in
the energy range that is most crucial for cosmic rays will decrease the uncertainties for
the astrophysical background flux from about a factor of 10 [132] to about 2.

7.2.2 Coalescence Model

The fusion of an anti-proton and an anti-neutron into an anti-deuteron can be described
by the simple coalescence model, which is based on the assumption that any pair of
(anti-)proton and (anti-)neutron within a sphere of radius p0 in momentum space will
coalesce to produce an (anti)nucleus. The coalescence momentum p0 is a phenomeno-
logical quantity and cannot be calculated from first principles. Therefore, it has to be
determined through fits to experimental data [157]. In this approach, the (anti-)deuteron
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spectrum is given by:

γd
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dp3
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=
π
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0
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dp3
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dp3
n

)
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where pi and dNi/dpi are, respectively, the momentum and the differential yield per
event of particle i (d=(anti-)deuteron, p=(anti-)proton, n=(anti-)neutron). The coales-
cence momentum is a critical value because it enters to the third power and directly
scales the yield, and as such the cosmic-ray flux. The state-of-the-art technique is to
apply the coalescence condition to pn pairs on a per-event basis in Monte Carlo simu-
lations. Tuning to experimental data typically yields best-fit p0 values in the range of
about 100 MeV/c, which is smaller than the typical scale at which the perturbative the-
ory of Quantum Chromodynamics breaks down. As a result, the coalescence model is
sensitive to non-perturbative effects in the hadronic generators.

A recent study [158] combined results from existing anti-deuteron measurements.
The left panel of Fig. 56 illustrates the best current understanding of the modified coa-
lescence momentum, a slight redefinition compared to Eq. 6, for anti-deuteron produc-
tion as a function of energy in the laboratory frame. The underlying data sets come from
many different experiments, some dating back several decades. The different points are
derived from mostly poorly constrained production cross section spectra. Due to the
shape of the primary cosmic-ray spectrum, especially interesting for the understand-
ing of cosmic-ray anti-deuterons is the steep increase of the coalescence momentum
between 10 to 100 GeV/c of beam momentum.

7.2.3 Thermal model

The production of light nuclei in p+p interactions can also be discussed in a thermal
model approach, where the hadronization happens in fireballs [159–161]. The resulting
particle spectra can be used to examine the conditions at freeze-out. In this model, the
particle yields depend approximately exponentially on the chemical freeze-out temper-
ature Tchem and the mass m: dN/dy ∝ exp (−m/Tchem). Due to their large masses, the
abundance of nuclei is very sensitive to Tchem. The value of Tchem obtained from data is
about 170 MeV and shows a low energy dependence.

7.2.4 Anti-deuteron Formation Studies

The goal of this proposal is to improve the understanding of (anti-)deuteron formation
by analysing large statistics p+p data sets in the range of 20–400 GeV/c. Therefore, it
is proposed to collect 600 million collision each at 20, 158 and 400 GeV/c with NA61/
SHINE. This request becomes feasible because of the about ten-times faster detector
readout. It will have the big advantage of having precision data from a single modern
experiment rather than relying on a number of different older experiments with par-
tially unknown systematic effects. The right panel of Fig. 56 illustrates the impact on
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Figure 56: Left: Modified coalescence momentum p′0 (see Ref. [158]) for anti-
deuterons as function of kinetic energy for two different hadronic generators. The
Geant4 FTFP-BERT model could not be used to simulate the highest energies. Right:
Estimates from EPOSLHC simulations for differential invariant anti-deuteron pro-
duction cross sections in p+p interactions at 158 GeV/c for 60 and 600 millions, re-
spectively.

the error bars of the anti-deuteron production cross section using EPOSLHC simulations
and reasonable estimates for NA61/SHINE detection efficiencies. Overall, the error bars
are roughly a factor of 4 smaller for 600 million collisions compared to the estimates for
existing data from 2010/2011 with 60 million collisions. This directly translates into a
better factor of 4 better understanding of the coalescence momentum, reducing an im-
portant uncertainty for the cosmic-ray anti-deuteron understanding significantly. The
following paragraphs outline the different steps in the analysis that need to be taken to
improve the anti-deuteron formation for hadronic event generators like EPOSLHC.

7.2.5 Measurement of Nucleon Production Channels

As mentioned above, a lot of the data that were used for the development of the mod-
ified coalescence model dates back several decades [158]. Therefore, it is important
to add new results from experiments with up-to-date techniques in hardware and data
analysis to reduce systematic errors. As was already started with lower statistics NA61/
SHINE p+p data [162], detailed measurements of various (anti-)proton production chan-
nels will be performed to tune hadronic generators. The left panel of Fig. 57 shows the
EPOSLHC prediction for the number of particles and particle pairs produced per col-
lision in p+p interactions at 158 GeV/c. As (anti)deuterons are composed of two (anti-
)nucleons, it is most interesting to study channels with at least two (anti-)nucleons in
the final state.
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Figure 57: Left: EPOSLHC prediction for the number of particles and particle pairs
produced per collision in p+p interactions at 158 GeV/c. Right: Efficiency uncor-
rected proton and deuteron differential invariant cross sections in p+p interactions
at 158 GeV/c as measured with NA61/SHINE.

7.2.6 Correlation Studies

The underlying mechanisms of hadronic generators are very different and it cannot
be expected that two-particle correlation models agree. There is also no a-priori rea-
son to expect the two-particle correlations from one generator to be more reliable than
from another. Therefore, an important study is to compare angular correlations be-
tween (anti-)protons and (anti-)neutrons for different generators. For this purpose the
differences in azimuthal angle ∆φ and in pseudo-rapidity ∆η of nucleon pairs will be
investigated. Like many fixed-target experiments, NA61/SHINE does not have experi-
mental access to (anti-)neutron spectra. Therefore, only pp, pp, and pp correlations will
be studied experimentally and compared to simulations. This is a crucial step for vali-
dating and/or tuning the underlying hadronic models. EPOSLHC simulations indicate
that small ∆η and ∆φ differences are favoured for deuteron coalescence. Additionally,
the same study also showed that pp pairs exhibit a similar behaviour as pn pairs, serv-
ing as additional motivation to use pp, pp, and pp pairs for correlation studies relevant
to (anti-)deuterons.

7.2.7 (Anti-)deuteron Cross Section Measurements

The Pb+Pb data of NA49 were already analysed for anti-deuterons and successfully
demonstrated that anti-deuterons can be identified in the experimental set-up [163].
However, the large number of nucleons in heavy-ion collisions cause different forma-
tion conditions than in p+p interactions or light-ion collisions and are not directly trans-
ferable.
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Between 2009 and 2011, nearly 60 million events on p+p interactions with the target
inserted and about 5 million events with the target removed were recorded. The iden-
tification of low-momentum deuterons is based on the truncated mean of the energy
depositions in the TPCs along the track. Combining estimates for the detection effi-
ciency with the EPOSLHC simulations, about 300 000 protons, 13 000 anti-protons, 1100
deuterons, and 10 anti-deuterons are expected in the low-momentum range.

More than 1000 clean low-momentum deuterons were detected with high statistical
significance in the 2009 to 2011 p+p data sets. A preliminary step for the cross sec-
tion calculation (without acceptance correction) is shown in the right panel of Fig. 57.
The optimization of selection and quality criteria is ongoing. Further momentum range
widening will be achieved by using time-of-flight information. Measuring charge, mo-
mentum, and velocity, mass reconstruction in NA61/SHINE is possible up to a max-
imum momentum of about 10 GeV/c (restricted by timing resolution), which corre-
sponds to the momentum range accessible for deuterons by the cosmic-ray experiment
AMS-02.

7.2.8 (Anti-)deuteron Production Channels

Deuteron production is dominated by production in association with pions (p+p →
p+n+π+above

√
s ≈ 2.0 GeV) while anti-deuteron production requires at least six final-

state nucleons (p+p→ p+n+n+p+p+p above
√

s ≈ 5.6 GeV). Production of anti-deuterons
in association with only pions is not possible for interactions of (anti-)protons with the
interstellar medium. Therefore, a detailed accounting of the number of pions, protons,
anti-protons, etc. in association with deuterons will be carried out to study if and how
the deuteron spectrum changes. Two channels are especially important: The deuteron
production in association with one proton (p+p→ d+n+p) is relevant because the pro-
duction of anti-deuterons in p+p→ d+n+p should show the same energy dependence.
In addition, production of deuterons in association with a single anti-proton (p+p →
d+p+n+p+p) will be searched for. Clean anti-deuteron events should have three addi-
tional protons in the final state (p+p→ d+n+p+p+p).

7.2.9 Ratios

The d/p and d/p ratios as a function of transverse momentum will be determined and
used as tools to tune hadronic generators as well as to test the coalescence and ther-
mal model approach. The analysis of ALICE data [164] suggests that the thermal model
works well for Pb+Pb interactions, but that the d/p ratio is over-predicted for p+p inter-
actions. As it is more relevant to cosmic rays, this finding will be tested with the lower
SPS energies.
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7.3 Beam Request for 2022

Measurements for cosmic-ray research require 24 days of secondary ion beam at 13 A GeV/c
in 2022. This beam request is needed to start measurements of nuclear fragmentation
cross sections as discussed is Sec. 7.1.

The total number of interactions to record is about 0.6× 106 (cf. Table 8) and a similar
amount of auxiliary measurements (C + C and target-removed) are needed in addition
corresponding to about 19 days of uninterrupted data taking at a recorded interaction
rate of 62k/day (cf. Sec. 9.2). Additional time needs to be reserved for changing the dif-
ferent targets (polyethylene/C, liquid hydrogen, helium) and the setup of trigger and
beam-line for different beam-rigidities. Assuming one day of setup for each rigidity a
total of 24 days of data taking are needed. The request for continuation of the measure-
ments in 2023 and 2024 will be subject of a future addendum.

The proton beam request related to measurements of light nuclei and anti-nuclei in
p+p interactions will be subject of a future addendum.
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8 Hadron production measurements for neutrino physics

During the recent ’NA61 beyond 2020’ workshop [165] the importance of hadron pro-
duction measurements for on-going and future neutrino experiments was strongly em-
phasized by all neutrino physics speakers. Many accelerator and atmospheric neu-
trino experiments expressed interest in new additional thin-target measurements. These
range from very low beam momenta up to 120 GeV/c.

Published NA61/SHINE thin-target measurements [128, 166–168] have been crucial
for T2K to reduce (anti-)neutrino flux uncertainties down to ≈ 10%, and further im-
provements - by a factor of two - are expected soon [169], as the T2K replica-target
results [170, 171] are added to the T2K’s flux model.

The SPS beam group has discussed constructing a tertiary hadron beam-line for
beams at very low momenta (< 10 GeV/c). Measurements with these low-energy parti-
cles could be very important for future high-precision T2K physics.

T2K is considering hybrid and alternative target materials for high-power operation
in the T2K-II/Hyper-K era. Hadron production measurements with these new target
materials are a priority for the early post-LS2 NA61 operation. Whether new measure-
ments with the existing T2K replica target are needed will be concluded after introduc-
ing the NA61/SHINE 2010 replica-target results [172] in the T2K beam simulation. The
design of new targets for the future high-intensity long-baseline neutrino experiment
DUNE is in progress now. Prototype long targets could possibly be available in 2022
and beyond.

Additional tracking detectors will improve the precision of long-target measure-
ments, especially for the very long targets for DUNE. The target could be surrounded
by a set of tracking detectors to pinpoint low-angle tracks from the upstream end of the
target.

8.1 Measurements for T2K, T2K-II and HyperK

NA61/SHINE hadron production measurements play an important role in the T2K long
baseline neutrino oscillation programme because precise knowledge of production dis-
tribution of the hadrons which are the neutrino parents is crucial to predict the neutrino
flux and its uncertainty [173]. Neutrino flux of T2K is currently calculated based on
the published results of NA61/SHINE thin target measurements [128, 166–168]. The
uncertainty on the absolute flux at the T2K neutrino energy peak at 0.6 GeV is around
10 % in total at both near and far neutrino detectors and the largest source of this un-
certainty is the imprecise knowledge of hadron production spectra, as shown in Fig. 58.
Improvement of the flux uncertainty using the NA61/SHINE 2009 replica target data is
expected soon and promises to reduce the uncertainty from hadron production down
to 4 % [169, 171, 172]. Moreover, further improvement is expected with the 2010 replica
target data in particular the uncertainty in high neutrino energy region because of sig-
nificant improvement of the knowledge of the kaon yield from the replica target data.
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Figure 58: T2K flux uncertainty as a function of the neutrino energy. Black and red
line show the total error and the error from hadron interactions, respectively.

Neutrino oscillation measurements at T2K indicate neutrino CP violation and a max-
imal mixing angle θ23 [174, 175]. For higher sensitivity measurements of these indica-
tions, an extension of T2K data taking (T2K-II) was proposed by increasing the beam
power of the J-PARC Main Ring (MR) as well as by improving the T2K analyses and
their systematic uncertainties [176]. The J-PARC MR beam power is planned to be in-
creased from the current 475 kW to 1.3 MW and some upgrades of the neutrino beam
facility are also planned. The neutrino production target will be upgraded by enhanc-
ing the cooling capability by increasing the pressure of the cooling helium gas and re-
optimization of its titanium window geometry while the shape of core graphite target
part will not be changed. The same J-PARC neutrino beam-line will also be utilized for
the Hyper-K experiment.

For T2K-II and Hyper-K a reduction of the total flux uncertainty down to 3–4 % is
desired. The major uncertainty in the replica target tuning is still hadron production.
Further improvement of the hadron production data can be expected from the following
measurements:

(i) Improved measurement of hadron production with the T2K replica target

(ii) Hadron production with low momentum beams

Moreover, a new design of the neutrino production target is being discussed. Moti-
vating the new target is an increase of the neutrino flux while reducing the wrong sign
neutrino flux for better significance of neutrino CP violation measurements.

81



8.1.1 Improved measurement of hadron production with the T2K replica target

As mentioned in the previous subsection, the major uncertainty on the T2K flux pre-
dicted with the NA61/SHINE replica target data is still from the lack of precise data on
hadron interactions. In 2009 replica target measurements, the production momentum
and angle distribution of the charged pion is measured individually for five longitudi-
nal parts of the T2K replica target and directly used to tune the yield of pions on the
surface of the target in the T2K flux calculation. The statistical and systematic uncer-
tainties of the these yields are used to evaluate the T2K flux uncertainties. It was found
that the uncertainties of the NA61/SHINE results are a large source of the hadron inter-
action uncertainty in the T2K flux while the uncertainty of the interaction length is the
second largest contribution.

One potential improvement is expected from further precise measurements with the
replica target. As discussed in the published literature [171,172], a discrepancy between
the charged pion data and the model prediction was observed in particular for the first
three upstream longitudinal parts of the target although the published NA61/SHINE
thin target results were probably used in the FLUKA model. For the upstream longi-
tudinal parts, a large systematic uncertainty was assigned. In order to achieve better
precision of the T2K flux prediction, it is desired to understand and improve these un-
certainties.

One significant source of uncertainty in the 2010 long-target data is the backward
pointing of tracks to the target surface. This, and the overall tracking efficiency un-
certainty, may be addressed by the addition of tracking planes near the target (as de-
scribed in Sec. 8.3). Moreover, it was found necessary to take data with empty target
and changed magnetic field/beam momentum in addition to data taking with the nom-
inal condition, in order to

(i) eliminate sources of fake tracks from interactions in the target support,

(ii) measure precisely the transmission of the target for incoming beam particles.

Once these sources of uncertainty are reduced to the few 0.1% level, the uncertainties
due to the replica target measurements themselves should be well below ±2%.

The run plan should be similar to that of 2010, with 14 days of normal magnetic field
with 31 GeV/c proton beam and 7 days at full field. In addition 6 days of empty target at
normal field and one day at full field should be foreseen, for a total of 28 days of beam.
Given the improved data acquisition rate of NA61/SHINE, the data so acquired should
allow an improvement of statistical uncertainties by a factor of 3.

8.1.2 Hadron production with low momentum beams

Neutrino CP violation is explored by measuring νµ → νe and νµ → νe appearance
modes. In these measurements, intrinsic νe or νe are a major background contribu-
tion. Moreover, some fraction of the wrong sign components are contributed from the
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Table 9: Fraction of the T2K flux from different hadronic interaction chains produc-
ing neutrinos at the far detector in the neutrino mode beam. (a) the number of in-
elastic proton beam interactions is one and the interaction occurred in the target, (b)
other than the case (a), (c) the number of inelastic hadronic interactions outside the
target is greater than or equal to one which is a part of (b).

type (a) (b) (c)

νµ 63.2% 36.8% 12.4%

νµ 41.5% 58.5% 45.1%

νe 61.7% 38.3% 12.7%

νe 54.0% 46.0% 27.2%

hadronic interactions outside the target, as summarized in Table 9. Those interactions
outside the target occur in the magnetic horn, the wall of the decay volume, the helium
gas in the decay volume, and the beam dump (the materials are Al,Fe,He and C, respec-
tively). Therefore, it is important to understand the interactions outside the target to
precisely predict the wrong sign νe backgrounds.

Recently, it was realized that better measurements of the following hadron produc-
tion reactions are necessary to improve the precision of the T2K flux calculation, in
particular of the wrong sign flux, because there are no available data (NA61/SHINE,
HARP etc.) at present. The following reactions are of primary interest:

(i) 1-5 GeV/c pions on aluminum

(ii) 1-5 GeV/c pions on carbon

(iii) 1-5 GeV/c kaons on carbon

(iv) 1-5 GeV/c pions on helium

The low momentum (less than 12 GeV/c) hadron production data is also useful for im-
provement of the atmospheric neutrino flux prediction for future neutrino experiments
such as Hyper-K and DUNE.

Based on simulation studies, new measurements of the above interactions with 10 %
uncertainty are required in order to reduce the flux uncertainty from the above inter-
actions to less than 2 %. New measurements of hadron production distributions and
total inelastic cross sections are proposed with thin targets and the beam momenta
mentioned above. Possibilities to realize such low momentum beams at the SPS by
constructing a tertiary hadron beam-line was discussed during the ’NA61 beyond 2020’
workshop [165].
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Figure 59: Schematic diagram of a new potential J-PARC hybrid target.

8.1.3 Measurements for T2K-II and HyperK Hybrid Target

Present and future J-PARC long-baseline neutrino oscillation experiments, T2K, T2K-II,
and Hyper-K, predict the number of νe and νe appearance events based on simulated
neutrino beam fluxes. The major background contribution for a measurement of νe
appearance from a νµ beam is the intrinsic wrong sign component (ie νe’s in a νe ap-
pearance search). In order to improve the significance of a CP violation measurement,
it is essential to reduce this intrinsic wrong sign component.

One possibility for reducing the wrong-sign component is to increase the density
of the material used for the neutrino production target, which is presently made of
graphite. Figure 59 shows a cartoon of the new target idea, where the new target consists
of a dense core surrounded by a less dense graphite sheath. Potential advantages of this
target design are :

(i) Hadron production is increased in the higher-density core without increasing hadron
absorption in the target’s lower-density sheath

(ii) Forward-going hadrons outside of the horn acceptance are decreased by absorp-
tion in the higher density core

(iii) The hadron production source becomes point-like (such that better horn focusing
is expected)

(iv) Even if the target core is damaged, fragments would be contained by the graphite
sheath

The candidate core material currently under investigation is Super-Sialon (Si3N4Al2O3),
which has a density of 3.2 g/cm3, 1.8 times larger than the current graphite target. Al-
though further studies of mechanical stress and radiation damage of this design are
necessary, it is believed that this material could lead to a viable new target design.

Results of a Monte Carlo study of the predicted neutrino flux using the new hybrid
target design are shown in Fig. 60, indicating a 10% increase of the right-sign neutrino
flux at the flux peak, with a 10∼25% reduction of the wrong sign component.

In order to study the feasibility of this new target idea, new hadron production mea-
surements with the new target material are proposed. The precision of the neutrino flux
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Figure 60: The neutrino flux at Super-K in neutrino-mode (top left) and anti-
neutrino-mode (top right) for the current graphite target and new hybrid target de-
signs, as well as the ratio of the flux for the hybrid/graphite target (bottom left in
neutrino-mode and bottom right in anti-neutrino-mode).
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Figure 61: The phase space of π+’s contributing to the neutrino flux in neutrino-
mode for the current graphite target (left) and the proposed hybrid target (right). The
phase space of other hadrons for the hybrid target is similarly consistent with that of
the graphite target.

using this new hybrid target must be similar to the precision of the flux from the T2K
target (systematic uncertainties arising from hadron production uncertainties of 5% at
the near detector and <0.2% on the far-to-near detector flux extrapolation [169, 173]).
In order to achieve this precision, new measurements with 30 GeV protons incident on
a thin (∼2 cm) target made of the new material are proposed. Following preliminary
studies of the new material, if all properties are viable, measurements with 31 GeV/c
protons incident on a replica (90 cm) hybrid target will also be proposed. The replica
target design would depend on the initial thin target hadron production measurement
results, as well as mechanical design concerns.

The phase space of π+’s contributing to the neutrino flux for the current graphite
target and the new hybrid target is shown in Fig. 61. Since the phase space of hadrons
contributing to the flux for the new target is similar to that of the graphite target, NA61/
SHINE data can cover a significant region. Previous NA61/SHINE measurements for
T2K consist of 6× 106 triggers on a thin graphite target and 10× 106 triggers on a T2K
replica target. Similar measurements are proposed for the new target material in order
to achieve a similar precision. This requires one week of proton beam at 31 GeV/c.

8.2 Measurements for LBNF/DUNE

Hadron production measurements will be particularly important for DUNE [177] which
aims to make an accurate determination of the CP violating phase of the neutrino mix-
ing matrix, which requires a precise prediction for the electron neutrino event rate in
the far liquid argon detector. Since DUNE will not have identical near and far detectors,
DUNE will need precise knowledge of the flux in the neutrino beam generated by the
future Long-Baseline Neutrino Facility Beam (LBNF) being planned for DUNE [178].
The secondary SPS hadron beams available to NA61/SHINE (13–400 GeV/c) are well
suited to the LBNF beam-line, where the neutrinos originate from high-intensity proton

86



beams in the energy range 60-120 GeV/c that impinge upon graphite and/or beryllium
targets.

Hadron Production Uncertainties

43

• Comparison of reference and optimized beam

Reference Optimized

Very similar in focusing peak; Optimized has slightly larger uncertainties at high 
energy, primarily due to having more interactions not covered by data

07.28.17 Laura Fields | LBNF Hadron Production

Figure 62: Current estimated uncertainties on the LBNF neutrino mode νµ flux at
the DUNE far detector due to hadron production. This is for the optimized 3-horn
beam configuration with an 80 GeV/c primary proton beam [179]. These errors are
expected to be similar for a 120 GeV/c primary proton beam.

Figure 62 shows the current estimates of the hadron production uncertainties. The
biggest contributions are due to uncertainties in existing measurements of pion produc-
tion from proton interactions with carbon (shown in brown as p+C→ π+X in Fig. 62),
pion and kaon re-interactions (shown in bright green as Meson Inc), nucleon interac-
tions not covered by existing data (shown in blue as NucleonA), and the uncertainty
on the total probability of interactions in other materials (shown in cyan and labeled
as “Other Absorption"). In the DUNE optimized beam, it is estimated that there will
be an average of ≈1.7 interactions occurring in the beam-line for each neutrino that
will reach the near detector [179]. So in addition to the primary proton interactions,
the re-interactions of lower-energy protons, pions, neutrons, and kaons make a very
significant contribution to the neutrino flux.

A campaign is currently under-way in NA61/SHINE to make thin target (a few per-
cent of λi) measurements using proton, pion, and possibly kaon beams on carbon, beryl-
lium and aluminium to measure the products of the primary proton interactions in the
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target, as well as the secondary re-interactions of those hadrons in the target material
and aluminium horns. These will have more incident hadron species over a more suit-
able range of incident hadron momenta, additional target materials, higher statistics,
and better coverage of particle production in the forward direction compared to the ex-
isting data, and should dramatically reduce the flux uncertainties coming from hadron
production uncertainties at DUNE in the region of interest for neutrino oscillations.

Beyond 2020 the highest priority measurements for DUNE will be to expand from
the current suite of thin target measurements to measurements on a full-scale replica
LBNF target (as was done for T2K). NA61/SHINE will pursue LBNF long target mea-
surements in 2022–2024 if a prototype target is available. The LBNF target is still under
design and the exact time scale for the availability of a prototype target is uncertain.

In addition to the replica target measurements, additional thin target measurements
should be performed in 2022 (if possible even in 2021), especially with kaon beams.
There is little high-quality hadron production data for kaon beams in this energy range.
Since the kaons will re-interact in the graphite target and in the aluminium horns, K+

+C at 60 GeV/c and K+ +Al at 60 GeV/c would be a high priority for future data taking
beyond 2020. Each measurement would likely required 2 weeks of beam time.

8.3 Additional tracking detectors for long targets

To maximize the reach of long-target measurements in the future, especially for LBN-
F/DUNE where the target could be twice as long as T2K’s, we propose to develop a set
of tracking detectors surrounding the target to aid in pointing tracks backward to their
origin at the surface of the target.

An analysis of the present uncertainties of the replica target measurements identifies
the following dominant sources:

(i) The overall track reconstruction uncertainty of ±2%. This is surprisingly large
for a TPC-based spectrometer. It is evaluated by varying the setup, in particular
by using or not the GAP TPC, and varying geometrical cuts. Such variations are
useful to estimate uncertainties but the method can be blind to overall common
effects, which explains the somewhat conservative estimate. Adding redundancy
by adding a tracking device near the target would allow a more deterministic ap-
proach, which typically should lead to more typical reconstruction efficiency un-
certainties at the few 0.1% level.

(ii) The backward extrapolation uncertainty results from tracking errors, magnetic
field errors, multiple scattering and nuclear interactions of particles from the spec-
trometer back to the origin of the particles on the surface of the replica target. The
lack of measured points near the target is again the main source of these uncer-
tainties, which were estimated in the replica target paper to amount to ±10% of
the yields for low-angle tracks originating from the upstream part of the target
or for large-angle, low-momentum tracks originating from the most downstream
parts of the target.

88



A search for an affordable and flexible tracking device for long target measurements
has led us to consider a setup based on micromegas detectors with 1 mm-pitch strip
readout in two dimensions, positioned as sketched in Fig. 63. The point resolution of
such a device is about 350 microns. The most important requirements are the following:

(i) There should be a full set of three tracking devices (with xy/uv/xy readout) down-
stream of the target covering the acceptance of the spectrometer (±400 mrad in
horizontal plane, ±150 mrad in the vertical plane).

(ii) There should be measured points a few cm downstream of each of the four lo-
cations of the longitudinal binning along the target, in order to provide precise
extrapolation of particles to the target surface.

(iii) A similar device should be placed upstream of the target to include the beam par-
ticle measurement in the same geometrical reference.

(iv) All tracking elements as well as the target should be mounted on a single precise
mechanical frame.

The figures shown are for a set of detectors specific to the T2K target, as its shape is
known. The detector system should be designed in a way that is modular and flexible
to accommodate additional target geometries such as LBNF/DUNE. As the detector
planes themselves are not expected to be particularly expensive, the planes that have a
hole for the target may be built specifically for each target geometry. The design would
allow them to be easily swapped out when using different targets, while keeping the
same front-end electronics.

8.4 Beam Request for 2022

Measurements for neutrino physics require:

(i) 35 days of proton beam at 31 GeV/c in 2022. This beam request is needed to im-
prove measurements of hadron flux from the T2K replica target (28 days) and mea-
surements of hadron production on a Super-Sialon thin target (7 days) as discussed
in Secs. 8.1.1 and 8.1.3

(ii) 28 days of K+ beam at 60 GeV/c in 2022 to gather missing data on hadron produc-
tion by K+ mesons relevant for simulations of hadron flux from long targets.

Some or all of these measurements could take place in 2021 as well, if beam and
detector conditions permit. Beam requests related to other possible measurements for
neutrino physics discussed in this section will be the subject of future addenda.
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Figure 63: Layout of the proposed long target tracker set-up. On the left is the top
view (x− z horizontal plane); on the right is the x− y view of some of the detectors.
Dimensions are in millimeters. Detector B is measuring the incoming particle; detec-
tors T1 to T4 are situated around the target to precisely measure the location of the
exit point of particles from the target surface; detectors D1 to D3 are situated down-
stream of the target to resolve possible ambiguities and determine the track angles,
thus allowing a redundant evaluation of tracking efficiencies.
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9 Data taking parameters

Basic parameters of data taking requested in 2022 (see Sec. 10) are summarized below.

9.1 Data taking for charm in Pb+Pb collisions

Data is planned to be recorded under following conditions:

(i) SPS cycle length: from 26.4 s to ≈ 70 s, flat top: 8.5 s,
average duty cycle (based on the Xe+La data taking): ≈ 0.15,

(ii) Pb beam intensity at the NA61/SHINE target: ≈ 105 ions/s,

(iii) Pb target: ≈ 5% interaction probability (about 0.25 cm thickness), rate of all inelas-
tic events 5000 Hz, rate of 30% most violent collisions 1500 Hz,

(iv) recorded event rate during the spill: 800 Hz,

(v) fraction of time for physics data taking
(includes beam, detector, and trigger set-up time, as well as planned and un-
planned machine stops based on Xe+La data taking in 2017): ≈ 80%,

(vi) mean number of recorded events: ≈ 8M events/day.

Mean number of recorded Pb+Pb collisions after off-line quality cuts (mostly off-time
rejection) is expected to be about 6M events/day.

Data on Pb+Pb collisions 150A GeV/c will be recorded using two on-line event selec-
tions:

(i) minimum bias event selection (95% events) and

(ii) Pb beam selection (5% events).

Data on Pb+Pb collisions 40A GeV/c will be recorded using three on-line event selec-
tions:

(i) selection of 30% of inelastic collisions with the smallest energy recorded in the PSD
(80% events),

(ii) minimum bias event selection (15% events) and

(iii) Pb beam selection (5% events).

The minimum bias event selection will be provided by anti-coincidence of the in-
coming beam particle with the signal from a scintillator detector located just down-
stream of the Vertex Detector. This should minimize the contamination by non-target
interactions. The detector will work as a threshold detector with the threshold set just
below the Pb-ion signal.

The maximum beam intensity on NA61/SHINE target is limited by following rea-
sons:
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(i) Data quality of the PSD is reduced at beam intensities > 100 kHz,

(ii) Probability of off-time beam particles increases reducing number of events useful
for analysis, at beam intensities > 100 kHz more than 30% of events could not be
used during analysis,

(iii) Radiation shielding of the beam-line limits maximum beam intensity.
Even with increase of intensity to 100 kHz the shielding have to be upgraded.

9.2 Data taking for nuclear fragmentation cross section

Data is planned to be recorded with secondary ion beam produced by fragmentation of
primary Pb beam on the T2 target.

Estimated data taking conditions:

(i) SPS cycle length: from 26.4 s to ≈ 70 s, flat top: 8.5 s,
average duty cycle (based on Xe+La data taking): ≈ 0.15,

(ii) fraction of wanted ions within secondary beam hitting the NA61/SHINE target:
2–4%,

(iii) target: ≈ 2% interaction probability,

(iv) maximum intensity of the secondary beam: 100 kHz
(limited by off-time beam particles),

(v) intensity of wanted ions on the NA61/SHINE target: 2–4 kHz,

(vi) recorded event rate during the spill: 800 Hz,

(vii) number of recorded interactions per second: 16,

(viii) inefficiency due to low frequency time structure of the low momenta beams: 50%,

(ix) number of recorded interactions: 62k events/day,

(x) fraction of time for physics data taking
(includes beam, detector, and trigger set-up time, as well as planned and un-
planned machine stops based on Xe+La data taking in 2017): ≈ 90%,

(xi) mean number of recorded interactions including typical data taking efficiency: 56k
events/day,

The low frequency time structure of the low momenta beams causes the most severe
loss of statistics. The solution for this problem was discussed between NA61/SHINE
and SPS operators on "NA61/SHINE beams beyond LS2" meeting [180].
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An on-line event selection will accept all events with a wanted beam particle (inter-
acting or not). This selection is due to a low fraction of wanted ions in the secondary
ion beam. Using an interaction trigger with would not saturate the DAQ, therefore the
increase of the number of recorded interactions would be at most by a factor of two. The
disadvantage of the interaction trigger is an increase of systematic uncertainty of final
results. For example the systematic uncertainty of the Be+Be cross section measurement
related to the interaction trigger is ≈ 1%.

9.3 Data taking for neutrino physics

The neutrino physics programme assumes two sets of measurements: 31 GeV/c proton
beam and 60 GeV/c K+ beam.

The data taking conditions for 60 GeV/c K+ beam are estimated as follow:

(i) SPS cycle length: from 26.4 s to ≈ 70 s, flat top: 8.5 s,
average duty cycle (based on Xe+La data taking): ≈ 0.15,

(ii) fraction of wanted hadrons within secondary beam hitting the NA61/SHINE tar-
get: 3%,

(iii) target: ≈ 5% interaction probability,

(iv) maximum intensity of the secondary beam: 200 kHz
(limited by off-time beam particles),

(v) intensity of wanted hadrons on the NA61/SHINE target: 6 kHz,

(vi) minimum bias interaction rate: 300 Hz

(vii) recorded event rate during the spill: 60 Hz,

(viii) fraction of time for physics data taking
(includes beam, detector, and trigger set-up time, as well as planned and un-
planned machine stops based on Xe+La data taking in 2017): ≈ 90%,

(ix) mean number of recorded interactions: 600k events/day,

(x) number of recorded interactions without off-time particles: 250k events/day.

The data taking conditions for 31 GeV/c proton beam are estimated as follow:

(i) SPS cycle length: from 26.4 s to ≈ 70 s, flat top: 8.5 s,
average duty cycle (based on Xe+La data taking): ≈ 0.15,

(ii) fraction of wanted hadrons within secondary beam hitting the NA61/SHINE tar-
get: 14%,

93



(iii) target: ≈ 5% interaction probability,

(iv) maximum intensity of the secondary beam: 200 kHz
(limited by off-time beam particles),

(v) intensity of wanted hadrons on the NA61/SHINE target: 28 kHz,

(vi) minimum bias interaction rate: 1200 Hz

(vii) recorded event rate during the spill: 240 Hz,

(viii) fraction of time for physics data taking
(includes beam, detector, and trigger set-up time, as well as planned and un-
planned machine stops based on Xe+La data taking in 2017): ≈ 90%,

(ix) mean number of recorded interactions: 2.5M events/day,

(x) number of recorded interactions without off-time particles per day: 1.2M events/-
day.
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10 Summary of beam requests

In view of the Memorandum of the CERN DRC (see Appendix B), in this document we
request a beam time for physics data taking only in 2022, namely:

(i) 42 days of primary Pb beam at 150A GeV/c for data taking on charm hadron pro-
duction in Pb+Pb collisions (heavy ion physics).

(ii) 24 days of secondary light ion beam at 13A GeV/c for data taking on nuclear frag-
mentation cross section (cosmic ray physics).

(iii) 35 days of proton beam at 31 GeV/c for data taking on hadron production from the
T2K replica target and the Super-Sialon thin target (neutrino physics).

(iv) 28 days of K+ beam at 60 GeV/c for data taking on hadron production by induced
K+ mesons. (neutrino physics)

In addition we plan a commissioning and calibration of the upgraded detector in
2021. Two weeks of secondary hadron beams at 13–400 GeV/c will be needed for this
purpose. Finally, we request a feasibility study of very low energy (1-5 GeV/c) hadron
beams needed for neutrino physics.
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Letter of support for the measurements of open charm production at CERN SPS 
energies  

 

 

Dear Colleagues,  

I had the pleasure to participate in the NA61 Beyond 2020 workshop in July in Geneva and was impressed by the 

scientific potential in reach for the NA61 detector system. This letter is written in support of proposals for the 

SPS heavy-ion program and in particular for the measurement of open charm production in heavy-ion collisions. 

Let we explain my point of view in more detail. 

Whereas the properties of partonic systems at vanishing baryon chemical potential have been explored with 

ultra-relativistic heavy-ion beams at RHIC and the LHC in the past and a strong program has been launched for 

the next years the properties of partonic and hadronic systems at large chemical potentials are widely unknown 

as well as the phase boundary in the plane of temperature versus baryon chemical potential. Present lattice QCD 

calculations provide valuable information at vanishing chemical potential and allow to extrapolate to small 

chemical potentials via susceptibilities, however, the phase boundary and the order of the phase transition cannot 

be calculated with present techniques or algorithms. This calls for experimental studies of heavy-ion collisions in 

the SPS energy regime since the extrapolations of effective models lead to very different predictions. This is 

partly related to the fact that together with the deconfinement phase transition the restoration of chiral symmetry 

might go along – in terms of a cross over at low baryon chemical potential – or not at all. At high baryon 

densities another phase might exist where chiral symmetry is restored to a large extent, however, the degrees of 

freedom are still confined (quarkyonic matter). Probably these phases become separated at a critical endpoint in 

the phase diagram which should be characterized by large fluctuations. Accordingly the suggestion has been to 

look experimentally for fluctuations in observables for low transverse momentum as a function of bombarding 

energy and system size, i.e. from pp to central Pb+Pb reactions. Although the systematics are far from being 

completed by now the present data do not show evidence for the appearance of unusual fluctuations. 

The quest, therefore, is to look for additional observables that incorporate a different (mass) scale. Here open 

charm mesons and intermediate mass dilepton pairs (between 1.2 GeV and 2.8 GeV of invariant mass) provide 

additional information in particular on the charm quark dynamics and angular correlations as well as on the light 

quark annihilation to lepton pairs from the approximately thermalized partonic system. Angular correlations 
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between D-meson pairs appear promising probes since the variation of the correlation with system size – from pp 

to Pb+Pb - will provide information on the interaction rates in the medium complementing traditional R_AA 

systematics. The intermediate mass dileptons are essentially sensitive to the partonic phase since here the 

contribution from hadronic decays is practically absent. However, there is a background of lepton pairs from the 

semileptonic decay of  open charm hadrons which has to been to measured independently in order to allow for a 

clean subtraction.   

At SPS energies the probability for charm-pair production is below 15% even in central Pb+Pb collisions at 158 

A GeV such that the correlations between open charm hadrons are rather free from background once the D-

mesons are properly identified. I should mention that the spectra and angular correlations of D-mesons are 

important observables on their own. Additionally, they are necessary ingredients for a determination of the 

dilepton contribution from semileptonic decays and extraction of the electromagnetic emissivity of the QGP at 

moderate/high baryon chemical potential.  

Furthermore, apart from science aspects, we need a timely heavy-ion program and actual experiments in the near 

future since the Compressed-Baryonic-Matter (CBM) program at FAIR as well as the BES II and fixed-target 

program at RHIC will not provide experimental information in the near future. The education of young 

researches needs experiments, actual data and their analysis in order to guarantee the success of heavy-ion 

research on the long run. 

 

Sincerely yours, 

 

 

 

Wolfgang Cassing 

(Professor of Theoretical Physics and Senator of the University of Giessen)                  

 

cc: Marek Gazdzicki 
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Krakow, 16 February 2018
Prof. Adam MAJ
Tel.:+4812 6628141
Fax. :+4812 6628423
Mob.:+48 606 291 860
e-mail: Adam.Mai@ifi.edu.pl

Prof. Jordan Nash,
Chairperson of the SPS
and PS Experiments Committee
Imperial College London, UK

Prof. Eckard Elsen
Director for Research and Computing,
CERN, Geneva, Switzerland

Dear Colleagues,

this letter is to support the physics program of extension of Pb+Pb data taking by the
improved NA61/SHINE experiment at the CERN SPS in the period 2021-2024.

In particular, I wish to draw your attention to studies of spectator-induced electromagnetic
(EM) effects proposed by the NA61/SHINE Collaboration as an auxiliary measurement with
respect to its principal aim of studying open charm in Pb+Pb reactions. For non central
collisions of large nuclei, the latter EM effects on charged pion ratios do not only trace the
space-time evolution of the system of hot and dense matter created in the course of the
reaction, but may also offer a chance to investigate the space-time evolution of the spectator
remnant itself. Following the recent theoretical developments the spectator remnant after
abrasion is to be considered as a highly excited nuclear system, with different assumed model
scenarios resulting in very different predictions for its initial excitation energy.

For me, the low-energy nuclear physicist, this aspect is of high interest. Namely the
corresponding high statistics measurements of EM effects as a function of Pb+Pb collision
centrality would offer a chance to probe the nuclear system space-time evolution, as a
function of spectator mass which is the main observable governing its model-dependent
excitation energy. A recent work based on state-of-the-art theoretical tools (Mazurek et al,
Phys. Rev. C97, 2018, 024604) addresses this issue of EM-distorted charged pion spectra
measurements at spectator velocity, as a possible independent way of probing the space-time
expansion (abrasion + ablation) of the spectator system as obtained therein from 3D Langevin
equation calculations. Such measurements, possibly correlated with those of nuclear
fragments which are also doable for the improved NA61/SHINE experiment, would then be a
first step towards providing us with insight on poorly known issues such as abrasion friction,
energy propagation through the nuclear fragment, and corresponding relaxation times. This
could bridge the domain of high energy (GeV-scale) and lower energy (MeV-scale) nuclear

ul. Radzikowskiego 152, 31-342 Krak6w, POLAND switchboard: +48 12 662 8000
www.ifj.edu.pl
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physics by falsification of the corresponding models, in extreme experimental conditions (that
is, high excitation energies) not available to conventional nuclear physics detectors.

Thanks to its large fixed target TPC system NA61/SHINE would offer a unique opportunity
of charge pion tracking and identification in a very extended coverage of available phase
space, up to and above spectator remnant velocities, which is a necessary condition to perform
measurements of spectator-induced EM effects at least in the charged pionic sector. To the
best of my knowledge, no other high energy experiment has that possibility, which leaves
NA61/SHINE as the only detector possibly able to explore this problematics in the near
future.

I hope these remarks may be useful to you while you consider the NA61/SHINE proposal for
high statistics Pb+Pb data taking after 2020.

With kind regards,

Adam Maj

Professor in the Institute of Nuclear Physics Polish Academy of Sciences (IFJ PAN)
and the member of the Nuclear Physics European Coordination Committee (NuPECC)

ul. Radzikowskiego 152, 31-342 Krakow, POLAND switchboard: +48 12 662 8000
www.ifj.edu.pl
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Letter of support for NA61/SHINE
cross-section measurements for cosmic-ray physics

January 17, 2018
From

Fiorenza Donato (Professor at Università di Torino, Italy)
David Maurin (CNRS researcher at LPSC, France)
Igor Moskalenko (Senior Staff Scientist at Stanford University, USA)
Pierre Salati (Professor at Université Savoie Mont Blanc, France)
Nicola Tomassetti (MSCA researcher at Università di Perugia, Italy)
Martin Winkler (Postdoctoral fellow at NORDITA, Stockholm, Sweden)

To
NA61/SHINE board

The purpose of this  letter  is  to support a physics  program of cross-section measurements  at
NA61/SHINE  that  is  essential  for  the  investigation  and  eventual  resolution  of  important
questions in galactic cosmic ray (CR) and dark matter physics.

The accuracy of the new generation of cosmic ray experiments, such as AMS-02, PAMELA,
DAMPE,  CALET,  and ISS-CREAM, is  now reaching  ~1–3% in  a  wide energy range from
GeV/n (per nucleon) to multi-TeV/n. Such a precision could lead to discoveries of new physics
and  subtle  effects  that  were  unthinkable  just  a  decade  ago.  However,  this  requires  accurate
knowledge of several  cross  sections  that  regulate  production and destruction  of  CRs  in  the
interstellar matter. The sparseness of precision data on these cross sections currently poses the
most  limiting  element  in  the  interpretation  of  CR  spectra.  Furthermore,  our  present
understanding of CR fragmentation relies heavily on extrapolations of semiempirical formulae
that have never been tested at the relevant energies. The current uncertainty in the production
cross sections can be as high as 20–50% or larger in some cases. There is a consensus in the
astroparticle  physics  community  that  new  measurements  of  cross  sections  are  of  vital
importance, as was discussed at the dedicated CERN conference “XSCRC2017: Cross sections
for Cosmic Rays” (https://indico.cern.ch/event/563277/) organized by some of us. The goal of
the conference was to bring together different communities (astrophysicists, cosmic-ray, nuclear,
and  particle  physics  theorists  and  experimentalists)  to  discuss  the  perspectives  for  new
particle/isotopic  production  cross  section  measurement  campaigns.  The  conference  was  very
successful as it triggered many discussions and paved the way for possible collaborations, which
are at the core of this letter of support.
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More than a century after the discovery of CRs, their studies are more active than ever. Thanks
to new instruments launched into space, the last decade has recorded major breakthroughs and
discoveries of primary importance for the astrophysics and particle physics communities, and
new measurements of composition and spectra of CR species are eagerly awaited. Many efforts
are dedicated to understanding of CR sources, the origin of measured antimatter positrons and
antiprotons  employed  also  as  dark matter  messenger,  charged particle  acceleration  and their
transport  in  the  Galaxy.   Production  cross  sections  is  a  cornerstone  of  all  CR propagation
calculations.  Isotopically  resolved  cross  sections  are  mandatory  to  derive  propagation
parameters. These parameters provide the basis for many other studies, including a search for
signatures  of  the  dark  matter  and  new physics,  for  which  new measurements  of  antimatter
production cross sections are strongly required. The most wanted cross sections are:

 fragmentation  of  O,  N, and C into Li,  Be,  and B isotopes  for  the study of transport
parameters;

 the production of anti-protons, anti-neutrons, anti-deutons, positrons, pions, and kaons
from H and He targets for the dark matter and new physics searches.

As was presented at the CERN “XSCRC2017” conference, the NA61/SHINE Collaboration has
the potential to perform some of these measurements  for a variety of reactions and energies that
are  otherwise  inaccessible  by  other  facilities.  Subsequent  discussions  with  members  of  the
collaboration triggered further efforts from some of us, to better characterize the needs and in
turn, to define realistic goals. The measurements that could be performed with NA61/SHINE at
SPS energies would probably be game-changing for our community.

For these reason, we fully and strongly support the initiatives to establish the feasibility of these
measurements in pilot runs and to establish longer term programs in the context of NA61/SHINE
beyond 2020.

Fiorenza Donato David Maurin Igor Moskalenko

Pierre Salati Nicola Tomassetti Martin Winkler
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中国科学院紫金山天文台

PURPLE MOUNTAIN OBSERVATORY, CAS

Jin Chang

2nd West Beijing Road

Nanjing, Jiangsu, 210008 China

Email: chang@pmo.ac.cn

February 18, 2018

To whom it may concern,

I am a professor and the deputy director of Purple Mountain Observatory (PMO),

Chinese Academy of Sciences, and also the PI of the DArk Matter Particle Explorer

(DAMPE) mission, the first Chinese space mission for science. The objectives of

DAMPE is to search for dark matter particles and study cosmic ray physics via high

precision observations of high-energy cosmic ray electrons, nuclei, and gamma-rays.

I am very glad to hear about that the NA61/SHINE collaboration is preparing a

proposal for dedicated measurements of cross sections of antiprotons, antideuterons,

and a series of nuclei, which are crucial for understanding the fundamental questions

of cosmic rays such as their propagation and interaction in the Galaxy and the indirect

detection of dark matter particles. It is the right time to so do now, since more and

more measurements of cosmic rays with significantly improved precision are

available in recent years, and the uncertainties of particle (nuclear) physics become

dominant usually. These measurements are also expected to be very helpful in

interpreting the DAMPE results. I thus fully support such a proposal, and am looking

forward to seeing the new data in the near future. Please let me know if there is

anything else I can be helpful.

Sincerely yours

Jin Chang

中国南京市北京西路 2 号 邮政编码:210008 2 West Beijing Road,Nanjing 210008,China122
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PROF. ALAIN BLONDEL 

UNIVERSITY OF GENEVA 

DEPARTMENT OF PHYSICS 

 

Dear Alain, 

We are the spokesperson, Masayuki Nakahata, of the Super-
Kamiokande experiment, the project leader, Masato Shiozawa, and 
co-leader, Francesca Di Lodovico, of the Hyper-Kamiokande proto-
collaboration. 

Super-Kamiokande is a water Cherenkov neutrino experiment in 
Kamioka, Japan. It works both as the far detector for the long baseline 
neutrino experiment T2K and as neutrino observatory for 
atmospheric and astrophysics neutrinos as well as rare decays. Hyper-
Kamiokande is a water Cherenkov detector starting to take data in the 
middle of the next decade and 10 times larger than Super-
Kamiokande. It is located in the same prefecture as Super-
Kamiokande and will also work as far detector for the upgrade beam 
from J-PARC and as a neutrino observatory. 

The physics goals of T2K are to be sensitive to the values of sin2 2θ13 
down to 0.006 and to measure the neutrino oscillation parameters 
with precision of δ(∆m232) ∼ 10-4 eV2 and δ(sin2 2θ23) ∼ 0.01. To 
achieve these, the near-to-far extrapolation of the flux, i.e., the far-to-
near flux ratio as a function of energy has to be known to better than 
3%. To achieve this objective is vital to reduce the absolute flux 
uncertainty. To predict the neutrino flux, T2K relies primarily on the 
measurements of pion and kaon yields by the NA61/SHINE 
experiment at the CERN SPS. These data were initially taken with a 
thin (2 cm) graphite target and the same proton beam energy as that 
of T2K and subsequentially with a T2K replica target. 

Studies are currently ongoing for the Hyper-Kamiokande beam 
target, but more statistics as well as lower systematic errors for the 
experiment increase the demand to NA61/SHINE for Hyper-
Kamiokande from measuring the pion and kaon distributions with the 
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Hyper-Kamiokande target to increasing the phase-space and to study 
the interactions with the out-of-target materials. 

 

 Atmospheric neutrino measurements and searches for nucleon 
decay at Super-Kamiokande and its planned successor, Hyper-
Kamiokande, are subject to uncertainties in the prediction of the 
atmospheric neutrino flux. Uncertainties in the proton interaction 
cross section on nuclei in the air as well as uncertainties on the type 
and multiplicity of particles produced from such interactions lead 
directly to systematic errors affecting programs to address open 
questions in neutrino mixing and the quest for grand unification. 

 

 Measurements of the relative production of pions and kaons from 
protons, as well as their interaction rates, on target nuclei similar to 
those found in the atmosphere are particularly important for 
understanding the impact of the atmospheric flux and its uncertainty 
on these measurements. Possible low energy extensions of NA61 can 
provide critical measurements for constraining the atmospheric 
neutrino flux at sub-GeV energies, where the atmospheric neutrinos 
carry information on the CP phase of the standard neutrino oscillation 
paradigm. While next-generation experiments seek to establish or 
refute the existence of neutrino CP violation using accelerator 
neutrinos, if uncertainties in the flux can be reduced in this way, 
atmospheric neutrinos will provide an independent measurement with 
complementary sensitivity. 

 

  Proton decay searches suffer backgrounds from atmospheric 
neutrinos and similarly benefit from improved flux modelling. While 
the flux uncertainties have a modest impact on searches at Super-
Kamiokande, at the megatonyear-scale exposures envisioned for 
Hyper-Kamiokande, where the current background model predicts a 
handful of events, they are roughly 20% of the error budget. For this 
reason, a detailed understanding of the atmospheric neutrino flux in 
the energy regime currently spanned by NA61 will be needed to 
establish a proton decay signal.  
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Though the above comments have been made in the context of the 
Super-Kamiokande and Hyper-Kamiokande experiments, it should 
be stressed that continued hadron production measurements at NA61 
will be an indispensable part of understanding the accelerator and 
atmospheric neutrino flux for not only these projects but for all 
experiments making use of these neutrinos. 

In conclusion, the Super-Kamiokande and Hyper-Kamiokande 
collaborations support the NA61/SHINE proposal very strongly. The 
NA61/SHINE team have proved to be extremely knowledgeable and 
helpful when applying their results to Super-Kamiokande and T2K 
and are proving to be a valuable resource for Hyper-Kamiokande.    

 

Sincerely, 

                

Prof. M. Nakahata            Prof. M. Shiozawa                Prof. F. Di Lodovico         

 

 

127



 
 
 

 
 
 
 
 
 
 
 
 
Dear Professor Zimmerman, 
 
 
We are writing on behalf of the DUNE collaboration to express our support for idea of future 
operation of NA61 to constrain systematic uncertainties associated with the LBNF neutrino beam.  
Specifically, the target for the LBNF neutrino beam will be four interaction lengths long. 
Consequently, a large component of the neutrino beam is generated from pions arising from 
secondary and tertiary interactions in the target. For this reason, hadron production data using 
the LBNF target could be important for constraining the LBNF beam systematics. 
 
 
 

Yours sincerely, 
 

                          
             Professor Edward C. Blucher             Professor Mark A. Thomson 
    

Co-Spokespersons of the DUNE Collaboration 

21th November 2017 
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B DRC Memorandum on Operation of Fixed Target Ex-
periments immediately after LS2
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CERN

DG-Dr-RCS-2 017 -093
21't September2077

To

Cc

MEMORANDUM

Spokespersons of Fixed Target Experiments

Chair of SPSC, Seretary of SPSC

From : Eckhard Ersen L //n"rr-
: operation of r'i{J /W*rExperimeSubiect nts immediately after LS2

The Research Board (RB) has discussed the operation of the fixed target experiments
following the immediate completion of the Long Shutdown 2 [LSz). The long-term future
of the fixed target programme at CERN is in the purview of the discussion on the Update
of the European Strategy for Particle Physics (largely now prepared by the Physics
Beyond Collider Study) and detailed operation will only be decided after its publication,
currently expected for May 2020.

The early start-up phase, however, needs to be now prepared, be it to obtain funding or
upgrade the detector capability. The Research Board approved the principle of an early
post-Lsz fixed target programme and running. The plans for this programme should be
evaluated in the SPSC and approved by the RB following the standard procedure.
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