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1 Introduction

This NA61/SHINE annual report presents briefly the status and plans of the NA61/SHINE
experiment [1] at the CERN SPS. The report refers to the period October 2018 – October
2019.

The document is organized as follows. The data taking summary is given in Section 2. Soft-
ware and calibration modifications are listed in Sec. 3. New results are briefly reviewed in
Sec. 4. Detector upgrade status and plans are presented in Sec. 5. The summary in Sec. 6
closes the report.

In 2018 NA61/SHINE provided input to prepare the discussions on the update of European
Strategy for Particle Physics [2]. The NA61/SHINE input is included in the following docu-
ments:

(i) Input to the European Particle Physics Strategy Update [3],

(ii) Summary Report of Physics Beyond Colliders at CERN [4],

(iii) Physics Beyond Colliders: QCD Working Group Report [5],

(iv) Conclusions of the Neutrino Town Meeting [6],

(v) Conclusions of the Heavy Ion Town Meeting [7].

2 Data-taking summary

As described in the 2017 status report, data taking with a replica of the NOvA target in
summer 2018 suffered from problems with the cryogenics of the VERTEX-1 magnet, beam
downtime and setup of the new DRS4 readout. Because of this statistics recorded in summer
were below the goal, so in November 2018 NA61/SHINE continued data taking with the
replica of the NovA target for one week. Additional 3.1 million p+NOvA replica target
events at beam momentum of 120 GeV/c were collected.

Next, the experiment recorded 3.8 million Pb+Pb events at 150A GeV/c, with the Vertex De-
tector turned on, for measurements of open charm production, and for the study of collective
effects and fluctuations.
At the end of this period 0.2 million events with the high intensity Pb beam at 150A GeV/c
were taken to study the detector response in conditions expected after Long Shutdown 2.
Finally a short run with defocused Pb beam was devoted to collect calibration data for the
MOEDAL experiment at the LHC.

In the last week of the 2018 data taking period, the SPS delivered a secondary ion beam for a
pilot run to study the feasibility of measuring nuclear fragmentation needed for cosmic-ray
research with NA61/SHINE, see Sec. 4.3. 1.1 million 12C beam triggers were recorded for
physics analysis at a beam rigidity of R = 27 GV alternating between a 12C and polyethylene
target.
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In 2019 no data were taken due to the start of Long Shutdown 2. Instead, activities of the
collaboration concentrated on the detector upgrade programme for post-LS2 running (see
Sec. 5) in paralell to the physics analysis of data collected before 2019.

3 Software and calibration modifications

3.1 Native SHINE Software

3.1.1 SHINE framework

Since the previous report, five software releases were made. The most significant changes
were:

(i) migration to CentOS7 with SHINE dependencies provided via custom (SHINE still re-
lies on ROOT v5) LCG views

(ii) moving releases to CVMFS

(iii) further development of the native reconstruction (see Sec. 1)

(iv) implementation of Ar+Sc and Pb+Pb Monte Carlo configurations and scripts

In the course of the first 2 points all AFS ties were removed, so that all the software is pro-
vided via CVMFS, according to CERN IT policies. Also the release process was automated
using a single Jenkins job to build sources in various configurations along with the doxygen
documentation; the job signals completion to a cron task at the CVMFS publish machine
which then automatically publishes new releases to CVMFS.

Introduction of LCG views to SHINE was associated with establishing permanent contact
with the EP-SFT group and lead to a vivid and fruitful cooperation. The system for build-
ing LCG software, lcgcmake, was incorporated in the NA61/SHINE workflow providing
automation, documentation, reuse and compatibility with centrally maintained LCG soft-
ware for building SHINE dependencies. The compatibility with centrally maintained LCG
software will assure smoother transitions to new operating systems, compilers and package
versions.

3.1.2 Monte Carlo simulation

Since the last Status Report 2018, no major change of the GEANT4-based Monte Carlo simu-
lation chain in SHINE has been implemented. The latest SHINE Monte Carlo version is being
used for physics analyses from low-multiplicity interactions (e.g. neutrino program utiliz-
ing hadron beams on light nuclear targets) to high-multiplicity interactions (e.g. Ar+Sc and
Pb+Pb collisions). A fast PSD simulator is under development to avoid time and resource
consuming GEANT4 simulation for mass production of high multiplicity heavy ion samples.
Progress on the event reconstruction is discussed in the next section.
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3.1.3 Event reconstruction

Development of the SHINE native reconstruction software is almost complete except for the
development of the ToF module, see Fig. 1 for detail.

Figure 1: Status of the native SHINE event reconstruction software. Green boxes indicate ready-
to-use modules and the orange box indicates the ToF module under development.

In addition to the existing main vertex reconstruction algorithms for thin and liquid hydro-
gen targets, a third vertex reconstruction algorithm for the neutrino replica long targets (T2K,
NOvA) is under development.

3.2 Calibration

Data calibration activities and calibration software upgrades during last year included:

(i) The reconstruction of events by "legacy" software was stopped as all data collected
before 2016 and required for physics analysis was successfully calibrated.

(ii) The reconstruction of NA61/SHINE data is now entirely processed using the HTCon-
dor system.

(iii) Data collected for the beam momentum of 13A GeV/c were fully reconstructed after
recalibration of the magnetic field.

(iv) A new manager for residual corrections of cluster positions was prepared and inten-
sively used. The new manager is fully configurable by xmls files and the correction
factors are now stored in a dedicated DB directory.

(v) The neutrino data, especially p+C collisions at 120 GeV/c and π+Be, π+C collisions
at 60 GeV/c, were almost fully calibrated (except for dE/dx calibration), validated and
partly analysed.
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(vi) The calibration of Pb+Pb data samples collected at 13A and 30A GeV/c beam momen-
tum was improved thanks to an additional TPC drift velocity adjustment and applica-
tion of new TPC cluster position residual correction factors.

(vii) The data from Xe+La collisions at 150A GeV/c beam momentum is partly calibrated.
The TPC parameters like: time off-sets, drift velocities as a function of time and posi-
tions were obtained. The standard algorithm required modification because of the lack
of measurements from the ToF detectors for a part of the events.

(viii) The energy loss (dE/dx) calibration is ongoing using the "legacy" software. There is a
significant progress in the conversion of this software to the SHINE framework. The
SHINE software includes a new Bethe Bloch fitter.

3.2.1 A.I.-controlled TPC monitoring using physics data

Dedicated studies were performed aimed at providing precise quality control of the TPC
electronics response. Unlike for the electronic pulser which gives only general informa-
tion on the electronics status, or the krypton calibration procedure [8] which diagnoses the
chamber in conditions resembling those of real physics data but only in large time intervals
(several months or more), the present approach aims at providing an in-depth diagnosis of
all the possible deteriorations of the TPC response for every NA61/SHINE dataset.

In the first steps of this effort, charge spectra obtained as a result of the radiative 83Kr decay in
the TPC (∼200, 000 spectra for all the TPC channels) were classified using a
Multi-layer Perceptron (MLP) supervised learning algorithm (python scikit-learn,
sklearn.neural_network.MLPClassifier being a major component of the dedicated
“neuralKr” module). The latter was trained using a sample of human eye-scans of the order
of ∼5, 000 histograms per TPC, where each spectrum was pre-classified as either “good” or
“bad” by eye inspection.

Subsequently, the latter algorithm was adapted to handle charge deposit spectra obtained
from physics data (i.e., from tracks of charged particles produced in Ar+Sc collisions at
150A GeV/c beam momentum). A modified version of the original neural network (MLP)
(“neuralArSc” module) was trained using the information on electronics channel quality
provided by 83Kr charge spectra eye-scans, attached however to the charge deposit spectra
of Ar+Sc physics data of the correspoding channel. This method appeared more reliable
than direct human eye-scans of dE/dx ionization spectra. The consistency of the two algo-
rithms was investigated in detail and the response of the neuralArSc algorithm to changes
that occured in the time interval between Kr and Ar+Sc data taking was judged very satis-
factory. It appeared in fact that the hybrid supervised learning algorithm (Ar+Sc data taken
together with Kr labels) improved the selection criteria devised to localize TPC channels of
inferior or deteriorated quality, and lowered the error margin induced by human eye-scans
applied in the precedent neural network. The resulting quality map of the MTPC-L chamber
electronics obtained directly from Ar+Sc collision data is presented in Fig. 2. As visible in
the figure, no indication of serious deterioration was found. The improved neural network
is planned to be applied for the high statistics Pb+Pb data taking after LS2.
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Figure 2: Quality map of MTPCL electronics obtained by the neural network from physics data
on Ar+Sc collisions: channels with good (green), deteriorated (red) and no (white) signal are indi-
cated.

4 New results

4.1 New results for strong interactions physics

This section summarizes new physics results from the programme on physics of strong in-
teractions. The most recent results on spectra and yields as well as on fluctuations and corre-
lations are presented. They are ordered and labelled according to the NA61/SHINE physics
goals, i.e. the study of the onsets of deconfinement (OD) and fireball (OF), the search for the
critical point (CP) and others (O).

4.1.1 (OD, OF) K± spectra and yields in the 10% most central Ar+Sc collisions at
19A–150A GeV/c

Preliminary results on charged kaons from the the 10% most central Ar+Sc interactions were
obtained and presented in Refs. [9,10]. Both identification methods, namely dE/dx (analysis
using TPC energy loss information to identify particles) and tof -dE/dx (analysis determining
the number of π, K, p using energy loss and particle time of flight measurements) were used
to obtain double differential (y, pT) spectra of charged kaons [9]. Results refer to primary
particles produced in strong and electromagnetic processes and are corrected for geomet-
rical detector acceptance and reconstruction efficiency as well as contamination from weak
decays and secondary interactions. Only statistical uncertainties were obtained and studies
of systematic uncertainties are in progress.

The mid-rapidity (0 < y < 0.2) transverse momentum spectra of K± are presented in
Fig. 3 for all analyzed energies. The points were fitted with the Boltzmann function and
extrapolated beyond the detector acceptance. The function integral outside the acceptance
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region was added to the measured data points allowing to obtain dn/dy spectra presented
in Fig. 4.
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Figure 3: Preliminary results on mid-rapidity (0 < y < 0.2) transverse momentum spectra of K+

(left) and K− (right) mesons produced in the 10% most central Ar+Sc collisions at 19A–150A GeV/c.
The lines correspond to the fitted Boltzmann functions. Only statistical uncertainties are shown.
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Figure 4: Preliminary results on rapidity spectra of K+ (left) and K− (right) mesons produced in
the 10% most central Ar+Sc collisions at 19A–150A GeV/c. The lines correspond to the fitted sum
of symmetrically displaced Gaussian functions. Only statistical uncertainties are shown.

Symmetry of the rapidity spectrum (Fig. 4) around y = 0 was assumed and the experimental
points were fitted by a sum of two Gaussian functions symmetrically displaced around mid-
rapidity to obtain the mean multiplicities of charged kaons.

Figures 5 and 6 show the current status of the step and horn plots. In Pb+Pb collisions a
plateau in the dependence on

√
sNN of the inverse slope parameter of K± spectra is ob-

served. Such a structure was predicted due to mixed phase of hadron gas and QGP [11].
Figure 5 shows that similar structures are visible in other systems. However, the level of the
plateau grows with the size of the collision system.

A rapid change (horn) was found in the energy dependence of K+/π+ and
〈
K+
〉

/ 〈π+〉
ratios for central Pb+Pb/Au+Au collisions, which is interpreted as due to the onset of de-
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Figure 5: Inverse slope parameter of mid-rapidity transverse mass spectra of K+ (left) and K−

(right) mesons as function of collision energy for p+p, Be+Be, Ar+Sc, and Pb+Pb/Au+Au colli-
sions. NA61/SHINE results are preliminary.

confinement [11]. NA61/SHINE results show a plateau like structure in p+p interactions.
Results from Be+Be collisions are close to those from p+p interactions. The new results on
Ar+Sc interactions show dependence on collision energy qualitatively similar to p+p data,
but the plateau is at a significantly higher level. Surprisingly, there is no indication of horn
structure in the Ar+Sc data.
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Figure 6: K+/π+ ratio at mid-rapidity (left) and
〈
K+
〉

/ 〈π+〉 ratio in full 4π phase space (right) as
function of collision energy for p+p, Be+Be, Ar+Sc, and Pb+Pb/Au+Au collisions. NA61/SHINE
Be+Be and Ar+Sc results are preliminary, p+p data are published in Ref. [12].
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(OD, OF) Proton-proton interactions and onset of deconfinement

 (GeV)NNs
1 210 410

0)≈
 (

y
+ π/

+
K

0

0.1

SPS(NA61 p+p)
RHIC
LHC(ALICE)
UrQMD 3.4
Fit

p+p

 (GeV)NNs
1 210 410

〉 
+ π 〈/〉 

+
 K〈

0

0.1

p+p
SPS(NA61 p+p)
WORLD(p+p)
UrQMD 3.4
Fit

 (GeV)NNs
1 210 410

T
 (

M
eV

)

100

200

SPS(NA61 p+p)
RHIC
LHC(ALICE)
ISR
UrQMD 3.4
Fit

p+p

+K
 0≈y 

 (GeV)NNs
1 210 410

T
 (

M
eV

)

100

200

SPS(NA61 p+p)
RHIC
LHC(ALICE)
ISR
UrQMD 3.4
Fit

p+p

-K
 0≈y 

Figure 7: Top: K+/π+ ratio at mid-rapidity (left) and
〈
K+
〉

/ 〈π+〉 ratio in full 4π phase space
(right) as function of collision energy for p+p data. Bottom: Inverse slope parameter of mid-
rapidity transverse mass spectra of K+ (left) and K− (right) mesons as function of collision energy
for p+p interactions.

The p+p results obtained by NA61/SHINE has been considered as a possible hint of the
onset of deconfinement in small systems. Kaon to pion ratios, as well as the inverse slope
parameter of mT spectra are presented in Fig. 7 together with predictions of the UrQMD

model predictions and results of the fits discussed below.

The collision energy dependence of the K+/π+ ratio in inelastic p+p interactions is different
from the one in heavy-ion collisions (see Fig. 6). First of all, the ratio is smaller in p+p
interactions than in Pb+Pb and Au+Au collisions and does not show the horn structure.
Starting from the threshold energy the ratio in p+p interactions steeply increases to reach a
plateau at CERN SPS energies. The plateau is followed by a weak increase towards LHC
energies. Notably, the beginning of the plateau in p+p interactions coincides with the horn
maximum in heavy-ion collisions.
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The collision energy dependence of the T parameter in heavy-ion collisions shows the step
structure (see Fig. 5). Following a fast rise the T parameter passes through a stationary re-
gion (or even a weak minimum for K−), which starts at low SPS energies, and then (above
the top SPS energy) enters a domain of steady increase. The increase continues up to the
top LHC energy. The collision energy dependence of the T parameter in inelastic p+p in-
teractions is surprisingly similar to the one for central Pb+Pb and Au+Au collisions. The
main difference is that the T parameter in p+p interactions is significantly smaller than for
heavy-ion collisions.

To estimate the break point between a fast rise at low energies and a plateau or slower in-
crease at high energies two straight lines were fitted to the p+p data (Fig. 7). The low energy
line was constrained by the threshold energy for kaon production. The fitted break energy is
8.3± 0.6 GeV, 7.70± 0.14 GeV, 6.5± 0.5 GeV and 7.9± 0.2 GeV, for the K+/π+, 〈K+〉/〈π+〉
ratios and T(K−), T(K+), respectively. These values are close to each other and surpris-
ingly close to the energy of the beginning of the horn and step structures in central Pb+Pb
collisions - the transition energy being approximately 8 GeV (see Figs. 5 and 6). Finally,
the resonance-string model UrQMD fails to reproduce NA61/SHINE data (Fig. 7). A paper
discussing these NA61/SHINE results was recently submitted to Nature Physics.

4.1.2 (OD) Anisotropic flow (v1, v2) of π− and protons in Pb+Pb interactions at 13A GeV/c

The directed and elliptic flow relative to the projectile spectator plane were measured for
Pb+Pb collisions at 13A GeV/c and shown in Ref. [13]. Results are presented for negatively
charged pions and protons produced by strong interaction processes and their weak and
electromagnetic decays (in the TPC acceptance [14]) and all hadrons at forward rapidity (in
the PSD acceptance [15]). The results were corrected for detector azimuthal non-uniformity
using the procedure described in Ref. [16]. No corrections for pT and y tracking and particle
identification (PID) efficiency were applied in the present analysis.

Figure 8 (left) shows results for negatively charged pion and proton v1 as a function of pT.
The value of v1(pT) approaches zero at zero pT and for negatively charged pions changes
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Figure 8: Left: negatively charged pion and proton directed flow v1(pT) for the 15-35% centrality
class. Right: slope of directed flow dv1/dy at y = yCM as function of the collision centrality.
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sign at pT ≈ 0.7− 1.3 GeV/c. The rate of change of directed flow, dv1/dy, is shown in Fig. 8
(right) as function of collision centrality. It was calculated by fitting v1(y) for |y| < 0.4 with a
linear function. For both protons and negative pions it starts with positive values for central
collisions and turns to negative values for more peripheral collisions. This observation is
consistent with recent STAR results from the RHIC Beam Energy Scan [17].

Directed and elliptic flow for Pb+Pb collisions at different energies are compared in Fig. 9.
Directed flow (Fig. 9, left) shows strong collision energy dependence, in particular at the pT
where v1 changes its sign.
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Figure 9: Left: negatively charged pion directed flow v1(pT) for beam momenta 13A GeV/c,
30A GeV/c [18] and kinetic energy of 40A GeV [19]. Right: elliptic flow v2(pT) for protons and
negatively charged pions at beam momenta 13A and 30A GeV/c.

Elliptic flow v2(pT) differs for negative pions and protons (Fig. 9, right) and shows weak
energy dependence between 13A and 30A GeV/c.

4.1.3 (CP) Femtoscopy analysis in the 20% most central Be+Be collisions at 150A GeV/c

The nature of the quark-hadron transition can be studied via Bose-Einstein correlations (fem-
toscopy), as the investigation of the femtoscopic correlation functions in heavy ion reactions
reveals the space-time structure of hadron production from the sQGP. With the use of Lévy-
type sources, one can describe the measured correlation functions and discuss the measure-
ment of the Lévy source parameters (α, λ and R) as a function of average pair transverse
mass (mT).

Recent results [20, 21], shown in Figs. 10 and 11, on the first Lévy-HBT analysis in Be+Be at
150A GeV/c were well received at the main conference of the field, the XIV Workshop on Par-
ticle Correlations and Femtoscopy in Dubna. The 20% most central events were analyzed,
and momentum correlations of identified pions (positive and negative pairs separately) at
mid-rapidity were measured. The correlation functions could be described with the assump-
tion of Lévy sources in a statistically acceptable manner, enabling the interpretation of the fit
parameters. Below details are given on these results.
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The Lévy stability parameter α describes the shape of the source. As shown in the upper
left plot of Fig. 10, the measured α parameter has no significant transverse mass (mT) de-
pendence, and the pion producing source in 150A GeV/c Be+Be collision appears not to be
Gaussian (corresponding to α = 2). These results are similar to those measured by PHENIX
in the 30% most central Au+Au collisions at

√
sNN = 200 GeV [22]. Furthermore, α was

conjectured to be related to one of the critical exponents (the so-called correlation exponent
η), and thus may shed light on the location of the critical endpoint (CP) on the QCD phase
diagram. The measured α is far from the CP conjecture (α = 0.5), as shown in the upper left
plot of Fig. 10, calling for investigations at other energies and in other collision systems.

The correlation strength λ is related to the core-halo ratio, where the core contains pions
created primordially or from short lived resonances, while the halo consists of the decay
products of longer lived resonances. In previous RHIC and SPS results, see e.g. Ref. [23]
(STAR) or Ref. [24] (NA44) or Ref. [25] (NA49), different mT dependences were found. The
NA61/SHINE results in the upper right plot of Fig. 10 show no significant mT dependence,
similar to NA44 and NA49 results.

The Lévy scale R corresponds to the femtoscopic scale of the system, i.e. the length of homo-
geneity. From a simple hydrodynamical picture one obtains an R ≈ 1/

√
mT type of trans-

verse mass dependence, creating a decreasing trend in mT, generally attributed to transverse
flow. The new Be+Be results, shown in the bottom plot of Fig. 10, indicate that R weakly de-
creases with mT, showing a hydro-type of transverse flow effect. This behavior was not
only seen in heavy ion experiments, but also in proton-proton collisions at RHIC - see e.g.
Ref. [26] (STAR).

The Lévy parameters (α, R and λ) are correlated, and especially in a low statistics dataset,
it is hard to determine them precisely. One might be able to reduce this correlation and the
statistical uncertainty of the parameters, if one fixed one of the three parameters to a well
defined value. One option is fixing α to a weighted average of the four α values obtained
in free parameter fits performed in each KT (average pair transverse momentum) bin, with
the assumption of transverse mass independence of α. The other option is fixing R with
the following equation motivated by hydrodynamical predictions of the particle emission
homogeneity length (HBT radii) of expanding fireballs:

R(mT) =
A√

1 + mT/B
. (1)

By fixing R one can more precisely determine the value α, which is the most important
variable in this analysis with respect to the critical point search.

Figure 11 shows fits with α or R fixed to a given (in case of R, mT dependent) value, as
detailed above. When comparing the three different fits (free parameter fit, fixed α fit, fixed
R fit), it is visible that they are compatible within statistical uncertainties, which are however
significantly reduced in case of the fixed α or R fits.

4.1.4 (CP) Intermittency of protons in Ar+Sc collisions at 150A GeV/c

In the 2018 Status Report [27], preliminary results were reported on proton intermittency
analysis in Ar+Sc collisions at 150A GeV/c. Presently an attempt is being made to improve
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Figure 10: Lévy stability parameater as function of collision energy for p+p, Be+Be, Ar+Sc, and
Pb+Pb/Au+Au collisions.ter α, Lévy correlation strength λ and Lévy scale parameter R versus
mT . Preliminary results for the 20% most central Be+Be collisions at 150A GeV/c.

the estimate of the statistical significance of this result. This issue is non-trivial because of
strong bin-by-bin correlations in the correlator ∆F2(M), but of high importance in view of
the possible interpretation of this result as related to the presence of the critical point [28].
The results of this analysis were presented for the first time at the 2019 European Physical
Society Conference on High Energy Physics [29].

Figure 12 (left) shows the values of ∆F2(M) for 10-15% central Ar+Sc collisions at 150A GeV/c;
original sample data values and their bootstrap standard errors are plotted against con-
fidence intervals (68-95-99.7%) of the ∆F2(M) distributions obtained from 1000 bootstrap
resamplings of the analyzed events. Figure 12 (right) compares the experimental ∆F2(M)
values against the ∆F2(M) values obtained from uncorrelated proton background with the
same inclusive characteristics as the original Ar+Sc events.

Based on the observed ∆F2(M) confidence intervals for Ar+Sc experimental data, one can
conclude that ∼ 95% of values are above the zero line, indicating a statistically significant
separation of SSFMs of real data from mixed events (background). Figure 12 (right) demon-
strates that only 1− 5% of uncorrelated proton background events produce a ∆F2(M) signal
as strong as the one observed in experimental data. One may therefore assign a 95% statisti-
cal significance to the observed experimental result being non-random.
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4.1.5 (O) Final results on φ meson production in p+p collisions
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Figure 13: Final rapidity distributions of φ mesons produced in p+p collisions at beam momenta
(from left to right) 158, 80 and 40 GeV/c. NA49 points (triangles) come from Ref. [30]. Solid curves
are Gaussian fits.

Final results on the measurements of φ meson production in p+p interactions have recently
been submitted for publication [31]. They include the first ever measured double differential
spectra of φ mesons as a function of rapidity and transverse momentum for proton beam
momenta of 80 GeV/c and 158 GeV/c, as well as single differential spectra of y or pT for beam
momentum of 40 GeV/c. Figure 13 presents pT integrated rapidity distributions of φ mesons
measured by NA61/SHINE in comparison with single differential results from NA49 [30].

These measurements may serve as reference for analogous measurements in Pb+Pb colli-
sions to infer about strangeness-related phenomena in heavy ion collisions. Furthermore,
they provide important input to improve hadron production models at CERN SPS energies,
in the sector of strangeness production.

Comparing to the earlier, preliminary version of these results, reported in Ref. [32] and pre-
sented e.g. at Quark Matter 2018 [33], background reduction around φ midrapidity and back-
ground parametrization in the invariant mass fits were improved [31]. This resulted in better
agreement with NA49 results at midrapidity.

4.1.6 (O) K∗(892)0 meson production in p+p interactions at 40 and 80 GeV/c

The first NA61/SHINE measurement of K∗(892)0 meson production via its K+ π− decay
mode in inelastic p+p collisions at beam momentum 158 GeV/c (

√
sNN = 17.3 GeV) was

obtained in 2018 [34,35] and presented also in the last Status Report. This year new prelimi-
nary results were added for p+p collisions at 40 and 80 GeV/c [36]. The template method was
used to extract raw K∗(892)0 signals. In this method the background is described as a sum
of two components: mixed events and Monte Carlo generated templates which describe the
contribution of K+-π− pairs coming from sources other than the K∗(892)0. For the stud-
ied resonance, the template method was found to be much more effective in estimating the
background than the standard procedure relying on mixed events only.
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Figure 14 presents the mid-rapidity transverse mass spectra of K∗(892)0 mesons produced in
inelastic p+p collisions at 40, 80, and 158 GeV/c. The rapidity spectra obtained by integrating
and extrapolating the transverse momentum distributions are shown in Fig. 15.
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Figure 14: Preliminary results on mid-rapidity transverse mass spectra of K∗(892)0 mesons pro-
duced in inelastic p+p collisions at 40, 80, and 158 GeV/c.
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Figure 15: Preliminary results on rapidity spectra of K∗(892)0 mesons produced in inelastic p+p
collisions at 40, 80, and 158 GeV/c. For 40 and 80 GeV/c the results were obtained by averaging over
a wide transverse momentum range (0 < pT < 1.5 GeV/c), whereas for 158 GeV/c pT-extrapolated
and integrated (0 < pT < ∞) results are shown.

The mean multiplicities of K∗(892)0 mesons in full phase-space (158 GeV/c) or in 0 < pT <
1.5 GeV/c (40 and 80 GeV/c) were obtained from summing the measured points and adding
the contribution from a Gaussian fit in the unmeasured region (lines in Fig. 15). For 158 GeV/c
the point with y < 0 was calculated only to check the symmetry of the rapidity distribution
and was not included in the procedure of mean multiplicity determination. The numerical
values of the mean multiplicities of K∗(892)0 mesons are presented in Table 1.
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√
sNN NA61/SHINE preliminary NA49 [37]

8.8 0.0285 ± 0.0031 ± 0.0046 -
12.3 0.0381 ± 0.0054 ± 0.0037 -
17.3 0.0806 ± 0.0006 ± 0.0026 0.0741 ± 0.0015 ± 0.0067

Table 1: Mean multiplicities of K∗(892)0 mesons produced in inelastic p+p collisions at 40, 80, and
158 GeV/c. For NA61/SHINE 40 and 80 GeV/c, as well as NA49 [37] 158 GeV/c data. The first
uncertainty is statistical and the second is systematic.

The new K∗(892)0 results of NA61/SHINE were compared with predictions of the statistical
Hadron Resonance Gas model [38,39] in Canonical (CE) and Grand Canonical (GCE) formu-
lations (Fig. 16). At 158 GeV/c the GCE model provides a very good description of K∗(892)0

production in the small p+p system. The CE model also agrees provided that the φ meson
is excluded from the fits. Please see Refs. [34–36] for comparisons of 158 GeV/c data with
Hadron Resonance Gas models of different authors.
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Figure 16: Preliminary results on mean multiplicities of K∗(892)0 mesons produced in p+p colli-
sions compared to Hadron Gas Model predictions [38,39]. Statistical and systematic uncertainties
of 〈K∗(892)0〉 were added in quadrature.

4.1.7 (O) Ξ
+ spectra and Ξ

+/Ξ− ratios in p+p interactions at 158 GeV/c

Hyperons are excellent probes of the dynamics of proton-proton interactions as constituent
strange quarks are not present in the initial state of this process. Therefore hyperon produc-
tion has been studied in a long series of experiments in elementary hadron+hadron interac-
tions. However, the experimental situation in this field remains inconclusive.

This report presents new data [10] from p+p collisions on Ξ+ anti-hyperon production. The
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event sample consists of 53 million registered interaction trigger events obtained at 158 GeV/c
beam momentum corresponding to

√
sNN = 17.3 GeV/c. The results refer to primary Ξ+

produced in strong and electromagnetic processes and are corrected for detector geometrical
acceptance and reconstruction efficiency.
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Figure 17: Preliminary results on transverse momentum spectra of Ξ− (left) and Ξ+ (right) pro-
duced in inelastic p+p interactions at 158 GeV/c in consecutive rapidity bins. Results are scaled
for better separation, shaded bands present systematic uncertainty.

To reduce the background in the invariant mass distribution several selection criteria were
applied and about half of the background is removed with these cuts, with the signal effec-
tively unchanged.

The invariant mass spectrum of Ξ candidates was fitted with a function consisting of a
Lorentzian for the signal and a polynomial (up to 4th order) for the background. The same
analysis was performed on simulated events in order to obtain corrections for geometrical
acceptance and reconstruction efficiency.

Preliminary results derived from two dimensional spectra (y vs pT) are presented as trans-
verse momentum distributions in bins of rapidity in Fig. 17 (the results for Ξ− were already
presented in the last Status Report, the results for Ξ+ were released this year [10]). Statistical
uncertainties are shown as vertical bars and preliminary estimates of systematic uncertainty
are indicated by shaded bands. The blue lines present results of exponential fits to the data
binned in mT.

The presented pT spectra were used to calculate the rapidity spectrum of Ξ+ production as
the sum of measured points and extrapolation to the unmeasured region of pT. The result

21



y
3− 2− 1− 0 1 2 3

dn
 / 

dy

0

0.0005

0.001

-Ξ
+Ξ

p+p at 158 GeV/c

Figure 18: Preliminary results on rapidity spectrum of Ξ+ (red) and Ξ− (blue) hyperons produced
in inelastic p+p interactions at 158 GeV/c fitted by a Gaussian function (lines).

is displayed in Fig. 18 together with the Ξ− spectrum released last year. Vertical bars show
statistical, the shaded band systematic uncertainties. The rapidity distribution was fitted by
a Gaussian function for extrapolation into the unmeasured regions. Summing of the data
points and extrapolation of the fitted function resulted in the mean multiplicity 〈Ξ+〉 =
0.00079 ± 0.00002 ± 0.00010. For a comparison, the mean multiplicity of Ξ−, reported last
year, was equal to 0.0033 ± 0.0001 ± 0.0006.

The newest results on Ξ+ and Ξ+/Ξ− spectra in p+p interactions at 158 GeV/c were pre-
sented for the first time at the 2019 conference on Strangeness in Quark Matter [10].

4.1.8 (O) Pentaquark Ξ(1860)−− search in p+p collisions at 158 GeV/c

The NA49 Collaboration presented evidence for the existence of a narrow Ξ− π− baryon
resonance with mass of 1.862 ± 0.002 GeV/c2 and width below the detector resolution. The
significance was estimated to be 4.0σ. This state was a candidate for the hypothetical exotic
Ξ−−3

2
baryon with S=-2, I= 3

2 and a quark content of (dsdsū). At the same mass a peak was

observed in the Ξ− π+ spectrum which is a candidate for the Ξ0
3
2

member of this isospin

quartet with a quark content of (dsusd̄). The corresponding anti-baryon spectra also showed
enhancements at the same invariant mass [40].

Recently, a similar analysis with much larger statistics was performed by NA61/SHINE [10].
The first step in the analysis was the search for Λ candidates, which were then combined
with the π− to form the Ξ− candidates. Next the Ξ−−3

2

(
Ξ0

3
2

)
were searched for in the Ξ−
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Figure 19: Left: NA61/SHINE invariant mass spectra after selection cuts for Ξ− π−, Ξ− π+, Ξ+
π−

(note that the Ξ(1530)0 state is also visible) and Ξ+
π+. The shaded histograms are the normalised

mixed-event backgrounds. Gray line marks the location where an indication of a pentaquark
signal was observed by the NA49 Collaboration. NA61/SHINE results [10] were obtained for
53M interaction trigger events (33M after all event cuts). Right: Similar plots but obtained by
NA49 [40]. In NA49 6.5M recorded events (3.75M after event cuts) were used.

π− (Ξ− π+) invariant mass spectrum, where the π− (π+) are primary vertex tracks. An
analogous procedure was followed for the antiparticles.

To search for the exotic Ξ−−3
2

state the selected Ξ− candidates were combined with primary

π− tracks. The resulting Ξ− π− invariant mass spectrum is shown in Fig. 19 (top, left). The
shaded histogram is the mixed-event background, obtained by combining the Ξ− and π−

from different events and normalising to the number of real combinations. The complete list
of invariant mass distributions, measured recently by NA61/SHINE (Ξ− π−, Ξ− π+, Ξ+

π−,
Ξ+

π+, is shown in Fig. 19 (left). In addition to the described cuts, a lower cut of 3 GeV/c was
imposed on the π+ momenta to minimize the large proton contamination. Blue histograms
show normalised mixed-event backgrounds. One sees that the data overlap with the mixed-
event backgrounds in the mass window 1.848 – 1.870 GeV/c2 where the NA49 signal was
observed; see Fig. 19 (right). Finally a narrow peak of Ξ(1530)0 is observed in the invariant
mass of Ξ+

π−. The yield of observed Ξ(1530)0 scales with the number of events compared
to NA49 results.

In summary, this NA61/SHINE analysis of p+p data, with ≈ 10 times higher statistics, does
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not confirm the NA49 indication of Ξ−−3
2

, Ξ0
3
2

and their antiparticles. All four invariant mass

distributions shown in Fig. 19 do not show significant signals in the mass window where a
pentaquark candidate was observed previously.

4.1.9 (O) Performance results from Vertex Detector for Xe+La at 150A GeV/c

The performance results are based on the Xe+La data for beam momentum of 150A GeV/c
taken in 2017. The SAVD tracks matched to TPC tracks are used to search for the D0 + D0

signal. In the analysis presented here, the PID information was derived from dE/dx signals
which were not yet fully calibrated. Each SAVD track is paired with another SAVD track
and is assumed to be either a kaon or a pion, unless the track identity is known from the
dE/dx in formation. The combinatorial background is several orders of magnitude higher
than the D0 + D0 signal due to the low yield of charm particles. Five cuts were applied
in order to reduce the large background. The cut parameters were chosen to maximize the
signal to noise ratio (SNR) of the reconstructed D0 + D0 peak and were determined from
simulations [41]. These cuts are:

(i) cut on the track transverse momentum, pT > 0.34 GeV/c;

(ii) cut on the track impact parameter, d > 34 µm;

(iii) cut on the longitudinal distance between the D0 decay vertex candidate and the pri-
mary vertex, Vz > 475 µm;

(iv) cut on the impact parameter D of the back-extrapolated D0 candidate momentum vec-
tor, D < 21 µm;

(v) and finally a cut on the distance of the closest approach of the two tracks of the pair,
DCA < 21 µm.

The d and D parameters are defined as the shortest distance between the primary vertex and
the track line of a single track and D0 candidate, respectively. Note, that the last four cuts
are based on information delivered by the SAVD. The cut values were first developed using
Monte-Carlo simulations and refined on real data.

Figure 20 shows the invariant mass distribution of unlike charge sign daughter candidates
with the applied cuts. One observes a peak emerging at 1.87 GeV/c2, which is consistent with
production of D0 + D0. The invariant mass distribution was fitted (red line) using an expo-
nential function to describe the background and a Gaussian to describe the D0 + D0 signal
contribution. From the fit one finds the width of the peak to be 10 MeV/c2, consistent with
the value obtained in simulations taking into account instrumental effects. The total yield
amounts to about 50 with a ±3σ integrated SNR of 4.0. Further improvement of this result
is expected after introduction of dE/dx calibrations and residual distortion corrections.

The same strategy of background suppression as that described above can be applied for
reconstruction of K0

S and Λ0 particles. Figure 21 (left) shows the invariant mass distribution
in the region of the K0

s mass for unlike charge sign pairs assigning the π mass to both tracks
of the pair. The result was obtained for 1.1× 106 collisions of Xe+La at the beam momentum
of 150A GeV/c. No event selection was applied. A clear K0

S peak is seen at 499.61 MeV/c2
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Figure 20: Invariant mass distribution of unlike charge sign π, K decay track candidates in Xe+La
collisions at 150A GeV/c taken in 2017.

Figure 21: Invariant mass distribution of unlike charge sign π, π decay (left) and π, p (right) track
candidates in Xe+La collisions at 150A GeV/c.

with a width of 2.63 MeV/c2. For the same data Fig. 21 (right) presents the invariant mass
distribution in the region of the Λ mass for the unlike charge sign pairs assigning the pro-
ton mass to the positively charged track and the π− mass to the negatively charged track
of the pair. As in the case of K0

S a clear Λ peak appears at mass of 1115.682 MeV/c2 with a
width of 0.67 MeV/c2. In both figures the red line represents a fit with a Gaussian function
to account for the signal plus a second order polynomial to account for the remaining back-
ground. The cut parameters were not optimized to maximize the signal significance. In this
analysis rather arbitrary cuts were used just to demonstrate the ability of K0

S and Λ recon-
struction. The width of the Λ peak is significantly smaller than the width of the K0

S peak, as
expected. The reconstructed masses exceed the known values for K0

S and Λ by 2 MeV/c2 and
0.67 MeV/c2, respectively. Although the shifts are small they are much larger than the statis-
tical uncertainty and are presumably related to the limited control of the absolute value of
the magnetic field. The observed discrepancy can be used to calibrate the absolute strength
of the magnetic field. Applying a linear extrapolation of the apparent K0

S and Λ mass shift
to the D0 mass region one expects a shift on the level of 10 MeV/c2. This prediction agrees
very well with the location of the D0 peak presented in Fig. 20.
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4.2 New results for neutrino physics

The NA61/SHINE collaboration has recently obtained and released reference measurements
obatined for long-baseline neutrino oscillation experiments at J-PARC and FNAL.

4.2.1 Final results on hadron emission from the T2K replica-target (J-PARC)

A paper devoted to measurements of double differential yields of π+, π−, K+, K− and pro-
tons emitted from the surface of a 90 cm-long carbon target (T2K replica) with incoming
31 GeV/c protons was recently published [42].

Yields of K+, K− and proton were obtained and published for the first time, while π+ and
π− yields were measured with improved precision compared to the previously published
NA61/SHINE results [43].

These newly published measurements are crucial for further reducing the hadron produc-
tion component of the T2K (anti)neutrino flux error [44], which is the dominant component
in the flux uncertainty. Expected reduction of the flux uncertainties down to about 5% [45]
will directly improve measurements of the (anti)neutrino-nucleus cross sections as well as
of the (anti)neutrino oscillation parameters in T2K.

4.2.2 Production cross section of p+C interactions at 31 GeV/c for T2K (J-PARC)

Complementary data with the T2K replica target were also taken using the maximal mag-
netic field. Analysis of the recorded 1.2 M events aims to measure the fraction of non-
interacting beam particles passing through the target, i.e. the beam survival probability. The
maximum magnetic field is needed to bend the high energy beam particles, 31 GeV protons,
to the TPCs for proper reconstruction. Having a measure of the beam survival probability,
Psurvival, and using the relation:

Psurvival = e−Lnσprod , (2)

where L is the length of the particle trajectory in the target and n is the number of carbon
atoms per unit volume, the production cross section σprod can be estimated. Note that any
interaction in which new hadrons are produced is regarded as production.

Analysis of these data is ongoing. The corresponding simulations with the FLUKA2011.2c.5
package are already produced, while GEANT4 10.04.03 predictions are under development.

4.2.3 Cross section of p+Be/C/Al interactions at 60 and 120 GeV/c (FNAL)

During the 2016 data collection, NA61/SHINE recorded interactions of protons on thin car-
bon, beryllium, and aluminum targets using beam momenta of 60 GeV/c and 120 GeV/c.
Interactions were recorded with all three targets at 60 GeV/c, while interactions on thin car-
bon and beryllium targets were recorded at 120 GeV/c. Measurements of proton inelastic
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and production cross sections have recently been completed using these data sets and sub-
mitted for publication in Phys. Rev. D [46].

The production cross section with a proton beam at 120 GeV/c was measured for the first
time with a precision of about 6% (8%) for p + C (p + Be) including statistical, systematic,
and model uncertainties. At 60 GeV/c, the measured production cross sections are compa-
rable to previous results for p + C and p + Al, and the precision was improved to about 3%.
The production cross section of p + Be at 60 GeV/c was measured for the first time with a
precision of about 4% including statistical, systematic, and model uncertainties.

The inelastic cross section with a proton beam at 120 GeV/c was measured for the first
time with a precision of about 6% (8%) for p + C (p + Be) including statistical, systematic,
and model uncertainties. For the inelastic production cross section of the proton beam at
60 GeV/c, reasonable agreement with a previous measurement was found.

The measurements are summarized in Figure 22.
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Figure 22: (Left) Summary of production cross section measurements. The results are compared
to former results by Carroll et al. [47]. (Right) Summary of inelastic cross section measurements.
The results are compared to former results by Denisov et al. [48].

4.2.4 Hadron spectra in π++Be/C interactions at 60 GeVc (FNAL)

In the momentum range that is relevant for the current and future long-baseline neutrino
program at Fermilab, there is very little existing data on the spectra of hadrons that are
produced by pions that re-interact in the neutrino target. An analysis of the interactions of
60 GeV/c π+ with thin, fixed carbon and beryllium targets has recently been completed [49]
using data collected in NA61/SHINE in 2016. A paper has been finalized recently and sub-
mitted for publication in Phys. Rev. D [50]. Integrated production and inelastic cross sections
were measured for both of these reactions. In an analysis of strange, neutral hadron pro-
duction, differential production multiplicities of K0

s , Λ and Λ were measured. Lastly, in an
analysis of charged hadron production, differential production multiplicities of π+, π−, K+,
K− and protons were measured. These measurements will enable long-baseline neutrino
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Figure 23: Measurements of momentum spectra from π++C at 60 GeV/c and π++Be at 60 GeV/c
interactions are shown for produced π+, K+, proton, K0

s , and Λ for selected representative angular
bins. The error bars represent total uncertainties except for the normalization uncertainty.
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experiments to better constrain predictions of their neutrino flux in order to achieve better
precision on their neutrino cross section and oscillation measurements. A comparison of the
results for the carbon and beryllium targets for a few selected bins are shown in Figure 23.

In addition to the integrated cross section measurements discussed in Section 4.2.3, analysis
is currently in progress to extract new hadron production spectra from those datasets as
well.

4.3 New results for cosmic-ray physics

NA61/SHINE measurements for cosmic-ray physics include measurements needed to im-
prove simulations of cosmic-ray induced air showers (CR-A) and understanding of cosmic-
ray propagation in the Galaxy (CR-G).

4.3.1 p̄ spectra in π− +C interactions at 158 and 350 GeV/c (CR-A)

The vast majority of hadronic interactions in cosmic-ray induced air showers are π+air inter-
actions and the muons observed by particle detectors of surface detectors mostly originate
from decays of pions that were produced in pion-air interactions at equivalent beam ener-
gies below a TeV [51–53]. Therefore, new data with pion beams at 158 and 350 GeV/c on a
thin carbon target (as a proxy for nitrogen) were collected in 2009 by the NA61/SHINE ex-
periment and the production spectra of charged hadrons and identified particles (π±, K±,
p(p̄), Λ(Λ̄), K0

S, K∗0, ω and ρ0) [54–59] were previouly reported. The preliminary measure-
ments of p̄ production in π− + C interactions had sizeable systematic uncertainties due to
a model-dependent correction for the feed-down of antiprotons from weak decays, mainly
from Λ̄ → p̄ + π−. This section presents an update of this measurement with a data-driven
correction for the feed-down. For this purpose first Λ̄ production in π−+ C interactions [59]
was measured and then the model correction was re-weighted accordingly as described
in [60]. The result is shown in Fig. 24 and compared to predictions of hadronic interaction
models used in air shower simulations. As can be seen, none of the most recent versions of
the models describes the data well. The older version 1.99 of EPOS, however, gives a very
good description of the data. The current “LHC” version of this model clearly overproduces
anti-protons. Hence the enhanced transfer to the hadronic cascade and the corresponding
larger amount of muon production in this model is strongly disfavored by the new measure-
ment. On the other hand, all the remaining models under-produce anti-protons and thus it
can be conjectured that an increase of anti-baryon production in these models to match our
measurement could alleviate the muon deficit reported by air shower experiments.

These updated corrections to the anti-proton spectra conclude the extensive NA61/SHINE
studies of the interactions of pion projectiles and a paper summarizing all results will be
submitted this year.

29



100 101 102

p [GeV/c]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1

N
p

ro
d
p

d
n d
p

[(
G

eV
/c

)−
1
]

π− + C → p+ +X at 158 GeV

QGSJetII-04

EPOS-1.99

EPOS-LHC

Sibyll2.1

Sybill2.3c

100 101 102

p [GeV/c]

0.00

0.01

0.02

0.03

0.04

0.05

1

N
p

ro
d
p

d
n d
p

[(
G

eV
/c

)−
1
]

π− + C → p− +X at 158 GeV

100 101 102

p [GeV/c]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1

N
p

ro
d
p

d
n d
p

[(
G

eV
/c

)−
1
]

π− + C → p+ +X at 158 GeV

QGSJetII-04

EPOS-1.99

EPOS-LHC

Sibyll2.1

Sybill2.3c

100 101 102

p [GeV/c]

0.00

0.01

0.02

0.03

0.04

0.05

1

N
p

ro
d
p

d
n d
p

[(
G

eV
/c

)−
1
]

π− + C → p− +X at 158 GeV

Figure 24: Comparison of the pT-integrated p̄ momentum spectrum in π− +C interactions at
158 GeV/c with predictions of hadronic interaction models used in air shower simulations.

4.3.2 Cross section of C+p→ B + X at 13A GeV/c (CR-G)

Recent progress in the detection of Galactic cosmic rays with space-based detectors such as
PAMELA and AMS has lead to a wealth of new data on the fluxes of leptons, nuclei and
antiprotons from GeV to TeV energies with an unprecedented percent-level precision. These
new data sets provide a unique diagnostic of cosmic-ray propagation in the Galaxy and an
opportunity to find signatures of astrophysical dark matter annihilation. The amount of
particle production in the Galaxy depends on the integrated traversed matter density which
can be inferred from the ratio of secondary to primary cosmic rays such as the ratio of Boron
to Carbon if the nuclear fragmentation cross section of the primary particles are known from
laboratory measurements. The current uncertainties in the modeling of the propagation of
cosmic rays in the Galaxy due to uncertainties of these cross sections is however at the level
of 10–20% [61–64] and thus much larger than the uncertainty of the cosmic-ray data itself.

To remedy this situation, the NA61/SHINE Collaboration is studying the possibility of per-
forming new precise measurements of nuclear fragmentation at the CERN SPS. A pilot
run [65] took place in December 2018 and recorded 3 days of test data for the measurement
of Boron production in C+p interactions.

For this purpose, the SPS delivered secondary ions to the NA61/SHINE experiment that
were created by fragmenting a primary lead beam on a primary beryllium target (see [66]
for a description of previous data taking of NA61/SHINE with a secondary ion beam). A
measurement of the resulting beam composition at the experiment is shown in Fig. 25 for
two different beam rigidities R = E/Z and primary target thicknesses. As can be seen, even
for the uncalibrated online data shown here, the beam isotopes are well separated by mea-
suring their time of flight with two scinitillators separated by 236 m and the amplitude of
the scintillator signals which is proportional to the squared charge of the particle. The set-
tings on the right panel were used for the fragmentation run presented here as it maximized
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Figure 25: Beam composition recorded with free-running trigger detectors for different settings of
the H2 beamline. Left: E/Z = 28 GV, 20 cm primary Be target, right: E/Z = 27 GV, 16 cm primary
Be target. The signal on the x-axis is proportional to the charge of the beam particle, whereas the
y-axis separates the isotopes masses via a measurement of the particle velocity.
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Figure 26: Left: targets used for the data taking, right: detection of fragments in the TPC down-
stream of the magnetic field (see text)

the number of 12C ions in the beamline. The main beam trigger was set to select carbon
isotopes.

More than 1.1× 106 carbon beam triggers were recorded during three days of data taking
sliding into the beam three alternative targets as indicated on the left panel of Fig. 26: A
1 cm C-target, a 1.5 cm polyethylene (CH2) target and an empty target holder. The latter is
used to correct the measurement for out-of-target interactions and the subtraction of C+C
interactions from C+CH2 interactions yields the desired fragmentation cross sections in C+p
interactions (details of the analysis can be found in [67]).

The identification of fragments downstream of the target is illustrated in the right panel of
Fig. 26. Here the x-axis shows the deviation of the measured track from the nominal beam
position after the passage through the two superconducting magnets. This deviation is a
measure of the rigidity of the particle relative to the beam rigidity and thus of the mass of

31



the produced isotope. On the y-axis, the square root of the energy deposit in the TPC is
plotted, which gives a measure of the charge of the particle. Since the data were taken in
zero-bias mode, most tracks are in the 12C-peak appearing as a black area in the truncated
color scale. 11C, 11B and 10B fragments are clearly visible and also Be and Li fragments,
though the statistics of the pilot run is too small to discern the different isotopes of the latter
by eye.

As a first step, the analysis concentrated on the sum of B isotopes. The fully calibrated Z2

distribution derived from the energy deposit in the TPC located 10 m downstream of the
target is shown in Fig. 27. As can be seen, the different charges are well separated with
almost no overlap between the elements. The gray histogram shows the distribution of
charges without inserted target, i.e. isotopes that were produced in interactions with the
detector material. The data points correspond to the charge distribution with inserted target
and the red arrows indicate the range in Z2 used to select B nuclei.

The number of B nuclei produced in C+C and C+CH2 interactions was used to derive a
preliminary measurement of the fragmentation cross section of C on p to B [68]:

σC+p→B+X = (47.7± 3 (stat.)± 2.3 (syst.)) mb.

This measurement is compared to previous data in Fig. 28 and agrees well with the extrap-
olation of the cross section derived in Ref. [64] and indicated by the shaded bands. It is
worthwhile noting that the asymptotic value of the cross section above 10 A GeV/c is very
important for the interpretation of the B/C ratio measured by AMS up to &TeV [69]. In this
energy range only one measurement from Ref. [70] was available prior to the NA61/SHINE
pilot run.

As detailed in Ref. [71], a whole range of nuclear reactions needs to be measured to allow
for a precise measurement of light secondary nuclei in cosmic rays. The variety of secondary
fragments delivered by the H2 beamline (cf. Fig. 25) is ideal for collecting this data at the SPS
with a single beam setting in a short time. Such a measurement campaign is proposed to
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Figure 28: Measured fragmentation cross section of C + p → B + X (filled data point) compared
to previous measurements (open data points) and the parameterization of the fragmentation cross
section from (see [64] and references therein).

take place when the LHC (and thus SPS) resume operation after the current “long shutdown
2” [72]. The envisaged data taking will benefit from the planned upgrade of the read-out
system of NA61/SHINE to increase the possible data taking rate by a factor of ten, bringing
it up to 1 kHz. At this readout speed a modest beam time of about two weeks of data taking
with secondary ions from the SPS would lead to a comprehensive measurement of the most
relevant cross sections for the secondary production of the cosmic-ray isotopes of Li, Be, B,
C and N.

4.3.3 Analysis of p and d production in p+p interactions at 158 GeV/c (CR-G)

The existence of dark matter is established on very different length scales from galaxies to
galaxy clusters to the cosmic microwave background [73]. 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.

Anti-deuterons may also be generated in dark matter annihilations or decays, offering 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 [74–
79]. Low-energy anti-deuterons from a wide range of viable dark matter models [76, 77, 80]
exceed the astrophysical background [81] by O(100) 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.

Anti-deuteron Formation
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Although the predicted low-energy flux of antideuterons from dark matter annihilations or
decays is much higher in many models, the uncertainties of anti-deuteron formation 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 interactions 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 con-
clusion of the following short overview is that more experimental data and better modelling
of (anti-)deuteron formation are needed.

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 phenomenological quantity
and cannot be calculated from first principles. Therefore, it has to be determined through
fits to experimental data [82]. In this approach, the (anti-)deuteron spectrum is given by:

γd
d3Nd

dp3
d

=
π

6
p3

0

(
γp

d3Np

dp3
p

)(
γn

d3Nn

dp3
n

)
, (3)

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 coalescence momen-
tum 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 p n pairs on a per-event basis in Monte Carlo simulations. 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 theory of Quantum Chromodynamics breaks down.
As a result, the coalescence model is sensitive to non-perturbative effects in the hadronic
generators. p0 heavily depends on the hadronization model because it also describes all
other differences between antiproton and antideuteron production.

A recent study [83] combined results from existing anti-deuteron measurements. The left
panel of Fig. 29 illustrates the best current understanding of the coalescence momentum
p0 Eq. (3) for anti-deuteron production 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 understanding of cosmic-ray anti-deuterons is the steep increase of the coalescence
momentum between 10 to 100 GeV/c of beam momentum.

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 [85–87]. The resulting particle spec-
tra can be used to examine the conditions at freeze-out. In this model, the particle yields
depend approximately exponentially on the chemical freeze-out temperature Tchem and the
mass m: dN/dy ∝ exp (−m/Tchem). Due to their large masses, the abundance of nuclei is
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Figure 29: Left: Coalescence momentum p0 (see Ref. [83]) for anti-deuterons as function of col-
lision kinetic energy (T) for two different hadronic generators. Fits for EPOSLHC (long-dashed
red line) and FTFP-BERT (dashed blue line) are shown. Additionally, the p0 values obtained from
the analytic coalescence model and the parametrization of Korsmeier et al. are included. [84] The
Geant4 FTFP-BERT model could not be used to simulate the highest energies. Right: Distribution
of charged particles in the dE/dx − plab plane. The energy loss is measured in the TPCs, and is
shown for charged particles for events and tracks selected for the analysis of p+p interactions at
158!GeVc. The selection region for low-momentum protons and deuterons is highlighted, and is
calculated based on the Bethe-Bloch function.

very sensitive to Tchem. The value of Tchem obtained from data is about 170 MeV and shows
a weak energy dependence.

Production of secondary deuterons The p+p 158 GeV/c data sets from 2010 and 2011 con-
taining about 60 million events were analyzed, and about 1000 low-momentum deuterons
were identified. However in the most common channels for deuteron production in p+p
collisions (eg p+p→ d+n+p and the resonance production channel p+p→ d+π+), it is kine-
matically infeasible to produce deuterons with plab less than about 1.4 GeV/c when the beam
momentum is 158 GeV/c. The right panel of Fig. 29 shows the selected deuterons tracks
which have passed the event and track selection cuts in the analysis. Using Monte-Carlo
simulations of detector acceptance and efficiency, the correction factor for protons was de-
termined to be about ten in this kinematic region. Assuming a similar correction factor for
deuterons, an estimated 10,000 deuterons should be produced in this kinematic region. The
source of these low-momentum deuterons was investigated. The left and right panel of
Fig. 30 show the background-corrected vertex-Z distribution of selected events containing at
least one proton and at least one deuteron, respectively. The plots shows no excess of proton
or deuterons from regions close to the target-holder. Hence, the target holder was not the
source of these deuterons.

Deuteron production from the interaction of secondary protons (produced in the primary
p+p interaction) with the target medium was investigated. The deuteron resonance produc-
tion cross-sections were obtained from other experiments having low beam momentum p+p
collisions (see Ref. [83]). EPOS simulations were used to get the secondary proton spectra for
p+p 158 GeV/c. The p-p interaction cross-sections for various secondary proton momenta
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Figure 30: The distribution of the z-coordinate of the vertices of selected events containing at least
one proton (left), and at least one deuteron (right).

were obtained from PDG. The secondary proton was assumed to be produced on average
in the middle of the target, hence its interaction probability was set to half of the interaction
probability of a beam proton of same momentum. Using these, it was estimated that 2500
deuterons (i.e a quarter of the deuteron signal) are produced via this process. The remaining
signal could have been produced by interactions of the beam with residual gas in the beam
pipe or by secondary interactions in detector material and which were mis-reconstructed to
originate from within the target region.

Path Onwards Template fitting of dE/dx distributions is currently ongoing. Further momen-
tum range widening will be achieved by using time-of-flight (to f ) information. This will be
particularly critical to measure deuteron spectra in the 5-10 GeV/c momentum region. Mea-
suring charge, momentum, and velocity, mass reconstruction in NA61/SHINE is possible
up to a maximum momentum of about 10 GeV/c (restricted by timing resolution), which
corresponds to the momentum range accessible for deuterons by the cosmic-ray experiment
AMS-02.

The p/p ratio as a function of transverse momentum will be determined from the dE/dx
analysis. Furthermore, the d/p ratio as a function of transverse momentum will be deter-
mined from the to f analysis. This will be used to tune hadronic generators as well as to test
the coalescence and thermal model approach. The analysis of ALICE data [88] suggests that
the thermal model works well for Pb+Pb interactions, but that the d/p ratio is over-predicted
for p+p interactions. As it is more relevant to cosmic rays, this finding will be tested at the
lower SPS energies.

The underlying mechanisms of hadronic generators are very different and it cannot be ex-
pected that two-particle correlation models agree. There is also no a-priori reason to ex-
pect the two-particle correlations from one generator to be more reliable than from another.
Therefore, an important study is to compare angular correlations between (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
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experiments, NA61/SHINE does not have experimental access to (anti-)neutron spectra.
Therefore, only pp, pp, and p p correlations can be studied experimentally and compared
to simulations. This is a crucial step for validating and/or tuning the underlying hadronic
models.

5 Detector upgrade

NA61/SHINE proposed [72] to continue the measurements of hadron and nuclear fragment
production properties in reactions induced by hadron and ion beams after the Long Shut-
down 2. The measurements are requested by heavy ion, cosmic ray and neutrino communi-
ties 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 neutrino
physics.

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

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.

(v) Construction of new Time-of-Flight detectors.

Also a feasibility study was requested of very low momenta (1-5 GeV/c) hadron beams
needed for data taking for J-PARC and FNAL neutrino experiments.

The status of the detector upgrade and its funding is presented in this section.

5.1 TPC Upgrade

This section describes status and plans of the TPC upgrade. In the upgrade planning for the
NA61/SHINE experiment described in Ref. [72] a list of work packages was defined for the
upgrade of the TPC. Here the progress of the upgrade is presented following this list.
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Status of the work packages for the upgrade of the TPC readout

(i) Development of a 3-D model of the NA61/SHINE readout chambers:

This work is finished and only final details for the mounting of the FECs and the cooling
plates need to be considered and are described later.

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

Figure 31: New design of the input adapter board with protection circuitry and two connectors
on the output side for the Kapton cables connecting to the FEC.

Based on the 3-D model prototype adapter boards including an ESD protection network
were developed and built in Frankfurt using the rigid/flex technology to incorporate
the Kapton cables, see [72]. 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 FECs
was tested in an existing test stand at IKF. The results are described below.

In the on-detector test it was found that the original idea to use the rigid/flex technol-
ogy for the design of the input adapter boards together with the Kapton cables connect-
ing to the FECs did not work properly. The weight of the 4 Kapton cables together with
the input board made the handling rather tricky and lead to bent pins on the cham-
ber connector side due to uneven forces when inserting the adapter boards. Therefore
it was decided to go back to conventional technology and separate the Kapton cables
from the adapter board. The new design, now with two output connectors, is shown in
Fig. 31. Tests are foreseen within the next month.

(iii) Design of the mechanical support of the FECs:

Using the 3-D model a mounting scheme for the VTPCs was developed. Due to the
limited space above the chambers given by the presence of the magnets the FECs have
to be mounted in an inclined pattern shown in Fig. 32. In addition the readout adapter
boards who’s original layout was developed by the PHOS detector in Alice had to be
redesigned to minimize space requirements. In particular the copper pipes of the cool-
ing plates had to be taken into account requiring a shift of the board position towards
the center of the FEC (see v)
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Figure 32: Simulation of FECs in a VTPC (not showing the cooling plates).

Due to the tight space it is necessary to use the original Alice cooling plates visible in
Fig. 33 in a real VTPC chamber.

For the MTPCs the situation is much more relaxed as sufficient space is available.

In Fig. 34 a design study is shown where the FECs are sandwiched between the old
NA61/SHINE cooling plates.

(iv) Design and implementation of the FEC cooling:

The FECs will be cooled following 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:

First tests of the readout of the FECs using the RCU2 board within NA61/SHINE were
done using interface boards developed for the PHOS detector in ALICE using the same
FECs and RCUs as the TPC. This was done in the lab at Bergen. After the correct opera-
tion was established the same set-up was used for the on-detector test using two FECs
described below. During these tests it was found that the two interface boards were so
closely spaced (see [72]) that it was difficult to operate the locks. In addition it was re-
alized that one side of the larger adapter board would interfere with the cooling pipe of
the FECs planned to be used in the VTPCs. Therefore a redesign of the adapter boards
was attempted combining the 2 separate boards into one and at the same time shift the
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Figure 33: FECs in a VTPC showing the cooling plates.

Figure 34: Model of the mounting of FECs in a MTPC together with the old NA61/SHINE the
cooling plates.

position of the adapter board towards the center of the FEC to allow the passage of the
cooling pipe.

The result is shown in Fig. 35. First tests using the new board will be performed within
the next month.

(vi) Development of read-out and DAQ for the new electronics: A rudimentary readout
scheme for the RCU2 was developed for the on-detector tests described below. Work

40



Figure 35: New design of the readout adapter board to connect a FEC to the three flexible readout
bus cables.

for the final readout of the full TPC is ongoing.

(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)
have been performed at Bergen, at CERN and Warsaw University of Technology.

These tests culminated in an on-detector test with beam using two FECs and one RCU2
with a simplified readout scheme. The results are described below.

(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). A first layout has been developed optimising the number fo FECs connected to a
given power supply.

It follows the design of the ALICE TPC LV system using power supplies from the com-
pany Wiener. For the distribution of the LV inside the MTPCs a group of 5 chambers
is supplied by 5 bus bars running along the inside of the top plate on the side of the
chambers perpendicular to the beam direction. For the VTPCs 3 chambers in beam di-
rection are supplied by one bus bar running along the outside (away from the beam) of
the VTPCs. The full layout is sketched in Fig. 36.

The connection between bus bars and FECs is then done by short patch cables as in
Alice.

As an alternative to the relatively expensive power supplies from the company Wiener
a development of new power supplies based on standard industry modules has been
started in Krakow. If successful it will be used instead of the Wiener PS which remain
the plan B option.

(ix) Development and implementation of new Detector Control System (DCS): Work
ongoing see subsection "DCS upgrade".

(x) Dismounting electronics from Alice and mounting in NA61/SHINE: The first part
of this work package is done: 1000 FECs with cooling plates for the VTPCs, 1000 FECs
without cooling plates for the MTPCs and 100 RCUs were dismounted and transported
to and stored in the NA61/SHINE experimental area.

The re-installation in NA61/SHINE of the the FECs will be done in due time.

41



Figure 36: Positions of the bus bars (in red) on the VTPs and MTPCs. For MTPC-R not all details
are shown.

5.1.1 First test results

During the last running period of NA61/SHINE in 2018 the first test results were obtained
for work packages 2 and 5.

In a first step the additional noise of the new input adapter boards was determined using
the same lab test stand that had been used in Alice to do the acceptance tests for all FECs.
It was found that the increase of noise of the new about 13 cm long Kapton cables together
with the additional ESD protection (100 Ω resistors and NUP suppressor diodes) is about
14% higher compared to the old Alice cables with 7 cm length.

In a special test run two Alice FECs were mounted in a high resolution sector of one of the
MTPCs. On the input side prototypes of the new input adapter cables were installed while
on the output side prototypes of the new cable readout bus with the corresponding adapter
boards and one RCU2 interface board was used. In Fig. 37 left a comparison of the signal-to-
noise ratios of the present NA61/SHINE electronics to the Alice FECs is shown. Clearly the
new board fulfills the requirements.

5.2 TDAQ Upgrade

A new design of the Trigger and Data AcQuisition system (TDAQ) has been prepared along
with the NA61/SHINE upgrade plan [72]. It is depicted in Fig. 38

The Detector Layer is the starting point of data flow. The technology used to transport
data between those layers as well as everything inside the Detector Layer are not part of
the TDAQ project. Thus sub-detector groups can freely choose the technologies for data
collection and transport. Details are provided in sections dedicated to the corresponding
sub-detector.
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Figure 37: Left: Signal-to-noise of the NA61/SHINE legacy electronics compared to the new Alice
readout. Right: Maximum signal of the track clusters of the NA61/SHINE legacy electronics
compared to the new Alice readout.

The Readout Layer consists of nodes, which are sub-event builders. Components acquired
up to now: about 300 machines to serve as Event Builders and Nodes; 12 units of 1GbE
network switches for control and part of the data networks; one switch network which will
be evaluated as TDAQ data network core switch. Furthermore, work on the communication
library is well advanced.

The Acquisition Supervisor is an integral and central part of the DAQ system and, at the
same time, the most crucial one. Already dedicated hardware has been obtained for the
TDAQ Acquisition Supervisor. Currently, software development is in progress.

The Event Builders receive sub-events from all nodes and assemble a final event. Recently,
a testbed was prepared using hardware dedicated for the final TDAQ setup. It is used for
ongoing work on the software for Event Builders. Significant progress has already been
made implementing data reduction methods such as local tracking and noise detection.

The Storage will be provided by CERN in form of CASTOR and EOS, where NA61/SHINE
has already reserved 5 PB and 1 PB of storage space, respectively. Furthermore a data buffer
will be installed, to cope with possible interruptions of the network connection to EOS. A
second-hand disk array storage with the required capacity was already received. If funds
are sufficient, a brand new storage system will be purchased. Furthermore, two 100 GbE
connections are prepared and will be installed with the help of the CERN IT department in
2020.

During LS2 the NA61/SHINE trigger system will undergo a major upgrade. The old system
based on CAMAC components (main logic unit, pattern units, scalers etc.) will be replaced
by a new system based on modern VME parts. The core of the new trigger system will be
a CAEN V2495 programmable logic unit based on FPGA. Custom firmware for the CAEN
module will be developed for this purpose, which will handle the trigger logic required for
efficient operation of the NA61/SHINE detector system. Moreover, the new trigger system
will incorporate BUSY logic of the data acquisition programmed in FPGA fabric. A cus-
tom trigger distribution system will be introduced, together with control and monitoring
software. Development of the new trigger system is well advanced, work on the custom
FPGA firmware has already started. After LS2 NA61/SHINE will use legacy ALICE TPC
electronics, which require a TTC (Timing Trigger Control) signal used by LHC experiments
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Figure 38: Overview of the new NA61/SHINE trigger and data acquisition system.

for triggering. Valid TTC trigger sequences were generated in NA61 by V2495 logic units
coupled with the standard TTCex module. With this development setup new NA61/SHINE
TPC electronics was successfully triggered and tested. Currently the firmware supports run-
ning with internal oscillator with programmable frequency or an external NIM signal as a
trigger source. A graphical Linux application is used to control the unit.

The CERN Vistar will publish the most crucial information about data taking so that experts
can easily monitor the situation. The software for Vistar is ready for deployment in 2020.
In addition, the Event Monitor and the DCS will be integrated with the DAQ system. The
Event monitor is in its final stage of development. Furthermore, the TDAQ dedicated moni-
toring will be based on Icinga2 complemented by Grafana and Prometheus database. Icinga2
monitoring is ready for deployment and work on configuring Grafana and Prometheus is in
progress.

This year, a barrack in the north area has been dedicated as the new TDAQ server room. It
has been cleaned, renovated and adapted by enforcing floors, installing a water cooling sys-
tem and an electricity line. Next, new water cooled racks were installed, which are capable
to hold the 160 machines needed by the TDAQ system. The test of the full installation is
foreseen at the beginning of the next year.

44



Figure 39: The SAVD used by NA61/SHINE during the data taking in 2016 and 2017

5.3 VD Upgrade

The upgrade of the existing SAVD detector aims to adapt this detector to the requirements
of data taking with a 1 kHz trigger rate, and to increase its geometrical acceptance. Both
measures will yield a significant (∼30×) increase of statistics of the reconstructed decays of
charm hadrons.

To fulfill its task, the new 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
surpass the possibilities of the successful MIMOSA-26AHR sensors used so far in the SAVD.
Moreover, the related increase of the radiation dose has to be considered. The requirements
on the sensors can be estimated by scaling the corresponding numbers derived for the SAVD
[89] to the future 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 2. No safety margin
was considered. One finds the radiation load dominated by 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 initial assumptions
as described in Ref. [89] and based on a measurement of the beam halo carried out during
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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 2: 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, numbers scaled from
Ref. [89] (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 careful beam tuning. The obtained numbers are considered as most representative
for future experiments.

the 2017 Xe+La run at 150A GeV/c. One observes that optimizing the beam for a low beam
halo yielded a significant reduction of the radiation load. Despite remaining moderate, the
ionizing radiation dose still exceeds the radiation tolerance of the previously used MIMOSA-
26AHR sensors.

The new detector will reuse the mechanics and infrastructure of the SAVD. A photograph of
the SAVD just before its installation on the beam for the test measurement in 2016 is shown
in Fig. 39. 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
those used in the Inner Barrel of the new ALICE Inner Tracking System (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 Ref. [72] and sec. 4.3.

In spite of the good experience with the MIMOSA-26AHR sensors in the construction 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 time resolution (by a factor of
10) is required. The ALPIDE sensor and the detector concept developed for the new ALICE
ITS were found to be 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. 39, was successfully
operated in NA61/SHINE during 5 days of the test with Pb+Pb collisions at 150A GeV/c.
An agreement concerning further collaboration and technology transfer from ALICE ITS to
NA61/SHINE was already negotiated.

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 older MIMOSA-
26AHR, they will host the modern ALPIDE CMOS Pixel Sensors [90]. A comparison of the
features of both sensors is given in Table 3.

The new sensors feature a time resolution of 10 µs, which is by more than one order of mag-
nitude faster than the average time between two collisions, and a powerful ∼ 1 Gbps data
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Table 3: 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

Plane 1

Plane 2
Plane 3

Plane 4

6 mm
6 mm

9 mm

12 mm

Figure 40: 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.

interface. This fact and the capability of ALPIDE sensors to use external trigger informa-
tion for data reduction ensures the rate capability required for the VD. As shown in Table 2,
the sensor does also match the requirements with respect to 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 ALPIDE sensors to ion-
izing radiation likely exceeds the 500 krad guaranteed so far. This is a subject of ongoing
research.

As the fibre supports were initially designed for ALPIDE sensors, the carbon fibre plates re-
quired for adapting them mechanically to MIMOSA-26AHR sensors become obsolete, which
reduces the material budget by slightly below 0.1% X0. Moreover, accounting for the very
low power consumption of ALPIDE sensors, it is considered not to use the active cooling
foreseen in the support structures. The absence of coolant in the structures would addition-
ally 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.

Compared to the SAVD the new VD aims to increase the geometrical acceptance from 33% to
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Figure 41: The GEANT4 visualisation of the VD detector geometry described in Fig. 40.

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 construct the detector from
16 ladders, which will hold 46 ALPIDE sensors with a total active surface of 190cm2. The
new sensor configuration is displayed in Fig. 40 and the related GEANT4 model used for the
performance simulations is shown in Fig. 41. Note that the upgrade will require only minor
modifications in the mechanical design, as the SAVD was already designed for compatibility
with ALPIDE sensors and the related ladders.

5.4 DCS Upgrade

The absence of beam during the LS2 gives an opportunity to upgrade the Detector Control
System.

Up to now, the system was based on the EPICS framework, which handled measurements
and the exchange of information between different components. Unfortunately, the used
version is slowly becoming outdated. The new, recommended version is very different from
the previous one. Therefore, having in mind that the system is to be used for many years,
it needs to be redesigned. This triggered a search for another framework that might better
fulfill the requirements of NA61/SHINE.

The choice was made to use OPC UA [91] with its open source implementation open62541
[92]. OPC has been widely used across the industry and is becoming a standard in hardware
communication.

Communication software of all currently used devices has been written as universally as
possible, therefore migration does not require rewriting of all of the code. In fact, the process
has already started as all the tests of the OPC itself had already finished. The communication
part of the GUI still has to be rewritten.

Due to other upgrades, it became necessary to include newly installed devices in the DCS
(e.g. new low voltage power supplies for the TPC readout electronics).
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The upgrade will also include the DCS database. The current, relational PostgreSQL shall
be replaced with a new, time-series database. Also, the java-based application to view the
database contents will be replaced with its web-based equivalent.

5.5 PSD Upgrade

The Projectile Spectator Detector (PSD) is a segmented forward hadron calorimeter used by
NA61/SHINE to determine the collision centrality and the orientation of the event plane.
A precise characterization of the event class is of crucial importance for selection of event
centrality at the trigger level as well as for the analysis of event-by-event fluctuation observ-
ables. The PSD is also important for improving the quality and kinematic range of measure-
ments of collective flow in the collisions.

5.5.1 Performance of the PSD during the Pb+Pb data taking

In 2018 the PSD was used during the Pb-beam time. It served as the trigger detector for
selecting central collisions. The energy reconstructed from the PSD measurements is shown
in Fig. 42 (left) for different trigger types. The PSD energy is normalized to the beam energy.
T1 is a beam trigger, T2 is an interaction trigger and T4 selects minimum bias interactions.
Fig. 42 (right) shows the correlation between the number of reconstructed tracks and the
energy in the PSD for the T2 trigger.

Ebeam = 150A GeV

Ebeam = 150A GeV

Figure 42: Performance of PSD during the 2018 Pb-beam period. Left: response of the PSD for
different trigger types: T1 (green, beam trigger), T2 (red, interaction trigger) and T4 (blue, min.bias
trigger). Right: correlation plot of number of tracks reconstructed versus the PSD energy.

5.5.2 PSD beyond 2020 upgrade

The NA61/SHINE physics program beyond 2020 requires an increase of the Pb-beam rate
by more than one order of magnitude. This will lead to a high radiation level in the ex-
perimental area, because the present PSD is in effect an active beam dump. Therefore, the
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PSD must be shielded by additional concrete blocks. This is practically impossible for the
present calorimeter because it is placed on a movable platform with large transverse size
which facilitates the required changes of the lateral PSD position during data taking.

To solve the above problems, it is proposed to use two calorimeters, a Main (M-PSD) and a
Forward (F-PSD) Projectile Spectator Detector (see Fig. 43) 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 form-
ing a beam hole of 60 mm diameter at the center. These modules were constructed for the
calorimeter in the CBM (Condensed Baryonic Matter) experiment at FAIR (GSI). In addition,
8 cm thick boron polyethylene blocks placed at the rear side of each of CBM modules will
reduce the neutron fluence incident on the readout MPPCs. The CBM and NA61/SHINE col-
laborations already signed an agreement for using the CBM calorimeter modules in NA61/
SHINE.

The F-PSD is an additional small calorimeter placed at a distance of 4.6 m downstream of the
M-PSD. 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. Scintillator plates of the central
module of the F-PSD have holes in the center. This will reduce the radiation damage and
prevent the scintillator from becoming dark and reducing the light yield. In order to avoid
ageing effects in high radiation level conditions the CBM modules will be used only in the
M-PSD and the F-PSD is constructed from old large PSD modules.

In 2019 the M-PSD has been rearanged. All 16 small modules were replaced with four
20×20 cm2 modules with truncated edges. A view of the installed M-PSD and F-PSD is
shown in Fig. 44. Proposed shielding with concrete blocks is shown in Fig. 45. The next
steps will be replacing the photodiodes of all modules with new Hamamatsu MPPCs. Large
modules from the old PSD will be equipped with MPPCs S12572-015C/P (15 µm pixel size)
and new CBM modules with S12572-010C/P (10 µm pixel size). This will balance signals
from small light yields of the old modules and high light yield from the new ones.

Figure 43: Schematic front view of the current PSD and the proposed new M-PSD and F-PSD
calorimeters.
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Figure 44: View of the modified M-PSD and F-PSD in the NA61/SHINE beam line.

Figure 45: Schematic view of F-PSD shielding.

5.6 MRPC Upgrade

The previous Time of Flight (ToF) identification system of NA61/SHINE consisted of two
walls of 891 scintillation detectors each. The time resolution of the scintillator ToF walls was
about 75 ps, allowing separation of kaons from pions up to a momentum of 8 GeV/c [93].
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) were
proposed as replacement [94]. The upgrade of ToF-LR is planned to be completely ready
by 2022. The new time-of-flight detectors must provide performance similar to the present
ToF-LR detectors in order to successfully perform the NA61/SHINE physics program [72].
Therefore, requirements for the new ToF system should be as follows:

(i) high efficiency (> 95%);

(ii) excellent intrinsic time resolution (< 75 ps);
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(iii) high granularity in order to keep the overall system occupancy below 15%;

(iv) good position resolution to provide effective matching of the ToF hits with the Time-
Projection Chambers (TPCs) tracks;

(v) low power dissipation in close proximity to the TPCs.

5.6.1 Design concept of the new ToF system

In order to achieve the required performance, two types of MRPCs were considered for the
NA61/SHINE ToF wall:

(i) "narrow" with 15 cm strip readout;

(ii) "wide" with 30 cm strip readout.

The counters have fully differential, symmetric, triple-stack architecture [95]. Signals are
read out at both strip ends. The advantage of the strip electrode for readout is the reduction
of the number of channels making the system more cost-effective. Overall dimensions of the
MRPC are 610× 330/180× 25 mm3. The active area is 600× 300 mm2 for the "wide" detectors
or 600× 150 mm2 for the "narrow" detectors, respectively. The scheme of the MRPC detector
is presented in Fig. 46. The structure of the MRPC is described in detail in Ref. [72].

Figure 46: Scheme of the triple-stack MRPC with strip readout.

The mounting structure of the new NA61/SHINE ToF-LR will be composed of two sym-
metric modules – the gas tight boxes, which will be integrated into the frame that was used
by the old ToF system. The modules containing the MRPCs will be made of aluminum
structural channel and aluminum honeycomb. The total gas volume of a module is approxi-
mately 1 m3 without taking into account the detectors. In order to keep the occupancy below
15%, each module will consist of two columns with "narrow" detectors and one with "wide"
ones.

The MRPCs will be positioned inside the modules at an angle of 7.5◦ with the front hon-
eycomb plate as shown in Fig. 47. The detector location inside the modules was designed
to minimise losses of the sensitive area along the x and y axes. Adjacent detectors will be
positioned on the column to create an overlap of about 30 mm between two adjacent MR-
PCs at the edge of the active area. The overlapping regions provided between two columns
amounts to about 55 mm of active area. (Fig. 48). This will ensure minimum geometrical
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Figure 47: Top view of the TOF module. Position of the MRPCs correspond to the TOF-L position.

inefficieny and inter-calibration possibility of the detectors via tracks traversing two or more
of them.

Figure 48: Design of the TOF-L module with mounted "wide" (green) and "narrow" (blue) MRPCs.

5.6.2 Tests

Three tests of a "wide" MRPC were performed: in December 2016 using a proton beam of
30AGeV/c, in August 2018 in the halo of the proton beam of 150AGeV/c and in Novem-
ber 2018 with an additional "wide" MRPC using the Pb beam of 150AGeV/c. During the
tests two pad readout MRPCs were used as reference. Signals from the detectors were am-
plified by the NINO front-end electronics (FEE) [96] and by prototypes of analogue ampli-
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fiers. An HPTDC-based TDC [97] was used as readout system for the NINO FEE. Signals
from the analogue FEE were digitiged by DRS4 modules. The main motivation of this mea-
surement were the following: test the proper functioning of the MRPC, test of new ana-
logue front-end electronics and synchronization of the HPTDC-based VME DAQ with the
NA61/SHINE DAQ. The first results were described in the Addendum to the NA61/SHINE
Proposal SPSC-P-330 [72]. Synchronization of DAQ as well as good time resolution of the
MRPC with NINO electronics were achieved. Time resolution between the strip MRPC and
pad MRPC was 75 ps and was stable during all tests. This result corresponds to a time res-
olution of ∼ 50 ps for the strip MRPC (see Fig. 49). Meanwhile tests showed that analogue
electronics can be used instead of NINO electronics for the precise time measurement. But
more detailed R&D of the electronics is needed.

Figure 49: The time spectra of difference between the strip MRPC and MRPC with pad readout.
Left: Spectra obtained in 2016. Right: Spectra obtained in 2018.

5.6.3 Gas system

The typical gas mixture used in the new MRPC system will consists of 90% Freon R134a, 5%
iso-butane and 5% SF6. The main component is C2H2F4 (R134a). Its content in the mixture
will always be at least 80%. The other two components may vary from 0% to 20%. The
gas mixture must be supplied to each box independently. Although the gas volume of the
detector is relatively small, the high cost of the gas mixture makes a closed loop circulation
system necessary. The design parameters of the system are shown in Table 4.

Investigations of the gas mixture of the MRPC for the ALICE TOF found that the use of the
flammable gas isobutane was not necessary [98]. Using a gas mixture without iso-C4H10 re-
quired an increase of the operating voltage which did not lead to degradation of the detector
performance. However, the use of iso-butane is kept as a backup option with the possibility
of abandoning it in the future. Therefore suitable precautions should be taken to close down
the mixer unit if the mixture approaches the lower flammable limits. Extensive tests are un-
der way to check the performance of the detector without iso-C4H10 in the gas mixture.
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Table 4: Design parameters of the TOF gas system.
Parameter Value

Total volume 1 m3

Number of modules 2
Gas mixture C2H2F4 / i-C4H10 / SF6 (90%/5%/5%)

Volume exchange/day ∼ 7
Total flow rate 300nl/h

Fresh gas flow rate 3nl/h
Working pressure < 3 – 5 mbar

Tolerable O2 content 1000 ppm
Tolerable H2O content 100 ppm

5.7 Software Upgrade

Extensive software development is currently underway to meet the NA61/SHINE data-
taking demands after Long Shutdown 2. The main points of development are:

(i) Online reconstruction software

(ii) Calibration software

(iii) Offline reconstruction and analysis software

Online reconstruction is being implemented as a method of data compression in order to
maintain the 1 kHz data rate. TPC clusterization, local tracking, and noise rejection will be
performed as data is acquired.

Current data-taking methods are not maintainable beyond Long Shutdown 2. With the ex-
pected increase in event rate, the data recorded by TPCs alone in 2021 and 2022 would total
over 12 petabytes (PB). The online reconstruction and noise rejection software being devel-
oped reduces the stored data size by over 80%.

The online reconstruction software, based on the SHINE-native Cellular Automaton recon-
struction, will run directly on the Event Builder nodes of the Data Acquisition system (DAQ).
These nodes first run a fast clusterization algorithm to compress the initial raw data. The
resulting clusters are fed into the TPC local tracking package, which finds and constructs
tracks within each chamber. Clusters not associated with local tracks are recognized as elec-
tronic noise artifacts and rejected. Fig. 50 shows an example event taken from the 2018
High-Intensity Pb+Pb interactions at 150A GeV/c beam momentum. The left panel shows
the event with no noise rejection, while the right panel shows the event after noise rejection
has been performed.

As the reconstruction software is being run in an online manner, speed performance is crit-
ical. 160 Event Builders are available for online event processing, resulting in a maximum
allowed processing time per event of 5.7 seconds. Recent improvements in the local tracking
algorithm have resulted in a reconstruction time of 3.1 seconds per event for the heaviest
and most energetic systems NA61/SHINE will record.
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Figure 50: SHINE online reconstruction software and noise rejection. Left panel: Typical recon-
structed Pb+Pb event at beam energy of 150 A GeV. Grey points indicate electronic noise, while
green points correspond to clusters comprising local TPC tracks. Right panel: The same event
processed with SHINE’s online noise filtering software.

Offline software, including calibration procedures, reconstruction modules, and analysis
frameworks, are also seeing improvements and upgrades triggered by the inclusion of new
detectors in NA61/SHINE. Significant development will continue in the following months.

5.8 Upgrade funding and spending profiles

In May 2019 NA61/SHINE submitted a Memorandum to the Director for Research and
Computing Eckhard Elsen and the CERN Research Board. This memorandum presented
an updated schedule of the NA61/SHINE detector upgrade which is conducted during the
Long Shutdown 2. Due to uncertainties in the upgrade funding two scenarios were pre-
sented: the default scenario which leads to the first physics data taking in 2021 and the
contingency scenario which leads to the first physics data taking in 2022.

Updated versions of default and contingency spending profiles are shown in Tables 5 and 6.
Additionally the tables present the planned source of funding for both scenarios.

The contingency spending profile takes into account possible reductions of the cost: TPC
low-voltage system based on industrial power supplies (reduction of 80k CHF), use of dif-
ferent connectors on the readout adapter boards (reduction of 20k CHF), use of an existing
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Table 5: Default spending profile of the NA61/SHINE upgrade. Sources of funding are shown
in the last column: already allocated in green, requests under submission or planned in the near
future in black.
year 2018 2019 2020 2021 2022 sum source of funding

TPC upgrade - 115k 459k - - 574k

DFG grant (44%), CF (22%)
or Polish/Norwegian Grant (66%),

US DOE SHINE Request (17%),
CF (17%)

VD - - 130k - - 130k NCN OPUS (100%)

PSD - 55k - - - 55k
INR grant -

contribution to NA61-CF (55%),
NA62 payment for old PSD (45%)

MRPC ToF 50k 90k 376k 10 - 526k JINR grant (100%)

BPD - - 60k - - 60k
NCN/DFG Beethoven (100%) or

Japan grant (100%)

TDAQ 30k 93k 93k - - 216k
NCN Maestro (55%),

NCN/DFG Beethoven (24%),
CF 2018 (21%)

DRS4 - 40k 90k - - 130k
US DOE SHINE Request (55%),

JINR grant (16%),
CF (29%)

storage disk array (from Alice) in the TDAQ system (reduction of 52k CHF), re-use of a com-
puter farm (from Alice) for the DRS4 readout nodes (reduction of 30k CHF), re-use of old
VME creates with exchange of power supplies for the DRS4 readout system (reduction from
18 to 8k CHF).

Table 6: Contingency spending profile of the NA61/SHINE upgrade. Green color shows sources
of funding are already allocated, black color funds to be covered from the NA61/SHINE-CF.
year 2018 2019 2020 2021 2022 sum source of funding
TPC upgrade - 115k 165k 175k - 455k CF (100%)
VD - - - 40k 90k 130k CF (100%)

PSD - 55k - - - 55k
INR grant -

contribution to NA61-CF (55%),
NA62 payment for old PSD (45%)

MRPC ToF 50k 90k 376k 10k - 526k JINR grant (100%)
BPD - - 30k - 30k 60k CF (100%)

TDAQ 30k 93k 41k - - 164k
NCN Maestro (73%),

CF 2018 (27%)

DRS4 - 40k 20k - 30k 90k
JINR grant (23%),

CF (77%)

A summary of the financial resources requested from the NA61/SHINE-CF in the contin-
gency spending profile is shown in Table 7. The average yearly income of the NA61/SHINE-
CF is at the level of 210k CHF and should allow to follow the presented scenario.
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Table 7: Spending profile from NA61/SHINE-CF in the contingency scenario.
year 2018 2019 2020 2021 2022 sum
Requested amount 30 155k 195k 215k 150k 745k

5.8.1 CERN resources

In order to prepare for the post LS2 operation of NA61/SHINE, modifications are necessary
in the PPE142/152 zone. Modification of the zone(s) layout, as well as the involvement of
several CERN groups and services is necessary for the detector upgrades. The costs and
schedule of this work, as agreed with the relevant CERN groups, are described in detail
in Ref. [99]. The total support requested by NA61/SHINE is at the level of 172k CHF and
includes installation of the scaffolding, installation of a local chiller for LV TPC electronics,
update of the electrical line and the raw water line, radiation shielding for the F-PSD area
and IT resources needed during the first year of data taking.

6 Summary

This NA61/SHINE annual report briefly presents the status and plans of the NA61/SHINE
experiment [1] at the CERN SPS. The report refers to the period October 2018 – October
2019.

The summary of this report is as follows:

(i) Recorded physics data (see Section 2):

(a) Additional data on p+(NOvA replica target) interactions at 120 GeV/c were col-
lected at the beginning of November 2018 within the programme of measurements
for the Fermilab neutrino beams.

(b) Data on Pb+Pb collisions at 150A GeV/c were recorded in November 2018 as sched-
uled. These data were requested for the strong interaction programme of NA61/
SHINE.

(c) Pilot data on (light ion)+p interactions at 13A GeV/c were recorded in December
2018. The data were requested within the NA61/SHINE cosmic-ray programme
to study the feasibility of measuring nuclear fragmentation needed for cosmic-ray
physics.

(ii) Software and calibration modifications (see Section 3), in particular, include:

(a) The native SHINE reconstruction software is almost completed.

(b) NA61/SHINE software infrastructure changes follow the CERN IT infrastructure
development plan.

(c) The data calibration and reconstruction is progressing well.
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(iii) New physics results, final and preliminary, were released, see Section 4. They include
results relevant for the NA61/SHINE study of the onsets of deconfinement and fireball
and search for the critical point:

(a) results on collision energy dependence of the K+/π+ ratio in Ar+Sc collisions show
no "horn"-structure,

(b) results on collision energy dependence of the K+/π+ ratio and inverse slope pa-
rameter of kaon transverse mass spectra in p+p interactions show that the break in
the rate of increase in p+p is close to the energy of the Pb+Pb "horn".

(c) rapidity dependence of anisotropic flow relative to the spectator plane in Pb+Pb
collisions at 13A GeV/c changes qualitatively with collision centrality.

(d) two-pion correlations in Be+Be collisions at 150A GeV/c show no effects which can
be related to the critical point.

Further new physics results within the strong interaction programme concern:

(a) K∗(892)0 production in p+p interactions at 40 and 80 GeV/c,

(b) Ξ+ spectra and Ξ+/Ξ− ratios in p+p interactions at 158 GeV/c,

(c) Pentaquark Ξ(1860)−− search in p+p collisions at 158 GeV/c,

(d) First signal of D mesons in Xe+La collisions at 150A GeV/c.

The results obtained within the NA61/SHINE reference measurements for long-baseline
neutrino oscillation experiments at J-PARC and Fermilab as well as cosmic-ray experi-
ments (CR-A, CR-G) include:

(a) Final results on hadron emission from the T2K replica-target (J-PARC),

(b) Production cross section of p+C interactions at 31 GeV/c (J-PARC),

(c) Cross section of p+Be/C/Al interactions at 60 and 120 GeV/c (FNAL),

(d) Hadron spectra in π++Be/C interactions at 60 GeVc (FNAL),

(e) p̄ spectra in π−+C interactions at 158 and 350 GeV/c (CR-A),

(f) Cross section of C+p→ B + X at 13A GeV/c (CR-G).

(iv) Detector upgrade progress and plans are reported in Section 5:

(a) The upgrade of TPC read-out, Trigger and DAQ, PSD, DCS, MRPC is progressing
according to schedule.

(b) A decision whether the funding will allow for the first physics data taking in 2021
(the default scenario) or in 2022 (the contingency scenario) is planned to be made
in February 2020
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