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O. Wyszyński 15, L. Zambelli 4,10, E.D. Zimmerman 31, and R. Zwaska 29

1 National Nuclear Research Center, Baku, Azerbaijan
2 Faculty of Physics, University of Sofia, Sofia, Bulgaria
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Figure 1: The NA61/SHINE detector.

1 Introduction

This annual report presents briefly the status and plans of the NA61/SHINE experi-
ment [1], (see Fig. 1) at the CERN SPS. The report refers to the period October 2015 –
October 2016.

The document is organized as follows. The data taking summary is given in Sec-
tion 2. An overview on the detector maintenance and upgrades performed during the
last year is given in Section 3, with additional details on the Vertex Detector in Appendix
A. Progress in software and calibration as well as new results released in 2016 are briefly
reviewed in Sections 4 and 5, respectively. Finally, plans for data taking in 2017-2018 are
outlined in Section 6 and progress on the proposal to extend the NA61/SHINE physics
program are summarized in Section 7. The summary in Section 8 closes the paper. Fi-
nally, the list of recorded data and corresponding physics results is given in Appendix
B.

2 Data-taking Summary

The VERTEX-1 magnet failed in September 2015. Both VERTEX-1 and VERTEX-2 re-
mained inoperative until May 2016. More details are given in Sec. 3.1.

Due to the magnet failure the data taking on inelastic p+p interactions at 400 GeV/c
planned for October 2015 was cancelled. The beam time allocated in September 2015
for measurements of hadron production for Fermilab was used for measurements of
cross sections of the hadron-nucleus collisions. In November the Pb+Pb collisions were
measured, to evaluate possibility of the event plane determination in NA61/SHINE and
numerous test of the detector. Table 1 summarises these measurements.
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Table 1: Data collected without magnetic field in September–November 2015.

beam target beam momentum number of events

π+ C 31 GeV/c 1.11 M
π+ Al 31 GeV/c 0.54 M
π+ C 60 GeV/c 0.53 M
π+ Al 60 GeV/c 0.35 M
K+ Al 60 GeV/c 0.33 M
K+ C 60 GeV/c 0.51 M
p C 31 GeV/c 0.37 M

Pb Pb 30A GeV/c 1.82 M

In November 2015 the Pb beam at 30A GeV/c was used for detector tests for future
heavy ion data taking and potential extension of the NA61/SHINE data taking pro-
gram after Long Shutdown 2. The beam and beam line were successfully tested with
8×105 Pb ions/spill. It was verified that the TPCs operate correctly with high multi-
plicity Pb+Pb collisions. The test was necessary, because it was hypothesised that the
gas amplification may become less stable due to removal of flammable methane from
the gas mixture in NA61/SHINE. The first evaluation of possibility to use S3 minimum
bias trigger counter was performed with 500 µm thick scintillator (see analysis results
in Sec. 5.2).

Tests of Small Acceptance Vertex Detector (see Sec. 3.3) and Projectile Spectator De-
tector (see Sec. 3.2) were performed. A test of the Scintillating Fibres was performed.

During the two week test period in May 2016 the Magnet Safety System was commis-
sioned and the VERTEX magnets were tested successfully. 250 µm thick S3 prototype
was tested. Tests and calibration of the Projectile Spectator Detector with new MPPCs
were performed. However, due to beam stop between May 20 and 26 the planned pro-
gram had to be narrowed.

Two weeks of the four week test period in July 2016 were used for SAVD installation
and tests. The FTPC test planned during the last two weeks was postponed. The beam
time was used for the data taking on p+C and p+Pb interactions. These reactions belong
to the approved NA61/SHINE data taking programme. Table 2 summarises the data
statistics.

The data taking period for Fermilab neutrino beams was started in September 2016,
as scheduled. Table 2 lists the data already recorded, and planned to be recorded until
October 18 within this program.
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Table 2: Data collected with magnetic field in July, September and October 2016. The
reactions ongoing and planned at the time of writing this report are marked with an
asterisk (*).

beam target beam momentum number of events

p Pb 80 GeV/c 2.8 M
p C 60 GeV/c 2.8 M

π+ C 60 GeV/c 2.6 M
p C 120 GeV/c 4.1 M
p Al 60 GeV/c 3.2 M
p Be 60 GeV/c 3 M*

π+ Be 60 GeV/c 3 M*
p Be 120 GeV/c 3 M*

3 Facility Modifications

The most important facility modifications performed during the last year are briefly
summarized here.

3.1 Magnets

In September 2015 the VERTEX-1 superconducting magnet turned off with fast dis-
charge emergency mode during test before the data taking. Subsequent attempts to
turn it on resulted in instabilities in the liquid helium flow, and following two fast dis-
charges. An investigation by EP-ADO revealed perturbation in the helium flow through
the current leads. The existing quench protection system made it however impossible
to check whether the magnet was damaged in the incident.

Installation of a new Magnet Safety System (MSS) to replace the old protection in
VERTEX-1 and VERTEX-2 system was recommended by EP-ADO for any future oper-
ation of the magnets. The magnets remained turned off until the installation was com-
plete in May 2016. The cryogenic system was maintained, repaired, and its parameters
were optimised.

The tests performed with the new MSS revealed that VERTEX-1 is not damaged and
can be used normally. Both magnets operate properly since then.

The details of the modifications are provided in presentations in Refs. [2–4]. A sum-
mary note by EP-ADO is in preparation.

The VERTEX-1 shutdown lead to significant changes and limitations of the NA61/
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(a) (b)

Figure 2: (a) PSD with the short module installed and (b) energy spectra measured
with the short module alone (green), without the short module (blue) and with PSD
and the short module together (red).

SHINE data taking planned for September–December 2015. For details see Sec. 2.

3.2 Projectile Spectator Detector

Recent upgrades of the Projectile Spectator Detector (PSD) are summarized in this sec-
tion.

3.2.1 Construction and test of short central module

A significant part of hadronic shower (about 12%) created by Ar ions escapes through
the rear side of the calorimeter what leads to an underestimation of detected beam en-
ergy and affects the accuracy of the PSD trigger threshold. An additional short module
was constructed in order to fix the problems. It consists of 12 lead/scintillator layers
with 16 mm and 4 mm thickness, respectively. The lead/scintillator plates are tied to-
gether and placed in a box made of 0.5 mm thick steel. The transverse size of the module
is 10×10 cm2. A full length of the module corresponds to 1.2 nuclear interaction lengths
comparing with 5.7 interaction lengths of the standard PSD modules. The short module
installed before the PSD is shown in Fig. 2(a).

Performance tests were done with new short module in Fall 2015 during proton and
Pb ion beams. Results of the tests are presented in Figs. 2(b) and 3. Energy spectra
are presented in Fig. 2(b), calorimeter performance improvement is given in Fig. 3(a)
and energy resolution curves are shown in Fig. 3(b). One can see that the short module
improves energy resolution in higher energy range significantly (from∼9.4% to∼7.1%).
Meanwhile a decrease of the resolution is small at low energies. The resolution drops
here due to a small transverse shower leakage.
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(a) (b)

Figure 3: (a) energy distribution spectra measured with PSD and the short module
together (blue) with respect to the PSD alone(red); (b) energy resolution for PSD
(black) and for PSD with the short module (red).

3.2.2 New photo-detectors for central modules

The light of WLS-fibres in PSD is read out by micro-pixel avalanche MAPD-3A photo-
diodes with the size 3×3 mm2. These photo-diodes have high dynamic range due to
high density of about 104 pixels/mm2 that is well matched for the calorimetry appli-
cations. However recovery time of the pixels reaches a few microseconds and might
become significant to cause drop of the signal. This signal drop is observed in the cen-
tral modules when they are irradiated with a high intensity heavy ion beam. The effect
is shown in Fig. 4(a) with red dots. It was decided to replace MAPD-3A photo-diodes
in central modules by fast silicon photo-multipliers recently developed by Hamamatsu
Co to avoid the drawback. MPPCs S12572-010C/P were used to replace photo-diodes
in 16 central modules. The recovery time of the pixels as well as the length of the single
electron pulses is less than 10 ns. An exchange of photo-diodes in 16 central modules of
the PSD has been done in February 2016. PSD performance with new photo-diodes is
shown in Fig. 4(a) with blue dots. Small amplitude drop at high rates is due to limita-
tion of current read-out electronics. In order to check performance of new MPPCs a fast
read-out system was used based on DRS4 chip. Results of the test are given in Fig. 4(b).

Calibrations of PSD with new MPPCs has been done in summer 2016 using proton
beams with momenta 20, 30, 40, 60, 80 and 150 GeV/c. Results of the tests are present in
Fig. 5. The linearity of response is shown in Fig. 5(a) and the energy resolution is given
in Fig. 5(b). Fit of the resolution results in stochastic term 68.36± 0.01% and constant
term 0.031± 0.003. Noise term is close to zero.
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(a) (b)

Figure 4: (a) MAPD (red) and MPPC (blue) response as a function of proton beam
intensity (rate) and (b) the beam rate dependence of MPPC response on Pb ions.

(a) (b)

Figure 5: (a) linearity of PSD response and (b) energy resolution measured for proton
beams.

3.2.3 Vortex cooling for PSD compressed air cooling system

Silicon photo-diodes have a gain temperature coefficient of about 4%/(1◦ C). The tem-
peratures are stabilized and controlled with an accuracy of about 0.01◦ C for each photo-
diode using a cooling system based on Peltier elements. The photo-diodes of a single
module are mounted on an aluminium plate which provides a common thermal contact
to all 10 photo-diodes. Compressed air is used to cool an aluminium heat sink which is
glued to the other (hot) side of the Peltier element. During beam tests in summer 2015
it was realized that the compressed air is not cold enough. A new stage of cooling was
introduced based on vortex tube. Schematic view of a vortex tube is shown in Fig. 6(a).
Pressurized air enters the tube and separates itself into hot and cold parts. Hot and cold
air out from different sides of the tube. Cold air from the vortex tube is used in PSD
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(a) (b)

Figure 6: (a) operational principle of a vortex tube and (b) results of vortex cooling
tests.

cooling system as additional cooling element. Results of the tests are shown in Fig. 6(b).
Vortex tube cooling system can drop compressed air temperature to 3◦ C with respect
to the ambient one.

3.3 Vertex Detector

In 2015 the NA61/SHINE Vertex Detector (VD) program reached a phase of prototyping
and tests on beam. According to the plan given in the VD project proposal [5] the first
test of single MIMOSA-26AHR sensor was performed in November 2016 using Pb beam
at 30A GeV/c. The main motivation of this measurement was to test the resistivity of
MIMOSA-26AHR sensor to the heavy ion beam in regards to the latch-up effects. We
used also the advantage of Pb beam availability to irradiate a set of different sensors
with the high intensity beam to check their resistivity to the large radiation doses mostly
in terms of the so-called NIEL effects. The tests performed in November are described
in Appendix A Secs. A.1 and A.5.

In the fall of 2015 and the beginning of 2016 the preparations to the test of integrated
detector have been conducted. The design of the start version of vertex detector named
Small Acceptance Vertex Detector (SAVD) was described in Ref. [5]. Several activities
were carried in parallel to accomplish construction of SAVD, namely:

• integration of sensors on the carbon fiber ladders,

• mechanical construction of SAVD which includes: mechanics structure of the in-
ner arms, the helium box, sensor coolant distribution system and the signal feed-
thoroughs helium box side walls,
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Figure 7: Inner arm of SAVD detector integrated for the test at CERN in July 2016.

• the VD DAQ adaptation to NA61/SHINE requirements and its integration with
the central NA61/SHINE DAQ,

• installation of movable support platform for the SAVD detector installation on
beam.

The sensor integration was carried out at the Goethe-University Frankfurt am Main.
The sensors have been installed on the carbon fiber ladders deliver to NA61/SHINE
from the ALICE collaboration together with the alignment system based on ruby balls.
The ladders where developed and manufactured within the ALICE-ITS upgrade project [6].
The picture of integrated sensors on the carbon fiber ladders installed in the arm of
SAVD can be seen in Fig. 7. The integration technology with the related aspects like
sensors performance after full integration is described in details in Appendix A Sec. A.3.

The detail description of integration and modifications of the VD local DAQ system
is provided in Appendix A in Secs. A.3 and A.4, respectively. Here the main effort
was focused on writing new software to provide communication of the low level VD
DAQ system with high level central NA61/SHINE DAQ and to upgrade the peripheral
FPGA code and firmware used on Converted Board micro-controller. This upgrades
were introduced to provide synchronization and the latch-up protection to sensors.

12



In July 2016 the integrated detector was transported to CERN and installed in the
NA61/SHINE experimental area for the test on beam of protons at 150A GeV/c. The
analysis of data collected during the test demonstrated the ability of the detector to
reconstruct tracks with expected position resolution of about 4 µm and the ability of the
primary vertex reconstruction. The description of the test, details of data analysis and
the obtained results are presented in Appendix A Sec. A.1.

In parallel to the hardware activities the VD related software is being developed
within the NA61/SHINE software framework SHINE. The main challenge of this soft-
ware is to provide high efficient tracking in the in-homogeneous magnetic field present
in the VD location. The progress on this field is described in Appendix A Sec. A.6.

3.4 Forward TPC

The forward tracking subproject is intended to allow the measurement of secondary
protons in the moderate- to high-xF region. This is primarily motivated by interaction
studies for the neutrino program, where these protons are responsible for up to 25% of
the νµ flux in the NuMI beam and likely a comparable fraction in the LBNF beam. A
secondary goal of the system is to measure the high-momentum part of the π+ produc-
tion.

The NA61/SHINE detector is designed primarily to track particles that bend out of
the beam; only one small tracking detector, the GAP TPC (GTPC), covers the forward
region. We are instrumenting the forward region with two TPCs, one immediately up-
stream and one immediately downstream of the MTPCs. The new TPCs will have elec-
tric field and readout geometry based largely on the existing NA61/SHINE TPCs, and
will use existing spare electronics. One chamber will be placed immediately upstream
of the MTPCs and the other (with two field cages) immediately downstream of the MT-
PCs (see Fig. 1).

Higher-rate running conditions are expected to generate enough tracks in the beam
region so that out-of-time tracks may produce significant backgrounds. Out-of-time
tracks are reconstructed as spatially separated tracks. In order to reject these tracks,
successive field cages will have opposite drift directions so out-of-time tracks will ap-
pear unconnected at chamber boundaries. This “tandem TPC” concept originated with
the Budapest group and will be implemented for the first time here.

3.4.1 Design and construction

The chambers have been designed, to the extent practical, to take advantage of the ex-
isting infrastructure of NA61/SHINE. They will use spare front-end boards, readout
motherboards, and data concentrators (motherboard-DAQ interface). Drift field high-
voltage supplies of the same model used for the MTPCs have been purchased from
Heinzinger. The pad plane and wire grid arrangement for the upstream chamber is
the same as a single module of the MTPCs, with twelve full rows of 4× 40 mm2 pads.
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Figure 8: Left: top hat during field cage wrapping, July 2016. Right: completed
FTPC1 “top hat”.

The downstream chamber will be a two-cage tandem system. The upstream and down-
stream pads will be of the normal size, with larger pads in the center in order to maxi-
mize dE/dx coverage while minimizing the channel count.

The FTPCs use a novel field cage made of etched polyimide films with divider re-
sistors soldered directly to the film. The field cage and cathode are built as a single
detachable assembly (the “top hat”, see Fig. 8).

The pad plane and wire grid for each field cage has been assembled separately into a
wire grid module that will be attached to the top hat only at the final assembly stage of
the chamber. The wire grid components were produced at the University of Colorado,
and the wire winding for FTPC1 (see Fig. 9) was completed at KFKI-Wigner (Budapest)
and delivered to CERN in June 2016. The remaining wire grids are scheduled for wind-
ing in autumn 2016.

3.4.2 Gas system

The chambers’ gas system will use a simple one-way flow of Ar+CO2, the same mixture
used by the other TPCs in NA61/SHINE. The system consists of 3 separate gas mixing
stations, 3 separate gas lines and 3 separate drift monitoring subsystems (one for each
FTPC gas volume). Gas mixing is provided by a BetaErg set-up (2 mass flow flowmeters
with controllers and power supplies). The gas lines are constructed with stainless steel
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Figure 9: Top and bottom views of the wire grid module for FTPC1.

pipes. Drift velocity is monitored by three newly constructed drift velocity monitors.
The complete monitors with α sources of special design and readout [7] were installed
and tested in the experiment. An oxygen content monitoring system was also provided.
The system consists of one OEM Zircodox (by Gruter & Marchand) sensor and is com-
mon for all FTPC chambers. Its design allows for monitoring of one chamber at a time.
Further development of the system is proposed: overpressure monitoring in the cham-
bers will be installed. Also, additional monitoring is proposed to monitor pressures
in the TPCs simultaneously with drift velocity in order to provide an easier and more
accurate drift velocity calibration.

3.4.3 Assembly and installation plans

As of the completion of this Status Report, all major components of the FTPCs have
been procured. The wire grid module has been completed for FTPC1 and the field cage
has been wrapped and tested for gas leaks and high voltage problems. The two sub-
assemblies are scheduled for assembly soon, with installation in the beam planned to
take place before the end of 2016.

The assembly and installation of FTPC2 and FTPC3 are planned for completion in
time for summer 2017 data taking.

3.5 Electronics upgrade

The NA61/SHINE readout electronics has been inherited from the NA49 experiment.
We decided to replace and upgrade the old electronics using the DRS digitizer devel-
oped at PSI [8]. The development of the new readout electronics is close to completion.
For details on the overall structure and functioning of the new DRS readout see the 2013,
2014, and 2015 Status reports.

Figure 10 shows the DRS readout board for the NA61/SHINE DAQ upgrade devel-
oped at the University of Geneva. It contains 32 analog inputs, 4 DRS chips, an 8 channel
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Figure 10: 32 channel DRS board.

12 bit ADC for the digitization of the waveforms sampled in the capacitor arrays, and
a Cyclone V FPGA. Two readout solutions are foreseen: the first via the USB 3.0 micro-
controller currently used for debugging end evaluating the board in detail, the second
via the DDL link (4 LVDS lines with a RJ45 connector), which needs still to be imple-
mented. The trigger can be distributed via the front panel or the backplane. The DRS
boards are being currently evaluated and the FPGA program is being developed. So far
no hardware issues of strange behavior have been observed. A small system consisting
of 8 DRS boards for a total of 256 channels will be tested in a beam before the end of
the year. If successful, the system will be ready for mass production at the beginning of
2017.

Up to 16 DRS boards will be housed in 6U custom crates provided by Wiener. A
custom backplane under development will be used for powering the boards, distribute
the control signals and receive status signals, distribute clocks, and daisy chain the pro-
gramming of the boards in the crate.

Figure 11 shows the linearity of the amplitude sampling over the whole dynamic
range of the DRS digitizer for a channel picked up randomly. Calibration algorithms
for the amplitude and timing calibrations are also being developed.
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Figure 11: Linearity of the DRS digitizer for a channel picked up randomly.

4 Software and Calibration Modifications

Currently NA61/SHINE uses the old NA49 software framework for reconstruction, and
simulations. The core of this “legacy” framework was developed in the early 1990s. It
is written in different programming and scripting languages (C, pgi-Fortran, shell) and
provides several concurrent data formats for event data model, which includes also ob-
solete parts. The new software framework, called SHINE is written in C++ and designed
to comprise three principal parts: a collection of processing modules which can be as-
sembled and sequenced by the user via XML files, an event data model which contains
all simulation and reconstruction information based on STL and ROOT streaming, and
a detector description which provides data on the configuration and state of experi-
ment. Currently the NA61/SHINE uses the new framework SHINE for data analysis
and quality assessments.

4.1 “Legacy” software maintenance

Over the last year, we assured maintenance of the “legacy” software. It is compiled
using a dedicated 32-bit SLC5 Virtual Machine (VM) provided by CERN via the Cloud
Infrastructure (https://openstack.cern.ch). The license for the required PGI Fortran
compiler has been purchased by the Collaboration and is being maintained by CERN
IT. The produced executables run successfully under the SLC6 operating system.
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Two “legacy” software releases have been made since the time of the last Status
Report in order to introduce required bug-fixes and updates. Given the progress with
the new SHINE software framework, it was decided to minimize the “legacy” software
support under SLC6 and to freeze its development.

Up to now, the “legacy” software is still routinely used within the collaboration to
process raw data and to perform MC simulations.

4.2 NA61/SHINE IT infrastructure

The NA61/SHINE collaboration uses the CERN IT infrastructure as the main place to
store, manage and analyze the data. The CERN CASTOR system serves as the main per-
sistent storage of the data. The collaboration uses the EOS service to store data for the
fast and easy access for physics analysis. Presently NA61/SHINE has allocated 400 TB
(200 TB available for data storage) of space on the EOS service and around 75% of the
space is already allocated by collaboration. The production and analysis processes use
the CERN computing service (lxBatch). The CERN cloud infrastructure (CERN Open-
Stack) is used by NA61/SHINE as the main place where services are moved. The elec-
tronic logbook, bookkeeping, a new quality assessment system used the OpenStack vir-
tual environment. Moreover the NA61/SHINE collaboration uses Jenkins (provided by
CERN IT) as the application for software integrity checks. Since 2015 GitLab is a plat-
form for the Git distributed version control system recommended by CERN hence the
collaboration has started to migrate all repositories from SVN to the Git.

4.3 The deployment of the SHINE reconstruction within the produc-
tion chain

NA61/SHINE entered into the final phase of the implementation of the new software in
the production chain. All of the necessary steps were already reached. The new SHINE

software was validated over the “legacy” production chain and is ready for deployment.
The last necessary ingredient, Monte-Carlo simulation, was validated as well over the
“legacy” reconstruction chain. The collaboration froze the “legacy” database and has
started the process of data transformations to the new structures required by the SHINE

production chain and it will be finished in the near future. Because the SHINE software
still inherits some functions, modules and structures from the “legacy” reconstruction,
the development of new modules is ongoing.

4.4 Native SHINE software

4.4.1 Monte Carlo simulation status and development

The native SHINE Monte Carlo simulation consists of major two steps; a GEANT 4 based
detector description to simulate the passage of particles through detectors and a digiti-
zation simulation to simulate the detector responses.

18



A GEANT 4 based detector description in SHINE (Luminance) is fully implemented
including the new sub-systems (F-TPCs and Vertex Detector). Its optimization is under
progress, which is important to minimize CPU process time and event size without
losing necessary precision. The Luminance will replace the outdated “legacy” GEANT 3
based simulation.

The Luminance outputs are then fed into the digitization process which simulates
the detector response and outputs raw detector simulated signals. The “legacy” code
calculating the drift of charge clouds in the TPCs has been re-written in SHINE with
improved maintainability and precision. Validations toward the “legacy” digitization
process have been done (see an example in Fig. 12) and validations toward the data are
ongoing.

Figure 12: A comparison using a same p+C event with “legacy” MC simulation (left)
and SHINE MC simulation (right). For the track reconstruction, the “legacy” recon-
struction in SHINE is used for the both cases.

To sort out every problems within the newly developed MC simulation, full MC
chain studies have started using Pb+Pb collisions, as these collisions are supposes to
have the largest multiplicity of secondary particles produced on the target under the
NA61/SHINE physics programs.

4.4.2 SHINE reconstruction

Global track reconstruction in SHINE is under development, which will replace current
"legacy" software reconstruction and will include new detectors: F-TPC and VD. The
Kalman Filter algorithm has been implemented in SHINE framework and it is validated
using large statistics of data. Bridging of local track segments from different TPCs,
which forms global tracks, is under development.
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4.5 SHINE calibration

The report briefly presents the status and plans for the ongoing implementation of new
calibration software modules based on the SHINE off-line framework and the SHOE
data format. The existing NA61/SHINE calibration chain consists of software modules
and tools which are implemented in different programming languages such as Fortran
and C as well as linux shell scripts. The SHINE off-line framework is entirely written
in C++ and is used for data analysis. Thus the entire calibration chain is going to be
updated by new software modules within the new framework.

The following sections describe the progress of the ongoing software implementa-
tions, current status and the future plans.

4.5.1 ToF Left/Right Calibration Software

The main goal is to write an automated and more efficient ToF L/R calibration proce-
dure which uses data in SHOE format and information from NA61/SHINE DB working
under the SHINE framework. The group of developers is expecting a faster calibration
software which will provide more precise calibration constants.

The first version of the module still working with data in old NA49/NA61/SHINE
DSPACK format has been tested. The final version of the module will read SHOE data
as the input. The old format existing calibration constants will be transferred to the new
data format. The group will write a new calibration procedure to be included in the
improved new ToF data calibration process. This new calibration procedure is currently
under development. The new calibration procedure will be released and later validated
by the comparison of new calibration results with those obtained by the old procedure.
The group is expecting improved time resolution. The work is in progress and it is
planned to be finished at the end of 2016.

4.5.2 Drift Velocity (vD-PA) Calibration Module

The vD-PA calibration module provides the TPC calibration parameters namely the
drift velocity, global time offset and detector time offset for each chamber and vertical
shift of each chamber. The module presently being processed for different data samples.
The module has been tested for small statistics using low multiplicity p+p events and
the tests will be carried out for large statistical samples. The extended tests will con-
tinue with the data set from the 2015: Pb+Pb collisions at 30 GeV/c recorded without the
magnetic field.

4.5.3 GAP TPC vD Calibration Module

This module produces the drift velocity calibration constants by testing the track align-
ment of GAP-TPC to VTPC-2 local tracks. In the current implementation the straight
line extrapolation of tracks is used but in the final version we plan to use the Kalman
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filter in magnetic field. The module reads NA61/SHINE data in SHOE format. The
software has been updated to be user friendly and automated. The module has already
been tested for few data samples. The software was tested in detail for p+Pb collisions at
158GeV/c beam momentum. The current activity is concentrated on the implementation
of Kalman filter in the module and the advanced validation of the new software.

5 New Results

5.1 New results for physics of strong interactions

This section summarizes new physics results from the programme on physics of strong
interactions.

Inclusive spectra of negatively charged pions produced in central Ar+Sc collisions
at 13A-150A GeV/c are presented. The current version of the kink plot is shown. We also
show preliminary results on Λ-hyperon spectra in inelastic p+p interactions at 40 GeV/c
and compare them with the world data.

The new results on transverse momentum and multiplicity fluctuations in Ar+Sc col-
lisions at 13A-150A GeV/c are shown. The Ar+Sc results are compared to NA61/SHINE
p+p and Be+Be data, as well as to NA49 A + A results. Moreover, the latest results
on higher order moments of net-charge multiplicity distribution in p+p interactions are
also discussed.

Finally, we present the preliminary results on the inelastic and production cross-
section of 7Be on 9Be and we discuss the method and its performance of anisotropic
flow analysis in Pb+Pb collisions.

5.1.1 π− spectra and mean multiplicity in Ar+Sc

The spectra of π− in collisions of Ar+Sc at 13A-150A GeV/c were obtained using the so-
called h− analysis method assuming that the majority of negatively charged particles
are π− mesons. The contribution (≈ 10%) of other particles (K−, p) is subtracted using
EPOS1.99. We obtained precise large statistics results in full pT and wide rapidity range
in the whole SPS beam momentum range. The results are corrected for particles from
weak decays (feed-down) and the detector effects using MC simulations. Out-of-target
interactions are subtracted using events recorded with removed target. Examples of
double differential spectra of negatively charged pions in rapidity and transverse mo-
mentum for the most central 1 Ar+Sc interactions are presented in Fig. 13.

Examples of preliminary mT spectra of π− mesons in central Ar+Sc collisions are
shown in Fig. 14 and compared to the corresponding spectra in p+p interactions [9],
preliminary NA61/SHINE Be+Be data, and NA49 Pb+Pb results [10, 11]. The shape of
Ar+Sc mT spectra is similar to the one measured in central Pb+Pb collisions, but it differs

1NA61/SHINE selects central A + A collisions using the Projectile Spectator Detector located on the
beam axis. It measures the forward energy related to the non-interacting nucleons of the beam nucleus.
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Figure 13: d2n/(dpTdy) spectra of π− mesons in 0-5% central Ar+Sc collisions at
13A-150A GeV/c.

from the shape measured in p+p interactions, which may originate from isospin effects,
collective flow, changing role of resonance production.

The data extracted using the h− method is used to calculate mean pion multiplicities
in the full phase-space. dn

dydpT
spectra are extrapolated in transverse momentum pT and

rapidity y. The process consists of the following four steps:

1. Extrapolation in pT– for a given y bin extrapolate pT spectrum to pT = 2 GeV/c,

using the exponential form f (pT) = C · pT · exp
(
−
√

p2
T + m2/T

)
,

2. Integration of the pT extrapolated dn
dydpT

spectrum,

3. Fitting sum of two Gaussian functions – reflects separate contribution to the spec-
trum from the target and projectile nucleons. The Gaussians take form of

g(y) = gT(y) + gP(y)

gT(y) =
A0Arel

σ
√

2π
exp

(
− (y− y0)

2

2σ

)
gP(y) =

A0

σ
√

2π
exp

(
− (y + y0)

2

2σ

)

22



]2 [GeV/c-π - mTm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

]
-1 )2

 [(
G

eV
/c

T
dy

dmn2 d
 

T
m1

2−10

1−10

1

10

210

310

NA61/SHINE preliminary

Ar+Sc
Be+Be
p+p
Pb+Pb

 GeV/cA      19

]2 [GeV/c-π - mTm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

]
-1 )2

 [(
G

eV
/c

T
dy

dmn2 d
 

T
m1

2−10

1−10

1

10

210

310
NA61/SHINE preliminary

Ar+Sc
Be+Be
p+p
Pb+Pb

 GeV/cA      30

]2 [GeV/c-π - mTm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

]
-1 )2

 [(
G

eV
/c

T
dy

dmn2 d
 

T
m1

2−10

1−10

1

10

210

310
NA61/SHINE preliminary

Ar+Sc
Be+Be
p+p
Pb+Pb

 GeV/cA      40

]2 [GeV/c-π - mTm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

]
-1 )2

 [(
G

eV
/c

T
dy

dmn2 d
 

T
m1

2−10

1−10

1

10

210

310
NA61/SHINE preliminary

Ar+Sc
Be+Be
p+p
Pb+Pb

 GeV/cA      75

]2 [GeV/c-π - mTm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

]
-1 )2

 [(
G

eV
/c

T
dy

dmn2 d
 

T
m1

2−10

1−10

1

10

210

310
NA61/SHINE preliminary

Ar+Sc
Be+Be
p+p
Pb+Pb

 GeV/cA      150

Figure 14: Transverse mass spectra of π− mesons in 0-5% Ar+Sc collisions. The mT
spectra are compared to NA49 Pb+Pb [10, 11] and NA61/SHINE p+p [9] and Be+Be
results. Note: p+p and Pb+Pb collisions were taken at 158A GeV/c beam momenta.

4. Mean π− multiplicity is calculated as the sum of measured data and extrapolated
Gaussian functions

〈π−〉 =
∫ ymin

−4
g(y)dy +

ymax

∑
ymin

dy
(

dn
dy

)
extrapolated inpT

+
∫ 4

ymax

g(y)dy

The process is presented in Fig. 15. The corresponding pT-extrapolated and pT-integrated
rapidity spectra of π− mesons are shown in Fig. 16. One sees that the spectra extend
below mid-rapidity.

Statistical uncertainties σstat(〈π−〉) are propagated from the statistical uncertainties
of dn

dydpT
spectra. Systematic uncertainties σsys(〈π−〉) are assumed to be 5% based on

previous NA61/SHINE analysis [9]. The procedure leads to the results presented in
Table 3.

Statistical uncertainty is negligible comparing to the systematic one. The former is

smaller than the bin size, therefore the total error calculated as
√

σ2
sys + σ2

stat will be
presented.

In order to compare resulting multiplicities for Ar+Sc with other systems, it is neces-
sary to normalize the results to mean number of wounded nucleons 〈W〉. The analysis
of mean number of wounded nucleons was performed using two Monte Carlo models:

23



Extrapolation in pT−−−−−−−−−−→

3−10

2−10

1−10

1

10

210

310

410

y
4− 3− 2− 1− 0 1 2 3 4

Tp

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

y
4− 3− 2− 1− 0 1 2 3 4

Tp

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

3−10

2−10

1−10

1

10

210

310

410

y
4− 3− 2− 1− 0 1 2 3 4

dydn

0

5

10

15

20

25

30

35

40

45

y
4− 3− 2− 1− 0 1 2 3 4

dydn

0

5

10

15

20

25

30

35

40

45

Fitting Gaussians←−−−−−−−−−

y∑

Figure 15: Schematic overview of the dn
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spectrum extrapolation process.
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Figure 16: Rapidity spectra of π− mesons produced in 0-5% Ar+Sc collisions.

• GLISSANDO 2.73 [12]

• EPOS1.99 (version CRMC1.5.3) [13]
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Momentum [A GeV/c] 13 19 30 40 75 150
〈π−〉 38.46 48.03 59.72 66.28 86.12 108.92
σstat(〈π−〉) ±0.021 ±0.021 ±0.024 ±0.018 ±0.0079 ±0.0088
σsys(〈π−〉) ±1.92 ±2.40 ±2.98 ±3.31 ±4.30 ±5.44

Table 3: Mean multiplicity of negatively charged pions produced in 0-5% Ar+Sc
collisions at 13A-150A GeV/c.

Momentum [A GeV/c] 13 19 30 40 75 150
〈W〉EPOS 50.63 54.68 58.44 59.01 61.12 63.04
〈W〉GLISSANDO 67.44 68.85 68.98 69.01 68.87 69.18

Table 4: Number of wounded nucleons 〈W〉 calculated using EPOS and Glissando.

GLISSANDO MC is based on Glauber model, whereas EPOS utilizes parton ladder model.
Uncertainties of 〈W〉 will not be presented and in both cases the resulting 〈W〉 is cal-
culated for 5% centrality. The differences between the 〈W〉 value calculated using the
models are significant, as presented in the Table 4. For lower momenta EPOS gives much
smaller values than GLISSANDO. This discrepancy is a starting point for a broader in-
vestigation within the framework of the NA61/SHINE experiment. In order to obtain
a more reliable value, an extended collaboration with theoretical groups has been initi-
ated. For the sake of comparison and consistency with previously calculated values, we
will use the 〈W〉 calculated using GLISSANDO. As a result, one can obtain the 〈π−〉/〈W〉
ratio for all the measured energies (see Table 5).

Momentum [A GeV/c] 〈π−〉 〈W〉GLISSANDO 〈π−〉/〈W〉
13 38.46 67.44 0.57± 0.028
19 48.03 68.85 0.69± 0.034
30 59.72 68.98 0.86± 0.043
40 66.28 69.01 0.96± 0.047
75 86.12 68.87 1.25± 0.062
150 108.92 69.18 1.57± 0.078

Table 5: 〈π−〉/〈W〉 ratio in central Ar+Sc collisions.

In order to compare results obtained for different systems, the isospin correction
should be taken into account. To this end, phenomenological formulas are used

〈π−〉N+N = 〈π−〉p+p + 1/3

〈π−〉IAu+Au = (〈π−〉Au+Au + 〈π+〉Au+Au)/2

It is based on the compilation of the world data presented in Ref. [14] and the model
presented therein. The correction is only applied to measurements where its effect is
significant. Figure 17 shows the comparison of 〈π−〉/〈W〉 ratio for Ar+Sc collisions with
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corresponding results for other reactions at different energies. Data suggest a monotonic
increase of the ratio with 〈W〉 at 150A GeV/c. Non-monotonic behaviour at lower beam
momenta is observed. It is probably caused by a larger uncertainty of 〈W〉.
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Figure 17: Comparison of 〈π−〉/〈W〉 ratio.

The 〈π〉/〈W〉 is also plotted 2 against the Fermi collisions energy measure F. Fig-
ure 18 shows that mean π multiplicity per wounded nucleon increases faster with F at
the SPS energies in central Pb+Pb than in p+p collisions (kink). The two dependences
cross at about 40A GeV/c (

√
sNN = 8.77 GeV, F = 2.47 GeV1/2). For high SPS ener-

gies Ar+Sc follows the Pb+Pb trend and for low SPS energies Ar+Sc follows the p+p
tendency. The situation is opposite for Be+Be collisions. One should remember that
the results suffer from a significant model dependence of mean number of wounded
nucleons.

5.1.2 Inelastic and production cross-section of 7Be on 9Be

Preliminary NA61/SHINE results on the inelastic and production cross-section of 7Be
on 9Be are presented in Fig. 19. Inelastic cross-section (projectile nucleus charge change
cross-section) and production cross section (cross section for production of at least one

2As for Ar+Sc, Be+Be and p+p data we only have the 〈π−〉 value, we use following approximations:
〈π〉p+p = 3〈π−〉p+p + 1, 〈π〉Ar+Sc = 3〈π−〉Ar+Sc, 〈π〉Be+Be = 3〈π−〉Be+Be.
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Figure 18: Kink plots: mean pion multiplicity divided by mean number of wounded
nucleons as a function of Fermi collision energy measure F [15] (F ' s1/4

NN).

new particle) are shown as a function of beam momentum. Values measured by NA61/
SHINE are in good agreement with earlier measurement at lower momentum [16], as
well as with predictions of the Glauber-based GLISSANDO model [12]. The NA61/
SHINE measurements together with ∼1A GeV Bevalac data establish the energy de-
pendence of the inelastic cross section from 1A GeV to 150A GeV.
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Figure 19: Inelastic and production cross-section of 7Be on 9Be as a function of beam
momentum.

5.1.3 Λ production in p+p at 40 GeV/c

Preliminary results on Λ hyperon production in inelastic p+p interactions at 40 GeV/c
are presented here. In the following, Λ denotes Λ hyperons produced via strong pro-
cesses, as well as those from the electromagnetic Σ0 decay, Σ0 → Λγ (branching ratio
100%).
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Λ hyperons were identified by their charge decay channel Λ → p + π− (branching
ratio 63.9%) which has a characteristic V0 topology. The candidates were searched for by
forming pairs from all measured positively and negatively charged particles and requir-
ing a distance of closest approach between the two trajectories of less than 1 cm at any
point between the position of the first measured points on the tracks and the primary
vertex. For each candidate the invariant mass was calculated assuming proton (pion)
mass for positively (negatively) charged particles. To ensure a good momentum deter-
mination and reduce the combinatorial background from random pairs, a set of quality
cuts was imposed. The raw number of Λ hyperons was extracted by fitting the invari-
ant mass distributions by a sum of Lorentzian (signal) and a polynomial (background).
The p π− invariant mass distribution for Λ candidates in the range y ∈ [0.25, 0.50] and
pT ∈ [0.2, 0.4] GeV/c, together with the result of the fit is shown in Fig. 20. The position
of Λ peak is in the agreement with the nominal value of the Λ mass, mΛ = 1.115683 ±
0.000006 GeV/c2 [17], indicated by the blue dashed line.
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Figure 20: The p π− invariant mass distribution of Λ candidates in the range y ∈
[0.25, 0.50] and pT ∈ [0.2, 0.4] GeV/c. The red solid line shows a fit to signal plus
background, while the blue solid line represents the background contribution. The
Λ hyperon PDG mass is indicated by a blue dashed line.

Using the standard NA61/SHINE simulation and reconstruction chain, the raw num-
ber of Λ hyperons extracted in different y(xF)− pT bins was corrected for geometrical
acceptance, reconstruction efficiency, the feed-down from secondary interactions and
weak decays as well as for the losses due to the quality cuts, the trigger bias and the
branching ratio. The preliminary double-differential d2n

dydpT
and d2n

dxFdpT
distributions are

shown in Figs. 21 and 22, respectively. They are fitted by the function

f =
d2n

dkdpT
= A · pT · e−

√
m2

Λ+p2
T

T , (1)
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Figure 21: Double-differential d2n
dydpT

distributions of Λ hyperons produced in inelas-
tic p+p interactions at 40 GeV/c. The fitted function is given by Eq. 1.

where k = y, xF, A is the normalisation factor and T the inverse slope parameter. The
extracted values of the inverse slope parameter T are presented in Fig. 23 and compared
to the NA61/SHINE p+p results at 158 GeV/c [18].

Single-differential dn
dy and dn

dxF
distributions were obtained by summing up the double-

differential yields over the pT bins at fixed y and xF and correcting the sum for the
missing acceptance using the function Eq. 1. The obtained dn

dy and dn
dxF

distributions, to-
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Figure 22: Double-differential d2n
dxFdpT

distributions for Λ hyperons produced in in-
elastic p+p interactions at 40 GeV/c. The fitted function is given by Eq. 1.

gether with the predictions from EPOS1.99 [13], UrQMD1.3.1 [22, 23] and Fritiof [24]
embedded in HSD [25] model are presented in Fig. 24. The dn

dy distribution obtained by
averaging Λ yield in corresponding forward and backward rapidity bins is compared
in Fig. 25 with the data from two bubble-chamber experiments performed at beam mo-
mentum 24 GeV/c [19] and 69 GeV/c [20].

Mean multiplicity of Λ hyperons (〈Λ〉) was determined from the xF distribution. The
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Figure 23: The inverse slope parameter as a function of scaled rapidity variable z =
y/ymax (left) and xF (right) for Λ hyperons produced in inelastic p+p interactions at
40 (red) and 158 GeV/c (blue).
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Figure 24: Single-differential dn
dy (left) and dn

dxF
(right) distributions for Λ hyperons

produced in inelastic p+p interactions at 40 GeV/c, together with the predictions from
EPOS, UrQMD and Fritiof models.

Λ yield in the unmeasured xF region was approximated by the straight line shown in
Fig. 24 and amounts to 13% of the total Λ yield which is estimated to be 〈Λ〉 = 0.0816±
0.0009. The mean multiplicity of Λ hyperons in 40 GeV/c inelastic p+p interactions is
compared in Fig. 26 with the world data [21] as well as with the NA61/SHINE p+p
results at 158 GeV/c and the predictions of the EPOS1.99 model.

In order to validate the analysis procedure and detect possible biases the fully cor-
rected lifetime distribution of Λ hyperons is determined and fitted with the exponential
function. An example of the lifetime distribution is shown in Fig 27 (left). The ratio
of the fitted mean lifetime cτ to the corresponding PDG value cτPDG = 7.89 cm [17] is
shown in Fig. 27 (right) as a function of rapidity. The fitted mean lifetimes agree with
the PDG value indicating correctness of the analysis procedure.
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indicated by the closed point. Word data are taken from Ref. [21].

5.1.4 Transverse momentum and multiplicity fluctuations in Ar+Sc, Be+Be and in-
elastic p+p

The strategy of looking for the critical point (CP) of strongly interacting matter is based
on a search for non-monotonic behaviour of CP signatures such as fluctuations of trans-
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rapidity.

verse momentum, multiplicity, intermittency, etc. when the system freezes out close to
the CP. NA61/SHINE uses the strongly intensive ∆[PT, N], Σ[PT, N], and ΦpT measures
to study transverse momentum and multiplicity fluctuations [26,27]. For the Boltzmann
ideal gas of particles in the Grand Canonical Ensemble they do not depend on volume
and volume fluctuations. Moreover, ∆[PT, N] and Σ[PT, N] have two reference values,
namely they are equal to zero in case of no fluctuations and one in case of independent
particle production. The recent NA61/SHINE results [27] show no sign of any anomaly,
that can be attributed to a CP, neither in p+p nor centrality selected Be+Be collisions. On
the other hand a maximum for Si+Si and C+C was observed by NA49 in transverse mo-
mentum and multiplicity fluctuations at 158A GeV/c (see Refs. [27, 28] and references
therein).

Figure 28 shows preliminary NA61/SHINE results on transverse momentum and
multiplicity fluctuations in p+p, Be+Be, and Ar+Sc collisions (note that p+p and Be+Be
results were already shown by NA61/SHINE [26, 27] but in a slightly different accep-
tance). These three systems show no prominent non-monotonic behaviour that can be
attributed to a CP. The same measurements presented in two-dimensional plots (mean
number of wounded nucleons 〈W〉 from Ref. [12]) without statistical uncertainties are
shown in Figs. 29 and 30. The values of ∆[PT, N] smaller than 1 and Σ[PT, N] higher than
1 may be due to Bose-Einstein statistics and/or anti-correlation between event trans-
verse momentum and multiplicity [29]. The Σ[PT, N] values for h− at 150/158A GeV/c
are higher in Ar+Sc than in Be+Be and p+p, but this increase is seen also at lower ener-
gies so it is not necessarily connected with a CP.

Figure 31 (left and middle) shows that NA49 Pb+Pb [28] and NA61/SHINE Ar+Sc
results (in NA49 narrower acceptance [28]) are similar. For the system size dependence
of Σ[PT, N] at 150/158A GeV/c (Fig. 31, right) the NA49 [28] and NA61/SHINE points
show consistent trends. ∆[PT, N] (not shown) is more centrality width sensitive [29] and
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Figure 28: ∆[PT, N] and Σ[PT, N] in inelastic p+p (grey squares), 0-5% Be+Be (red
triangles), and 0-5% Ar+Sc (blue circles) collisions obtained by NA61/SHINE at
forward-rapidity, 0 < yπ < ybeam, and in pT < 1.5 GeV/c. Results for all charged
hadrons (h+ + h−, left plots) and negatively charged ones (h−, right plots).
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Figure 29: ∆[PT, N] in inelastic p+p (grey squares), 0-5% Be+Be (red triangles), and
0-5% Ar+Sc (blue circles) collisions obtained by NA61/SHINE at forward-rapidity,
0 < yπ < ybeam, and in pT < 1.5 GeV/c. Results for all charged hadrons (h+ + h−,
left), negatively charged ones (h−, middle) and positively charged ones (h+, right).
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Figure 30: Σ[PT, N] in inelastic p+p (grey squares), 0-5% Be+Be (red triangles), and
0-5% Ar+Sc (blue circles) collisions obtained by NA61/SHINE at forward-rapidity,
0 < yπ < ybeam, and in pT < 1.5 GeV/c. Results for all charged hadrons (h+ + h−,
left), negatively charged ones (h−, middle) and positively charged ones (h+, right).

points are scattered.

5.1.5 Multiplicity and forward energy fluctuations in Ar+Sc

The new NA61/SHINE results on multiplicity fluctuations in Ar+Sc collisions were ob-
tained using the scaled variance of the multiplicity distribution (ω[N]) and a newly
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Figure 31: Left and middle: ∆[PT, N] and Σ[PT, N] in NA61/SHINE 0-5% Ar+Sc
(blue points) and NA49 0-7.2% Pb+Pb (black points). Results in 1.1 < yπ < 2.6
and yp < ybeam − 0.5 with narrow azimuthal acceptance [28]. Right: Σ[PT, N] at
150/158A GeV/c. Black points are NA49 [28] data (p+p, 0-15.3% C+C, 0-12.2% Si+Si,
0-5% Pb+Pb), blue ones preliminary NA61/SHINE (p+p, 0-5% Be+Be, 0-5% Ar+Sc).
Results in 1.1 < yπ < 2.6 and with almost complete azimuthal acceptance.

defined strongly intensive Ω measure [30]. Ω is defined as a mean of ∆[N, Ep] and
Σ[N, Ep], where Ep = Ebeam − EPSD. For the Boltzmann ideal gas of particles in the
Grand Canonical Ensemble and for the absence of correlation between Ep and N in a
fixed volume such quantity is equal to the scaled variance of multiplicity for one source.
Therefore, for the most central collisions ω[N] = Ω[N, Ep] is expected (Fig. 32). There
is no significant non-monotonic behaviour in the energy dependence of those two mea-
sures, however an interesting effect was observed (see Fig. 33). Namely, for negatively
charged hadrons (the cleanest sample) at 150/158A GeV/c the scaled variance of the
multiplicity distribution is much below 1 for 0-0.2% Ar+Sc and 0-1% Pb+Pb and above
1 for p+p. Within the Wounded Nucleon Model (WNM) one can write [31]:

ω[N] = ω∗[N] + 〈N〉/〈W〉 ·ω[W], (2)

where W is the number of wounded nucleons, ω∗[N] is the scaled variance calculated
for any fixed value of W (i.e. = ω[N]pp because the number of wounded nucleons in
p+p interactions is fixed to two), and ω[W] represents fluctuations in W. Thus, one
can expect that ω[N]AA should be grater or equal ω[N]pp. Therefore, the NA61/SHINE
and NA49 results clearly contradict the Wounded Nucleon Model. Moreover, they also
contradict a non-interacting (ideal) gas of Boltzmann particles in the grand canonical en-
semble (IB-GCE). In the IB-GCE multiplicity distribution is Poissonian (ω[N] = 1), inde-
pendent of the (fixed) system volume, and thus ω[N]AA < 1 is forbidden in the IB-GCE.
On the other hand, ω[N] can increase due to resonance decays and Bose-Einstein statis-
tics and decrease due to conservation laws [32]. In fact, the NA49 Pb+Pb point is well
described by the hadron gas model in the micro canonical ensemble (HG-MCE) [32].
Within the statistical models ω[N]� 1, as seen in p+p, can be understood as a result of
volume and/or energy fluctuations [33].
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Figure 32: ω[N] (blue points) and Ω[N, Ep] (red points) in NA61/SHINE 0-0.2%
Ar+Sc, as well as ω[N] in NA61/SHINE p+p (grey points). Results for all charged
hadrons (h+ + h−, left), positively charged ones (h+, middle) and negatively charged
ones (h−, right) and in pT < 1.5 GeV/c.
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Figure 33: Scaled variance (ω[N]) for negatively charged hadrons measured in
p+p [26], 0-1% Pb+Pb [34], and 0-0.2% Ar+Sc collisions at 150/158A GeV/c. Results
in 0 < yπ < ybeam and in NA49-B acceptance [34]. Experimental data are compared
to predictions of Wounded Nucleon Model.

5.1.6 Higher order moments of net-charge distribution in p+p

Higher order moments of multiplicity distributions (e.g. skewness S and kurtosis κ)
are expected to be more sensitive (than the variance σ2) to fluctuations at a CP [35, 36].
Moreover, they can be used to test (statistical and dynamical) models (first moments do
not allow to distinguish between different types of models; already for second moments
fluctuations are different in string and statistical models). Finally, higher moments of
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conserved quantum numbers (i = B, Q, S) allow for direct comparison to theory via
susceptibilities: Sσ ≈ χ3

i /χ2
i , κσ2 ≈ χ4

i /χ2
i .

The scaled variance (ω) and products of higher order moments of net-charge distri-
butions, measured in inelastic p+p interactions, are shown in Fig. 34 (see also Fig. 35 for
the same quantities for h− only). No anomalies are observed suggesting a CP. Results of
net-charge fluctuations disagree with expectations for independent particle production
(Skellam) but EPOS1.99 describes the data quite well.
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Figure 34: Scaled variance (ω) and products of higher order moments of net-charge
distributions measured in inelastic p+p interactions as a function of collision energy.

 [GeV]NNs
6 8 10 12 14 16 18 20

[h
-]

ω

0.8

0.85

0.9

0.95
1

1.05
1.1

1.15
1.2

1.25

1.3

NA61/SHINE

EPOS

preliminary

 [GeV]NNs
6 8 10 12 14 16 18 20

]-
[h2 σκ

0.4

0.6

0.8

1

1.2

1.4

NA61/SHINE

EPOS

preliminary

 [GeV]NNs
6 8 10 12 14 16 18 20

]-
[hσ

S

0.7

0.8

0.9

1

1.1

1.2

1.3

NA61/SHINE

EPOS

preliminary

Figure 35: Scaled variance (ω) and products of higher order moments of multiplicity
distribution of negatively charged hadrons measured in inelastic p+p interactions as
a function of collision energy.

5.2 Flow performance in Pb+Pb collisions

The initial spatial asymmetry in a nucleus-nucleus collision due to the interaction among
constituents should lead to the azimuthal asymmetry in momentum distribution of pro-
duced particles. This asymmetry can be measured via azimuthal distributions of pro-
duced particles with respect to the initial symmetry plane. In case of no fluctuations
in the shape of the initial energy distribution, this plane is expected to coincide with
the reaction plane (RP) spanned by the impact parameter and the beam direction. With

37



known reaction plane angle (ΨRP), the azimuthal angle (ϕ) distribution of particle mo-
menta can be decomposed in a Fourier series:

dN
d(ϕ−ΨRP)

∼ 1 + 2
∞

∑
n=1

vn cos
(

n(ϕ−ΨRP)
)

, (3)

where the flow coefficients vn quantify the asymmetry in momentum space.
In NA61/SHINE the measurement of flow harmonics in Pb+Pb collisions provides

a reference for studying collective flow effects in smaller systems explored by the col-
lision energy and system size scan. At the moment the only published results for v1
and v2 of pions, protons, and Λ hyperons at 40A GeV and 158A GeV are available from
NA49 [37,38]. With the new data samples of Pb+Pb collisions to be collected by NA61/

Figure 36: Directed flow of pions (left) and protons (right) in Pb+Pb collisions at
40A GeV measured by NA49 [37].

SHINE in November 2016 and 2018 it will be possible to extend the measurements of the
anisotropic flow as a function of collision centrality with beams in the momentum range
from 13A GeV/c to 158A GeV/c and to forward rapidities which are significantly larger
than what is presently accessible by RHIC experiments (see e.g. results by STAR [39]).

Here we report on the NA61/SHINE performance studies of the charged hadron
directed flow measurement performed based on Pb+Pb test data collected by NA61/
SHINE in November 2015 without magnetic field. During this period about 2M events
of minimum bias Pb+Pb collisions at 30A GeV/c were recorded. Figure 37(left) shows
the minimum bias trigger performance.

The sub-groups of the PSD modules which were used for centrality determination
and for flow analysis using sub-events PSD1, PSD2, PSD3, and PSD4 are shown in
Fig. 37(right).

Events were selected according to the minimum bias trigger T4 in an interval around
z-vertex position (zv) along the beam −589 < zv < −584.5. Additional selection criteria
for the signal (S3ADC) in the S3 trigger detector of S3ADC > 50 was used to remove
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Figure 37: Left: Performance of the minimum bias trigger for Pb+Pb collisions
at 30A GeV/c. About 90% of all inelastic Pb+Pb collisions were selected using a
500 µm thick S3 scintillation counter installed 20 cm downstream from the target.
Over 70% percent of the registered events were interactions in the 3 mm thick Pb
target. The remaining are off-target interactions. Right: Transverse to the beam lay-
out of the PSD modules. Dashed line shows module number 45, which was used for
centrality determination.

events which corresponds to the interaction with the detector material downstream the
target. Event cuts based on the multiplicity of produced particles (Mre f ) and energy of
measured by PSD (Etot) were also applied. The multiplicity Mre f is a number of accepted
for analysis tracks at mid-rapidity |η − ηbeam| < 0.5 (ηbeam = 2.0792) and with tighter
DCA cut of 2 cm. Etot is a total energy for 44 modules in PSD. Details of the TPC track
selection are provided below. To remove the outlier events around the main correlation
band for Mre f vs. Etot an empirical cut |5717− 23.8Mre f − Etot| < 1200 was introduced.
With this event selection about 600 thousands of Pb+Pb collisions were used for the
analysis. Distributions of the multiplicity and the PSD energy for different sub-events
are shown in Fig. 38.

Correlation between multiplicity and energy in different PSD sub-events is shown
in Fig. 39. Resulting acceptance map for the pseudo-rapidity η and azimuthal angle ϕ
for the selected TPC tracks is shown in Fig. 39 (lower rightmost panel).

Tracks reconstructed in NA61/SHINE TPCs (VTPC-1/2 and MTPC-L/R) were se-
lected in the region of pseudo-rapidity: 1 < η < 4.7. The minimum (maximum) number
of clusters (Nclusters) in either of VTPC-1, VTPC-2 and MTPC-L/R were required to be
greater than 10, 6, and 10 (less than 72, 72, and 90), respectively. To reduce the number
of the secondary tracks the cuts on the distance of closest approach (DCA) to the vertex
in x and y directions were chosen to be |DCAx,y| < 3 cm and

√
DCA2

x + DCA2
y < 3 cm.
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Figure 38: Distributions of the multiplicity and energy in different PSD sub-events.

Rejection of events with poorly reconstructed collision vertex was done by requiring the
good quality of the vertex fit.

5.2.1 Centrality determination

The size and evolution of the medium created in a heavy-ion collision is expected to
depend on collision energy and initial state geometry, the latter cannot be directly mea-
sured. Experimentally collisions are characterized by measured in TPCs particle multi-
plicity and/or forward energy measured by PSD, which is related to projectile specta-
tors. For this, collisions are grouped into event (centrality) classes with the most central
class defined by events with the highest multiplicity (smallest forward energy) which is
expected to correspond to the smallest values of the impact parameter. For this analysis
energy measured in the sub-groups of the PSD modules, PSD1, PSD2, PSD3 and PSD4
as shown in Fig. 37 (right), was used.

Centrality determination is performed following the procedure described in Ref. [40].
The procedure consists of the following steps:

(i) Determine the total cross-section and the "anchor" point (a value below which cen-
trality determination is not reliable) based on a fit of the data multiplicity distribu-
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Figure 39: Correlation between multiplicity and energy in different PSD sub-events
and acceptance map in pseudo-rapidity η and azimuthal angle ϕ for the selected TPC
tracks.

tion with a distribution generated within an MC-Glauber model:

Ff it( f , µ, σ) = Pµ,σ[ f Npart + (1− f )Ncoll]. (4)

Here Pµ,σ is a negative binomial distribution, Npart and Ncoll number of partic-
ipants and number of binary collisions generated with the MC-Glauber model.
Figure 40 (left) shows the result of the MC-Glauber fit and Fig. 40(right) the χ2

dependence on fit parameters.

(ii) Scale (equalize) energy in each PSD sub-event (EPSD) and TPC multiplicity (MTPC)
determined run-by-run to the overall mean. The corresponding run-by-run cor-
rection factors are shown in Fig. 41.

(iii) Plot the correlation between MTPC/Mmax
TPC and EPSD/Emax

PSD, where Mmax
TPC and Emax

PSD
are maximum values of MTPC and EPSD, respectively (see Fig. 42) and

(iv) Parametrize the correlation between multiplicity and/or energy in the PSD sub-
events:

(a) fit the correlation profile (black circles) with a polynomial function (black line)
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Figure 40: (Left) Multiplicity distribution of charged particles in NA61/SHINE TPCs
produced in minimum bias Pb+Pb collisions at 30A GeV/c together with Glauber fit
function. (Right) χ2 distribution for different values of the Glauber function param-
eters.

Figure 41: Run-by-run corrections to the measured PSD energy (left) and TPC mul-
tiplicity (right) for different event classes.

(b) recalculate profile (red squares) using the slope of the fit

(c) Refit profile (red line)

Figure 42 (right) shows the intermediate and resulting fit to the data.

(v) Slice the correlation in the direction perpendicular to the fit (Fig. 42 (left) or di-
vide the MTPC / EPSD distribution in percentiles of the total number of events (see
Fig. 43 (left).

5.2.2 Performance of the directed flow measurement

To estimate the reaction plane orientation it is common to use the azimuthal asymmetry
of particle production in the transverse plane to the beam direction. Due to the momen-
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Figure 42: Illustration of the centrality determination procedure (left) with equal
percentiles. The correlation between the energy deposited in the central modules of
PSD (PSD1+PSD2+M45) and the TPC multiplicity overlayed with the result of the fit
procedure (right).

Figure 43: Illustration of the centrality determination procedure (left) with equal
percentiles for the multiplicity in TPC. Dependence of the impact parameter versus
centrality shown on the right panel.

tum transfer between participants and spectators, the spectators (fragments of projectile
and target nuclei) are deflected in the course of the collision. For non-central collisions,
the asymmetry of the initial energy density in the transverse plane is expected to be
aligned in the direction of the reaction plane, and thus the spectator deflection direction
is likely to be correlated with the impact parameter (or reaction plane) direction. There-
fore it seems that one can estimate the reaction plane angle with spectators detected
in the PSD and extract flow of produced particles detected in TPC with respect to this
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plane.
The asymmetry of the measured distributions is described in terms of Q-vector de-

fined on event-by-event basis for the PSD sub-events:

Q =
1
E ∑

i
Ei ni, (5)

where unit vector ni points to the center of the i-th PSD module, Ei is the energy deposi-
tion in the i-th module and E = ∑i Ei is the total energy of the PSD sub-event. For each
particle track i reconstructed with the TPC an n-th harmonic unit un,i-vector is defined
(for directed flow measurement n = 1):

un,i = {cos nϕi, sin nϕi}. (6)

The TPC q-vectors were calculated in 0.1 wide slices of pseudo-rapidity with an equa-
tion:

q =
1
M ∑

i
u1,i , (7)

where M is the number of particle tracks in a given slices of pseudo-rapidity. We used
an observable for directed flow v1 which is constructed from correlation between two
reference PSD Q-vectors and from correlation for each of them with a TPC q-vectors.
Assuming that the underlying distribution for azimuthal angles is given by Eq. (3), one
can derive the relation between the Q-vector correlations and flow harmonics:

〈QA
i QB

j 〉 ∝
VA

1 VB
1

2
δij , 〈qiQA

j 〉 ∝
v1VA

1
2

δij , (8)

where i, j ∈ {x; y}. According to Eq.(8), an independent estimates of the Q-vector cor-
rection factors CA

i {B, C} and flow harmonics v1,i{A, B} can be written as:

CA
i {B, C} =

√
2
〈QA

i QB
i 〉〈QA

i QC
i 〉

〈QB
i QC

i 〉
, v1,i{A, B} =

√
2
〈qiQA

i 〉〈qiQB
i 〉

〈QA
i QB

i 〉
. (9)

Imperfect acceptance and efficiency of the detector bias the azimuthal angle distri-
bution of measured particles (see e.g. Fig. 39 (lower rightmost panel)). A correction
procedure for the Q-vectors was proposed in Ref. [41]. This procedure is implemented
in a software framework (QnCorrections framework) [42,43]. In the current study, each
q-vector for TPC and Q-vector for different PSD sub-events were corrected with the
recentering procedure using the QnCorrections framework:

Q′ = Q− 〈Q〉 , q′ = q− 〈q〉 . (10)

Other types of corrections provided by the QnCorrections framework will be investi-
gated in a future. The recentering of the PSD Q-vectors and TPC q-vectors was applied
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separately in different event classes defined by the PSD energy and track multiplicity,
respectively. The average Q-vector value in each event class before and after recentering
is shown in Fig. 44(left).

Figure 44(right) shows the correlation CA
i {B, C} defined by the LHS of the Eq. (9)

for Q-vectors corrected with the recentering procedure. The operation of NA61/SHINE
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Figure 44: Left: The average Q-vector value in each event class before and after re-
centering for the PSD1 and PSD3 sub-event Q-vectors. Right: Correlation CA

i {B, C}
defined by the LHS of the Eq. (9) for the PSD1 and PSD3 sub-event Q-vectors cor-
rected with the recentering procedure.

without magnetic field during November 2015 Pb test run leads to rather good symme-
try between Q-vector correlations for x and y components.

Event plane resolution correction is defined similar to Eq. (9) (left), but instead of the
Q-vector components the event plane angles, defined as Q = |Q|(cos ΨEP, sin ΨEP), are
used:

RA
i {B, C} =

√
〈cos(ΨA

EP −ΨB
EP)〉〈cos(ΨA

EP −ΨC
EP)〉

〈cos(ΨB
EP −ΨC

EP)〉
. (11)

Figure 45(left) shows an example of the resolution correction for PSD2 sub-event. In
future, such comparison will allow to study the systematic biases in the event plane
determination.

Results for charged hadrons directed flow are shown in Fig. 45 (right). The absence
of the magnetic field during the Pb test run does not allow to use particle identification
capabilities of NA61/SHINE. Directed flow as a function of pseudo-rapidity (shifted to
the that of the beam ηbeam = 2.0792) was measured in 3 centrality classes (0%− 20%,
20%− 40% and 40%− 60%) using the centrality determination procedure introduced in
a previous subsection. No efficiency correction was used for extraction of v1. The result
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is based on the x-component of the q- and Q-vectors which are least distorted due to the
TPC geometry. The Q-vectors for PSD1 and PSD3 sub-events were used as a reference
for v1 determination.

In summary for this section, a sample of Pb+Pb collision collected during the test
run in November 2015 with Pb beam of 30A GeV/c is very helpful for performance eval-
uation and preparation for the analysis of the date to be collected by NA61/SHINE in
November 2016.

5.3 New results for neutrino physics

5.3.1 Measurements for T2K

Final results on hadron production in p+C interactions at 31 GeV/c have been recently
published [44]. The analysis is based on the full set of data collected during the 2009
run using a graphite target with a thickness of 4% of a nuclear interaction length (the
thin target). Inelastic and production cross sections as well as spectra of π±, K±, p, K0

S
and Λ have been measured with a high precision.

These measurements are essential for predictions of the initial neutrino and anti-
neutrino fluxes in the T2K long baseline neutrino oscillation experiment in Japan. They
have already been used for the updated T2K results presented during 2016 summer
conferences. Furthermore, these measurements provide important input to improve
hadron production models needed for the interpretation of air showers initiated by ultra
high energy cosmic particles.
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Recently new measurements of particle emission from a replica of the T2K 90 cm-
long carbon target have been released [45]. These results are obtained using data col-
lected during a high-statistics run in 2009. An efficient use of the long-target measure-
ments for (anti-)neutrino flux predictions in T2K requires dedicated reconstruction and
analysis techniques. Fully-corrected differential yields of π±-mesons from the surface
of the T2K replica target for incoming 31 GeV/c protons have been obtained. A possible
strategy to implement these results into the T2K neutrino beam predictions has been
discussed and the propagation of the uncertainties of these results to the final neutrino
flux has been performed.

Although the recent π± long-target results will further reduce the T2K (anti-)neutrino
flux uncertainty below 10%, the T2K goal is to reach uncertainty below 5%. For this pur-
pose a high statistics dataset using the T2K replica target was recorded in 2010. Analysis
of this dataset is being finalized. There are several key improvements in the data recored
in 2010:

(i) 3.5 times higher statistics,

(ii) specially designed trigger with narrow beam profile, close to the T2K conditions,

(iii) about 10% of the events were collected with the maximum magnetic field, which
can bend the beam particle to the TPCs and to measure its properties.

High statistics allow measurement of the K± differential yields coming from the surface
of the T2K replica target. Neutrinos produced in kaon decays give rise to the high en-
ergy tail in the T2K (anti-)neutrino spectra. Different beam profiles can greatly change
the emission of particles from the surface of the target. In order to reduce the difference
between the T2K and the NA61/SHINE beam profiles, we used specially designed trig-
ger which selects narrower beam hitting the target center (see Fig. 46). Events recorded
with the maximum magnetic field are used to extract information about the beam parti-
cles which pass through the target without interaction. These protons interact with the
elements of the T2K neutrino beam-line and also contribute to the (anti-)neutrino flux.

A dedicated analysis procedure based on the dE/dx − m2
TOF particle identification

(see Ref. [45]) is applied to the T2K replica target data as shown in Figure 47. Up to
now we have extracted uncorrected π± and K± yields. The results are presented in
the bins of momentum, polar angle and longitudinal position along the target surface.
Contribution of the hadrons to the neutrino flux depends on the longitudinal position
of the particle at the target surface. The T2K requirement is to divide the target into five
longitudinal bins and the target downstream face. An example of the uncorrected π±

and K± differential yields are presented in Fig. 48 for the second longitudinal bin and
one polar angle bin. Fully corrected preliminary results are expected before the end of
this year. Our plan is to complete the analysis and to publish the π±, K± and p yields
by September 2017.
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Figure 46: Proton beam profile for events with standard T2 interaction trigger (left)
and narrower beam profile after selecting events with the specialized T3 trigger,
closely reproducing the beam conditions in T2K (right).

dE/dx [a.u.]
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

]4/c
2

 [Gev
TOF

2m

0.2−0
0.2

0.4
0.6

0.8
1

E
ve

nt
s 

/ (
 0

.0
18

00
59

 x
 0

.0
30

65
34

 )

0

5000

10000

15000

20000

 p < 3.50 GeV/c≤ < 70 mrad, 3.20 θ ≤ z < 18 cm, 50 ≤0 

dE/dx [a.u.]
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

E
ve

nt
s 

/ (
 0

.0
18

00
59

 )

0

10

20

30

40

50

60

70

80 π

K

p

e

Model

]4/c2 [GeVTOF
2m

0.2− 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ (
 0

.0
34

83
34

 )

0

10

20

30

40

50

60

70

80

90
8)± = (63pA

0.004) a.u.± = (0.954p

dE/dx
µ

0.003) a.u.± = (0.033p
dE/dxσ

4/c20.009) GeV± = (0.914p
TOF

µ
4/c20.006) GeV± = (0.073p

TOFσ
7)± = (53eA

0.006) a.u.± = (1.511e
dE/dx

µ

0.004) a.u.± = (0.045e
dE/dxσ

4/c20.001) GeV± = (0.003e
TOF

µ
4/c20.006) GeV± = (0.064e

TOFσ

19)± = (343πA
0.002) a.u.± = (1.153π

dE/dx
µ

0.001) a.u.± = (0.035π
dE/dxσ

4/c20.004) GeV± = (0.027π
TOF

µ
4/c20.003) GeV± = (0.072π

TOFσ
4)± = (16KA

0.007) a.u.± = (1.011K
dE/dx

µ

0.003) a.u.± = (0.059K
dE/dxσ

4/c20.027) GeV± = (0.269K
TOF

µ
4/c20.042) GeV± = (0.102K

TOFσ

Figure 47: An example of the dE/dx − m2
TOF particle identification for a selected

{z, θ, p} bin.

5.3.2 Measurements for Fermilab neutrino beams

NA61/SHINE has recently started on a program of hadron production measurements
to benefit the Fermilab neutrino program. The current NuMI beam uses 120 GeV/c
protons on a graphite target to produce neutrinos, and serves the MINOS+, Minerva,
and NOvA experiments. The proposed future LBNF beamline from Fermilab to South
Dakota will provide an even higher intensity beam using protons with an energy be-
tween 60-120 GeV/c (still to be determined) on a graphite or possibly beryllium target.
In addition to measurements of the particles produced by the interactions of the pri-
mary beam protons, the hadrons produced by secondary interactions of lower-energy
protons and pions in the target and aluminum horns also contribute significantly to the
neutrino flux. NA61/SHINE is well-suited to make measurements that can reduce the
flux uncertainties for the Fermilab neutrino experiments.
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Figure 48: Uncorrected differential yields as a function of momentum for π+ (top
left), π− (top right), K+ (bottom left) and K− (bottom right) for a selected {z, θ} bin.

In the fall of 2015, several weeks of data were collected (see Table 1) for various
reactions. Unfortunately the vertex magnets were operational during these runs. So it
is not possible to extract spectra, but analyses are in progress to determine production
cross sections for all of these reactions. The preliminary result for K+ + C at 60 GeV/c
will be described below.

In the summer of 2016, data were collected for 60 GeV/c p+C with fully operational
magnets, and a spectrum analysis will begin on this data set soon. Data for additional
reactions (see Table 2) are being collected in September-October 2016, also with vertex
magnets operational.

π+ + C at 31 GeV/c

During the 2009 thin target data taking for T2K, the main trigger recorded data of pro-
tons interacting with a carbon target. A secondary trigger recorded all interactions.
From studies of the beam composition, we know these beam particles are mostly π+

particles. The beam has a small contamination of e+ and K+, which incurs an addi-
tional difficulty in normalizing the results. These pion interactions have been analysed
and multiplicity spectra of π+ and π− have been measured. The preliminary results
include statistical uncertainties only. Analysis of the systematic uncertainties and nor-
malization uncertainties are ongoing. Because the overall normalization still needs to
be understood, only the shapes of the multiplicity spectra have been released as pre-
liminary. The overall vertical scale has been obscured by normalizing the momenta
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distributions for each θ bin. A sample of the preliminary multiplicity spectra are shown
in Fig. 49.

Figure 49: Normalized multiplicity spectra of π+ from π+ +C interactions at
31 GeV/c for two θ bins: [60, 100] mrad (left) and [100, 140] mrad (right). The ab-
solute scale has been obscured by normalizing the momenta distributions for each θ
bin. Only statistical uncertainties are shown.

π+ + C and π+ + Al at 31 GeV/c Total Cross Section Measurements

During the 2015 fall run, interactions of 31 GeV/c π+ with carbon and aluminium tar-
gets were recorded. Because the magnets were turned off during this data run, no mul-
tiplicity analysis can be performed. However, studies are ongoing to measure the to-
tal inelastic and production cross sections for both targets. The π+ + C cross section
measurements will be used to perform the normalization correction and constrain the
normalization uncertainty for the π+ + C multiplicity analysis.

K+ + C at 60 GeV/c

NA61/SHINE recorded data in 2015 using 60 GeV/c K+ collisions on C target with no
magnetic field. A measurement of the total production cross section from the collisions
of 60 GeV/c kaons on a 2.0 cm long carbon (graphite) target is presented.

The events are selected by applying WFA beam time window cut, good BPD cut
and beam radius cut 3. After passing these event selections, the number of T1 triggered
events is 454047 for target inserted (IN) sample and 218200 for target removed (OUT)
sample, respectively. The total number of T1 ∧ T2 triggered events for IN target and

3Events are selected for BPD radius less than 1.0 cm (
√

x2
BPD + y2

BPD < 1.0 cm).
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OUT target data as 18864 and 2744, respectively. The interaction probability measured
using IN and OUT target samples is determined to be 0.0293± 0.0004 (stat).

The interaction probability measurement allows one to calculate a trigger cross sec-
tion of 161.4± 2.3 (stat) mb. The trigger cross section can be written as the sum of the
total elastic (EL), quasi-elastic (QE) and production cross sections with the correspond-
ing trigger correction factors. GEANT4 based Monte Carlo studies are performed to
estimate the trigger correction factors. After applying the correction terms, the produc-
tion (or absorption) cross section is extracted with a value 146.1± 2.3 (stat) mb.

An estimated systematic uncertainty of 2.8 mb for EL and QE subtraction is de-
termined by varying the beam configurations using different physics models in the
GEANT4 simulation. The systematics of kaon beam purity is estimated to 0.3 mb by
using the CEDAR pressure scan. The systematics for the holder interactions is calcu-
lated to be 0.6 mb. In addition a MC study determined the S4 trigger counter and beam
size systematics to be 0.4 mb and 0.3 mb, respectively. The target density systematics is
0.8 mb by assuming 0.01 g/cm3 uncertainty on the target density. Finally the interaction
trigger systematic is estimated to be 0.3 mb after determining the S4 counter efficiency.

After applying the target holder and trigger efficiency corrections on the measured
production cross sections the final production cross section result is determined to be
144.9 mb ± 2.3 mb (stat) ± 3.0 mb (syst). This result is consistent with the measured
absorption (production) cross section of K + C at 60 GeV/c published in Ref. [46].

5.4 New results for cosmic-ray physics

5.4.1 Air Shower Physics

When cosmic rays of high energy collide with the nuclei of the atmosphere, they initi-
ate extensive air showers (EAS). The Earth’s atmosphere then acts as a calorimeter in
which the particle shower evolves. A complete measurement of the shower is not pos-
sible, often only the particles are sampled at select positions at ground level or the ion-
ization energy deposited in the atmosphere is measured. Therefore the interpretation
of EAS data, and in particular the determination of the composition of cosmic rays, re-
lies to a large extent on a correct modelling of hadron-air interactions that occur during
the shower development [47]. Experiments such as the Pierre Auger Observatory [48],
KASCADE-Grande [49], IceTop [50], HiRes-MIA [51] or the Telescope Array [52] use
models for the interpretation of measurements. However, there is mounting evidence
that current models do not provide a satisfactory description of muon production in air
showers (see Refs. [53–55]).

Regarding pion interactions, models used for air shower simulations such as QGSJETII-
04 [56], EPOSLHC [57] and SIBYLL2.3 [58] were tuned only to data on π+ + C interac-
tions at 100 GeV/c of Barton et al. [59] and π++p interactions at 250 GeV/c measured by
the NA22 experiment [60–62].

Therefore the measurements of π + C data from NA61/SHINE would provide data
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with the least amount of interpretation that any measurement previously, as the domi-
nant interaction in the air showers is π + N.

Identified Particle Spectra In 2015, preliminary spectra of identified π+ and π−mesons
in π + C interactions at 158 and 350 GeV/c was published [63]. This analysis is currently
refined to include identified spectra of kaons, protons and anti-protons. The final results
are expected to be published early next year.

Resonances Preliminary spectra of ρ0 production in π + C interactions at 158 GeV/c
have been published last year [63]. This preliminary release was limited in range of
Feynman-x, xF, between 0.3 and 0.9. Due to an improved analysis, the lower limit
xF range could be decreased to xF = 0. The spectra of both the ω and K0∗ mesons
have also been determined, and the ρ0 analysis has been performed for 350 GeV/c. The
results of the updated resonance analysis are in the process of being finalised and will
be published this year.

5.4.2 Cosmic-Ray Propagation and Dark Matter

Antideuterons may be generated in dark matter annihilations or decays, offering a
potential breakthough in as yet unexplored phase space for dark matter. The unique
strength of the search for low-energy antideuterons lies in the ultra-low astrophysical
background. The dominant source of the astrophysical background is the production of
antideuterons in the interactions of cosmic-ray protons with interstellar medium (pre-
dominantly H,He). However, the high production threshold and steep cosmic-ray spec-
trum mean that there are very few particles with sufficient energy to produce secondary
antideuterons.

Part of the goals of the AMS-02 experiment on board International Space Station and
the next-generation antideuteron experiment GAPS is to perform the first measurement
of cosmic-ray antideuteron flux or to lower the current best exclusion limits drastically
for the purpose of identifying the nature of dark matter.

Production of antideuterons and deuterons in nuclear interactions is a complex non-
perturbative process. Using the NA61/SHINE data on p+p interactions at 158 GeV/c,
this analysis endeavours to measure cross-section of deuteron production. Compar-
ison of these measurements with theoretical predictions using models of coalescence
between protons and neutrons will further improve the knowledge of the production
mechanism. Extending the analysis techniques, a measurement of antideuteron cross-
section will be helpful in limiting the astrophysical background for AMS-02 and GAPS
measurements.

This analysis is performed using data collected in 2009, 2010 and 2011. Each set
contains both target inserted and target removed data. Recorded events for the data
sets are listed in Table 6.
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Year Target Inserted Target Removed Total Events
×106 ×106 ×106

2009 3.55 0.43 3.98
2010 40.43 3.76 44.19
2011 12.93 1.18 14.11

Table 6: Yearly p+p data recorded by NA61/SHINE.

5.4.3 Identification of Low Momentum Deuterons

Energy deposition in clusters in TPCs along a track are sorted, truncated and normal-
ized to MIP. Plotted as a function of momentum in the logarithmic bins, the dE/dx dis-
tributions show definite patterns (Bethe-Bloch curves). In the low momentum region
(below 2 GeV/c), proton and deuteron regions are fairly well separated, staring at high
dE/dx values and falling sharply. Pion and positron dE/dx values are low and close to
MIP value. Before the proton and deuteron dE/dx lines start merging, deuterons can be
identified.

(a) (b)

Figure 50: dE/dx vs. q ∗ p for target inserted data for (a) 2009 and (b) 2010 p+p
(158 GeV/c).

Figure 50 shows dE/dx as a function of q · p for 2009 and 2010 p+p data (158 GeV/c)
after all the selections. Figure 51 shows the same plots for target removed data.

To confirm that after statistical subtraction of background form target Inserted data,
dE/dx value based on Bethe-Bloch equation assuming a deuteron track is subtracted for
every track. Figure 52 shows the concentration of deuteron tracks near dE/dx =0 region.

The spread comes from resolution of dE/dx and p measurements and the shift from
dE/dx =0 is the result of imperfect dE/dx calibrations.

53



(a) (b)

Figure 51: dE/dx as a function of q ∗ p for target removed data for (a) 2009 and (b)
2010 p+p (158 GeV/c.

(a) (b)

Figure 52: From 2010 data : (a) re-normalized dE/dx vs. q ∗ p and (b) re-normalized
dE/dx distribution.

5.4.4 Statistical Significance of Deuteron Measurement at Low p

Statistical significance of the identified deuteron measurement in the low momentum
region is estimated using the technique from Ref. [64]

Let NI and NR be the counts of deuterons from target Inserted and Removed data
respectively after all the applied selection criteria. With the normalization between tar-
get Inserted and Removed, α = tI/tR the statistical significance of the observed signal
S is calculated as :

S =
√

2{NIln[
1 + α

α

NI

NI + NR
] + NRln[(1 + α)

NR

NI + NR
]} 1

2 (12)
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The normalization for this analysis comes from the comparison of purely background
dominated region in target inserted and target removed data. Counts of identified
deuterons and the statistical significance are shown in Table 7 :

Low p Deuterons
2009 2010 2011

S+B 36 749 223
B 5 51 26
α 4.37 2.87 3.19

B (normalized) 22 145 83
S 14 604 140

Significance 1.1 14.5 5.4

Table 7: Deuteron counts in low momentum region and statistical significance of
measurements for 2009, 2010 and 2011 p+p (158 GeV/c) data.

5.4.5 Towards Deuteron Cross-Section Measurement

Cross-sections of a particle of interest from NA61/SHINE data is calculated as follows :

dσ

dp
=

σtrig

1− pint
(

1
NI

dnI

dp
− pint

NR

dnR

dp
) , (13)

where σtrig is the trigger cross-section, NI(NR) is the number of events analyzed with
target inserted (removed), dp is the width of momentum bin, dnI(dNR) is the cor-
rected (for acceptance and detector efficiency) number of final-state particle of interest
(deuteron, for this analysis) and pint is the net interaction probability, defined as :

pint =
PI

T − PR
T

1− PR
T

, (14)

where PI
T(PR

T ) is the trigger probability for target inserted (removed) data.
Trigger probability can be calculated as :

PI(R)
T =

N(T1∩ T2)
N(T1)

, (15)

where T1 and T2 indicate, respectively, the beam and the interaction trigger.
For the 2010 p+p data, the interaction probability pint was measured to be 0.02276

and uncorrected trigger cross-section was measured to be 27.23 mb. Further corrections
are required for elastic and quasi-elastic contributions to calculate the proper inelastic
trigger cross-section.
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5.4.6 Path Forward

There has been significant progress in analysing the recorded data to identify deuterons.
Identification will be improved in future by using mass-square values from Time-of-
Flight detector.

For higher momentum region where identification of deuterons is difficult due to
merging of Bethe-Bloch curves of different particle species, template fitting will be used
to estimate the number of deuterons in various momentum bins.

As a major step toward calculating deuteron cross-section, efficiencies and geomet-
rical acceptance factor of the detectors need to be measured. Present efforts are focused
in this direction.

It is important to point out here that most event generators (PYTHIA, GEANT4,
EPOS) do not allow for the production of deuterons (or anti-deuterons) as the produc-
tion mechanism is poorly understood (an excellent motivation for the present analysis).
Simulating p+p events will not help estimate the acceptance and efficiency of deuteron
measurement. Efforts towards simulation is, of necessity, two-pronged.

Collaborators at Instituto de Fisica, UNAM in Mexico, especially Ph.D. candidate
Diego Gomez Coral, have been working towards comparing (non-perturbative) model
dependent calculations of proton and anti-proton cross-sections to data. This enables
one to estimate model-dependent predictions of deuterons production. The best es-
timates of such deuteron cross-sections will be used to simulate weighted spectra of
deuterons through NA61/SHINE GEANT description and to estimate the relevant ac-
ceptance and efficiency factors.

The entire analysis technique can be used for antideuteron production measure-
ments, an enticing possibility with the present amount of available p+p data at 158 GeV/c.
Similar data from future NA61/SHINE runs will be immensely helpful in measure-
ment of antideuteron cross-sections as it is a particularly rare and therefore statistically
starved process.

6 Proposed run schedule

The revised NA61/SHINE data-taking plan is presented in Table 8. Following the cur-
rent accelerator schedule the plan assumes that the data-taking with a primary Xe beam
will take place in 2017 and with a Pb beam in 2018. It is also assumed that hadron beams
will be available for several months in 2017 and 2018 until the Long Shutdown 2.

Figure 53 schematically illustrates the status and plans for data-taking within the
NA61/SHINE (beam momentum)-(system size) scan.

The 2017 beam request is explained as follows:

(i) 21 days of h+ beam at 400 GeV/c are needed for the installation and testing of the
facility upgrades: Forward-TPCs, Vertex Detector, SciFi Beam Detectors, PSD and
DRS4 read-out.
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Beam Target Momentum Year Days Physics
Primary Secondary (A GeV/c)

p 400
h+ A 40-400 2017 21 days installation/tests

p 400
p Pb 30, 40 2017 28 days SI

p 400
h+ A 30–120 2017 42 days ν

Xe La 13, 19, 30, 40, 75, 150 2017 60 days SI

p 400
p Pb 13, 20 2018 28 days SI

p 400
h+ A 30–120 2018 42 days ν

Pb Pb 20, 40, 75, 150 2018 60 days SI

Table 8: The NA61/SHINE data taking plan revised in 2016. The following abbrevi-
ations are used for the physics goals: SI – measurements for physics of strong inter-
actions, ν – measurements for the Fermilab neutrino beams.

(ii) 28 days of proton beam at 30 and 40 GeV/c are needed for data-taking on p+Pb
interactions.

(iii) 42 days of h+ beam at 30–120 GeV/c are needed for data-taking for the Fermilab
neutrino beams.

(iv) 60 days of Xe beam at 13A, 19A, 30A, 40A, 75A and 150A GeV/c are needed for
data-taking on Xe+La collisions.

7 Ideas to Extend the NA61/SHINE Physics Program

The approved data-taking programme for NA61/SHINE should be completed by the
end of 2018. The collaboration is now considering possible continuation of measure-
ments after Long Shutdown 2. This would require a significant upgrade of the NA61/
SHINE facility.

The planned measurements are motivated by questions and requirements coming
from communities working on physics of strong interactions and neutrino physics.

The new measurements for physics of strong interactions aim to resolve the long-
lasting tension between statistical and dynamical models of multi-particle production
in high energy collisions. They shall include precise measurements of open charm
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Figure 53: The NA61/SHINE data taking schedule for the (beam momentum)-
(system size) scan and its proposed extension for the period 2016–2018 (in gray).

and multi-strange hyperon production, measurements of cumulative hadrons as well
as measurements of fluctuations and correlations in the full phase space. In particular,
systematic measurements of open charm production together with already existing data
on J/ψ mesons by the NA38, NA50 and NA60 experiments at the CERN SPS should al-
low to finally distinguish between statistical and QCD-inspired models of J/ψ and open
charm production in heavy ion collisions.

The new measurements for neutrino physics will include precise measurements of
hadron emission from a replica target of the Long-Baseline Neutrino Facility (LBNF)
at Fermilab required for the Deep Underground Neutrino Experiment (DUNE). The
NA61/SHINE measurements with thin and replica targets for T2K demonstrated a
need for precise data on hadron productions from the surface of targets of future long-
baseline neutrino oscillation experiments, e.g. DUNE and Hyper-K. The design of DUNE
targets (DUNE considers to use different targets for low and high energy tunes) will not
be fixed before 2020. Thus the required measurements can be performed only after the
LS2.

The new programme requires improvements of the beam quality and an increase of
the beam intensity in the H2 beam line as well as major upgrades of the detector, which
would include an extension of the operation time of existing detector components.
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The work on improvements of the beam quality, which is relevant for the ongoing
measurements of NA61/SHINE and other users of the SPS beams, has been already
started by the BE and EN Departments. In particular, the 50 Hz oscillations of the beam
intensity during the spill should be removed/reduced by the active compensation sys-
tem introduced in 2016 . Additionally, in 2017 the regulation of the SPS main power
supplies will be changed. Finally, observed changes of the beam position on the NA61/
SHINE target are likely caused by malfunctioning power supplies in the H2 beam line
and the problem should be identified and fixed in the near future. After the LS2 NA61/
SHINE would need ion beam intensities up to 106 ions per spill, a factor of about ten
increase in comparison to the currently used beam intensities. This may require an up-
grade of the H2 beam line and NA61/SHINE detector radiation protection.

The new program requires major detector modifications, namely:

1. target and side-backward tracking system (to be designed and constructed) should
be located inside the VTX-1 magnet,

2. the read-out rate should be increased to about 1 kHz,

3. a Large Acceptance Vertex Detector should be designed and constructed,

4. new Time-of-Flight detectors should be designed and constructed,

5. precise tracking system along the DUNE target(s) should be designed and con-
structed.

The work on the new set-up design and optimization has started. Simulations are
performed within the SHINE Monte Carlo framework based on GEANT4. The detector
after the LS2 may look similar to the one presented in Fig. 54.

It is considered to base the new detectors and upgrades of the existing ones on well
established detector technologies and heavily use synergy between NA61/SHINE and
other experiments, in particular ALICE. The read-out rate of the existing TPC can be
increased to 1 kHz by re-using the ALICE TPC read-out electronics which ALICE plans
to replace during the LS2. Also sensors developed by ALICE for the ITS upgrade could
be use by NA61/SHINE to construct the side-backward detector and Large Acceptance
Vertex Detector. Under discussion is construction of the new ToF detectors based on
mRPC modules being developed for the MPD detector at the JINR NICA. In addition,
the existing beam position detectors should be replaced by the SciFi ones which are
under tests within NA61/SHINE.
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Figure 54: A first proposal of the NA61/SHINE set-up for measurements beyond
2020.
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8 Summary

The summary of this report is as follows:

(i) Recorded data (see Section 2):

Failure of the VERTEX-1 superconducting magnet lead to postponing the data tak-
ing planned for autumn 2015 to autumn 2016: data for Fermilab neutrino beams,
data on p+p interactions at 400 GeV/c and on Pb+Pb collisions. The data taking
was started in September 2016. The beam time in 2015 was used for total cross-
section measurements in hadron-nucleus interactions and for detector tests. The
detector tests were performed also in May and July 2016. During the latter period
data on p+Pb interactions at 80 GeV/c and p+C at 60 GeV/c were recorded.

(ii) Facility modifications (see Section 3):

(a) In September 2015 VERTEX-1 failed. A new Magnet Safety System was in-
stalled for both VERTEX-1 and VERTEX-2. Tests revealed VERTEX-1 was not
damaged in the incident. Both magnets operate properly since July 2016.

(b) The Projectile Spectator Detector was upgraded and its parameters were opti-
mised for the data taking with Xe and Pb beams: a new central module was
added and new photodiodes in the central modules were installed. The effi-
ciency of the air cooling system was improved by addition of vortex tubes.

(c) Tests of Small Acceptance Vertex Detector were conducted. Full detector will
be tested on the Pb beam in November/December 2016.

(d) Forward-TPC 1 assembly and installation in the beam are planned before the
end of 2016.

(e) Tests of a small system of the new readout electronics is planned before the
end of 2016 and mass production is to be started in 2017.

(iii) Software modifications (see Section 4):
The most important achievements associated with the upgrade program of the
NA61/SHINE software are:

(a) the SHINE reconstruction chain was validated against the “legacy” chain, to-
gether with the Monte-Carlo,

(b) the Collaboration uses CERN OpenStack service to host all infrastructure ser-
vice

(c) the transformation process from SVN to GitLab repository has been started

(d) detector response simulation in the SHINE Monte Carlo chain has been vali-
dated

(e) global track reconstruction in the SHINE software including the new detectors
has been started
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(iv) Numerous new physics results, final and preliminary, were released, see Section 5.
They include:

(a) inclusive spectra of negatively charged pions and their mean multiplicity in
central Ar+Sc collisions at 13A-150A GeV/c,

(b) charged hadron multiplicity and multiplicity - (transverse momentum) fluctu-
ations in central Ar+Sc collisions at 13A-150A GeV/c,

(c) higher moments of charged hadron multiplicity distribution in inelastic p+p
interactions at 20-158 GeV/c,

(d) Λ hyperon spectra in inelastic p+p interactions at 40 GeV/c,

(e) inelastic and production cross section for 7Be+9Be collisions at 13A-150A GeV/c,

(f) high precision spectra of charged pions from the surface of the T2K replica
target exposed by protons at 31 GeV/c,

(g) production cross section for K++C interactions at 60 GeV/c,

(h) evidence for deutron production in inelastic p+p interactions at 158 GeV/c.

(v) The data-taking plan for 2017 and 2018 (see Section 6) includes runs with primary
Xe and Pb beams as well as secondary hadron beams needed for measurements
for strong interaction and neutrino physics.

(vi) Ideas on NA61/SHINE measurements beyond 2020 are briefly summarized and
include measurements for strong interactions and neutrino physics.
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Figure 55: Beam Pb ions at 30A GeV/c captured in the MIMOSA-26 sensor. Exposi-
tion time was about 1 ms. Clusters created by Pb ions passing through the sensor
contain about 200 pixels.

A Vertex Detector: Tests on Beam, Integration, Hardware
Upgrades and Software

A.1 Analysis of data collected during November 2015 and July 2016
test.

In 2015 the NA61/SHINE Vertex Detector program reached a phase of prototyping and
beam tests. The first test of one MIMOSA-26 sensor was performed in November 2016
using Pb beam at 30A GeV/c. The main motivation of this measurement was the test
the resistivity of MIMOSA-26 sensor to the heavy ion beam in regards to the latch-up
effects. During the test we were able to monitor the power consumption on the analog
and digital sections of the sensor by measuring the related currents. We started the
measurement with the tested sensor located at the distance of 10 mm from the beam spot
(here we refer to the distance between the beam spot and the sensor closest edge). This
distance was gradually decreased and the last data were taken with the sensor exposed
directly to the beam spot. Figure 55 shows response of the sensor to the illumination by
the Pb relativistic ions for the integration time of 100 ms. The sensor was kept exposed
to the beam continuously for 24 hours and during this time tree latch-up cases have been
observed by the persistent increase of the digital and analog currents by 10–30 µA. After
each latch-up a power cycling was able to return the sensor to its normal operation. The
DAQ system used during the test was equipped with the latch-up protection system
(see more details in Sec. A.2), however the currents induced by the observed latch-up
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Figure 56: Layout of sensors (in green) used during the July 2016 test.

were to low to activate the system. Accordingly to the above observation we re-tuned
the current thresholds used by the latch-up protection system.

In July 2016 the integrated detector was transported to CERN and installed in the
NA61/SHINE experimental area for the test on beam of protons at 150 A GeV/c. The
construction of the start version of vertex detector call Small Acceptance Vertex Detector
(SAVD) was described in Ref. [5]. In the July test we used six sensors installed on one
arm of Vertex Detector. The number of sensor was sufficient to verify the ability of track
reconstruction in SAVD and the ability SAVD data correlation with other sub systems
of the standard NA61/SHINE experimental set-up (beam detector, TPCs), as well as to
test the performance of the basic subsystems of the detector which were:

(i) mechanical support,

(ii) readout system,

(iii) cooling system,

(iv) gas flow system including the helium enclosure box.

The picture of integrated sensors on the carbon fibre ladders installed in the arm of
SAVD can be seen in Fig. 7. The integration technology with the related aspects like
sensors performance after full integration is described in details in Sec. A.3.

The layout of sensors with the naming convention used during the test is depicted in
Fig. 56. The synchronization of the SAVD data with central NA61/SHINE DAQ system
was obtained by coding the arrival time of the central DAQ trigger to the SAVD DAQ
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Figure 57: Example of sensor response to beam particles (top). For comparison we
show data collected in the same sensor, over the same period of time, but during the
brake time between beam spills (bottom).

data stream. The VD DAQ set-up and its integration with central NA61/SHINE DAQ
system is described in details in Sec. A.4. During the test the sensors were kept in
helium enclosure. The temperature of the circulating water used for cooling of sensors
was set to 10◦C and stabilized using HUBER thermostat. The elements of the cooling
system and tubes coupling the system with the tubes integrated on ladders can be seen
in Fig. 7. The prevention against water condensation on sensors, ladders and on the
inner support structure was ensured by the helium enclosure.

To demonstrate the data correlation between sensors we exposed them directly to
the beam particles. Figure 57 compares raw data collected in sensor Vds1-0 in the pe-
riod when the beam was hitting the sensor (top) and during the break between two spills
(bottom). The qualitative difference is clearly seen with appearance of pixel clusters pro-
duced by particles in the left figure lading the creation of the beam spot image. Cluster
recognition procedure have been applied to reconstruct clusters and convert them to
particles hits. The hit positions was taken as a cluster center of gravity.

In order to study the correlated response of tree sensors to passing particles we in-
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Figure 58: Left: distributions of devx (blue histogram) and devy (red histogram) for
all tree hit combinations in sensors Vds1-0, Vds2-0 and Vds3-0. Right: distributions
of devx (top) and devy (bottom) after applying ±3σ cuts on devy and devx peaks,
respectively.

troduced the measures devx and devx defined in the following way:

devx =
x1 + x3

2
− x2 , devy =

y1 + y3

2
− y2 ,

where x1, x2 and x3 (y1, y2 and y3) refer to horizontal (vertical) coordinates of parti-
cle hits measured in sensors located on tree consecutive stations. The distributions of
devx (blue histogram) and devy (red histogram) for all tree hit combinations in sensors
Vds1-0, Vds2-0 and Vds3-0 are drawn in Fig. 58 (left). The well visible spikes on the large
combinatorial background refer to peaks generated by passing beam particles. Because
devx and devy are correlated for the same track, cutting on simultaneously on devx and
devy allows for clear extraction of particle correlated components. This is illustrated
in Fig. 58 (right) where distributions of devx and devy have been drawn after applying
±3σ cuts on devy and devx, respectively. A straight line fitted to the related hits from
tree stations can be associated with a reconstructed track. It turn out that devx and devx
are sensitive to the relative rotations of sensors. This feature allowed to correct for the
relative rotation of sensors. One can expect that, if x and y axes of all tree sensors are
aligned then the widths of devy and devx distributions reach their minimum values.
It is illustrated in Fig. 59. The figure shows dependency of the effective single sensor
position resolution as a function relative rotation (around z axis) of Vds4-1 sensor in
respect to Vds2-0 and Vds3-1. As one can see the best resolution is reached for the same
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Figure 59: Dependency of the effective single sensor position resolution in x (black
dots) and y (red dots) direction as a function of the relative rotation around z axis of
Vds4-1 sensor in respect to Vds2-0 and Vds3-1.

rotation in both x and y direction. We applied the rotation tuning procedure to all the
sensors, the results are collected the Tab. 9. Having all sensors x and y axes aligned

sensor Vds1-0 Vds2-0 Vds3-0 Vds3-1 Vds4-0 Vds4-1
rotation [mrad] 9 0 0 0 −9.4 −6.8

Table 9: Rotation of sensors in respect to the z axis to be applied to align their x and
y axes.

the system was ready to applied corrections to the transverse positions of sensors. The
corrections were found from analysis of devx and devy distribution offsets for four dif-
ferent combinations of sensors, namely for Vds1-0, Vds2-0 and Vds3-0, Vds2-0, Vds3-0
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Figure 60: devx and devy distributions for 2 different combinations of sensors (see
text) after tuning the sensor geometry.

and Vds4-0, Vds1-0, Vds2-0 and Vds3-1 and Vds2-0, Vds3-1 and Vds4-1. We tested, that
after applying the correction to all sensors, the devx and devy distributions for the men-
tion combination of sensors have been centered at 0. This is illustrated in Fig. 60 for
Vds1-0, Vds2-0 and Vds3-0 (top panels) and Vds2-0, Vds3-0 and Vds4-0 (bottom panels)
sensor combinations.

After geometry tuning the analysis focused on reconstructed track properties. Left
panels Fig. 61 show distributions of x and y slopes of reconstructed tracks when the
sensors were exposed directly to the beam particles. For both x and y coordinates a
very narrow peaks are seen with σ ≈ 0.23 mrad, that refers to the angular distribution
of the beam particles. The shifts of maxima of the distributions from 0 reflect precision
of SAVD detector positioning on the supporting platform. In contrary, on right panels of
Fig. 61 the distributions of x and y slopes of the reconstructed tracks produced on 2 mm
Pb target were drawn. The target was installed 5 cm upstream the Vds1 station. Red
and blue histograms refer to two different combinations of sensors (see figure caption)
which are up-down symmetric which is reflected in y-slope distribution. As expected
for particles produced on target, in Fig. 61 rather broad distributions limited only by
sensors acceptance are observed. For events with more then one reconstructed track it
is possible to reconstruct the primary interaction point. Figure 62 shows longitudinal
coordinate (left) and transverse coordinates (right) distributions of the two track closest
proximity points. Position of Vds1 and Vds2 stations were indicated by the arrows.
In the longitudinal distribution one can clearly see the reconstructed target profile (at
≈ −50 mm) while the transverse distribution shows the intersection of the beam spot
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Figure 61: Angular distributions of the beam particles (left panels) and particle pro-
duced in hadronic interactions on Pb target (right panels). Different histogram colors
refer to different sensor combinations used in track reconstruction: Vds2-0, Vds3-0
and Vds4-0 (blue) and Vds2-0, Vds3-1 and Vds4-1 (red).

Vds2Vds1

Vds1­0

Vds3­0

Vds4­1

Vds4­0

Vds3­1

Vds2­0

Figure 62: Reconstructed primary interaction points in lead target in the longitudinal
direction (left) and in the transverse plane (right). Position of Vds1 and Vds2 stations
were indicated by the arrows. The rectangular boxes show the active areas of the
indicated sensors.
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with Pb target. The rectangular boxes representing the active areas of all sensors used
in analysis were indicated to show the relative distance between tracks and the sensors
in the transverse plane.

The presented analysis demonstrated the ability of the detector to reconstruct tracks
with expected position resolution of about 4 µm and the ability of the primary vertex
reconstruction. The analysis is ongoing and in the next steps we plan to perform track
reconstruction in the magnetic field using all four VD stations as well as demonstrate
feasibility of matching the tracks reconstructed in SAVD with the tracks reconstructed
with VTPC-1 and VTPC-2.

A.2 Latch-up protection and new firmware on TRBv3

As a part of preparations for the beam test in July some modification of hardware and
software have been done. For the peripheral FPGA chips located the TRB3 board new
firmware was prepared. The new firmware allows to count triggers arriving from cen-
tral DAQ system directly on TRB3 board. This feature is an important part for the VD
DAQ and central DAQ synchronization mechanism. The values of trigger counter are
stored in header section of sensor data field. In addition, the peripheral FPGAs have
ability to reset counter via signal from DAQ. Trigger and Reset signals are provided
through the Converter Board version 2013 (CB).

In order to introduce the latch-up protection system the procedures for external in-
terrupt handling were added in the microcontroler STM32F103RC located on the CB.
These interrupts are generated by comparators responsible for current monitoring on
the sensor power supply lines (digital and analog parts). The threshold values of power
supply currents were set as maximum current consumption observed increased by 10
mA, namely, to 120 mA for the digital part and to 185 mA for the analog part. During
the tests of latch-up protection mechanism we discovered, that the protection system is
spontaneously activated just after powering the sensor. We have investigated stability
of the voltages on CB. It turn out, that all outputs of DACs (LTC2620) have oscillations
with amplitude at the level of tens mV and the frequency few MHz. In addition, at the
outputs of all current monitors (ZXCT1022) the spikes with amplitude of hundreds of
mV were encountered. To resolve this problems the values of capacitors at outputs of
DACs were changed from 100 nF to 1 nF, and the extra 100 nF capacitors were added at
the output of the chip. This modifications increased the reaction time of the protection
system to 3 ms making it insensitive to the high frequency components.

In future more detailed study of the oscillation spectrum will be performed which
eventually will allow to used more selective filtering and keep the the latch-up protec-
tion system reaction time as short as possible.

71



A.3 Current status of sensor integration

Construction of SAVD based on MIMOSA-26 sensors and ALICE ladders has started in
spring 2016 at the Institute of Nuclear Physics (IKF) of the Goethe-University Frankfurt
am Main. Each unit is composed of one or two 50 µm thin MIMOSA-26 sensors, a
so called Carbon Fibre Extension Plate (CFEP)4, a Flex-Print Cable (FPC)5 and a single
ALICE ladder used for its inner tracking system upgrade. Each unit is named the same
way as the FPC it hosts.

Figure 63: Single SAVD unit composed of two MIMOSA-26 sensors, carbon fibre
extension plate, flex-print cable and an ALICE ladder.

Until May 2016 the units needed to accomplish the three first (downstream the tar-
get) SAVD arms were fully integrated and delivered to Krakow SAVD Team. Some
days after delivery it was reported that some sensors became malfunctioning despite
they were tested after each major integration step that is after wire bonding, then after
bond encapsulation (both done on stand-alone extension plates) and after gluing the
CFEP to the ALCIE ladders, see Fig. 64.

In the mean time, one more unit was constructed at IKF and some days after a
malfunctioning sensor was also observed there. After that observation, the wire bond

4Each extension plate is composed of three 80 µm thin carbon fibre sheets oriented with respect to
each other by 90◦

5Each FPC features two independent sets of traces/banks needed to operate sensors, see also fig. 63.
These sets are called "L" and "R", to distinguish between the sensor localized on the Left and the Right
side of the cable.
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Figure 64: Single SAVD unit composed of two MIMOSA-26 sensors, a carbon fibre
extension plate, a flex-print cable and an ALICE ladder.

encapsulation step was abandoned. The remaining units were constructed and trans-
ported to CERN without the encapsulation glue. Those units did not exhibit any mal-
functioning sensors.

The IKF team has investigated possible origins of the sensor malfunctioning. Here
the following observations were take into account:

(i) Transport: Excluded

(ii) Encapsulation: Procedure routinely used at IKF with 100% yield

(iii) Bonding: Exceptional long wires due to the level differences between the sensor
(50 µm) and FPC (about 1.5 mm)

(iv) Bonding: Pull-tests revealed a different wire-bond breaking force for a uniform
feet pattern that was meeting industrial requirements. This is a sign of FPC r AlSi
wire material non-uniformities

(v) Bonding hardware: Wire was some years old (Al Si 1% wire becomes locally harder
with time).

(vi) Bonding hardware: Machine makes uniform bonds
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(vii) Bonding hardware: Heavily used wedges

To improve the quality of the bonding hardware, IKF purchased new a bonding wire
and wedges. Then the encapsulation adhesive was ripped-off from the malfunctioning
sensors together with wire bonds. This operation required special care and time to
avoid ripping-off the aluminium bonding pads on the sensor side. When all bonds and
encapsulate were removed, the new bonding was applied. Unfortunately, due to the
FPC design (too narrow bonding pads) it was impossible to apply more than one bond
per each sensor steering signal. It is advised to provide such redundancy for both flex-
print cable and sensors of the future NA61 Vertex Detector.

This reparation work allow to recover all the malfunctioning sensors successfully.
At the moment the SAVD can be equipped with 15 fully working sensors. Therefore
we need to provide one more unit to accomplish both arms of the SAVD and account
for some spares as well. The discussion with the sensor provider (IPHC-Strasbourg) is
ongoing.

A.4 DAQ integration

SAVD readout design assumes separation of low level data acquisition from Central
DAQ. Low Level data accumulated in TRBv3 FPGAs are sent as UDP packets through
gigabit ethernet to the low level DAQ machine. Two streams of data consisting of data
frames come through the gigabit ethernet switch to dedicated network interface. Data
are acquired continuously as in trigger-less systems, so there is continuous stream of
data coming from TRBv3 to low level DAQ computer. For integration with Central
DAQ, trigger information is crucial for synchronization. The main trigger signal from
NA61/SHINE comes by signal level converter to the converter boards and then it is
processed by FPGAs with modified firmware. Frames originating from first FPGA are
tagged in time-stamp field with trigger counter value.

In the initial version on the Low Level DAQ machine two processes originating from
HADES were involved: daq_netmem and daq_evtbuild. A pair for the readout of one
TRBv3, so 4 processes for full readout from two TRBv3. The daq_netmem process pur-
pose is to readout the raw data coming from TRBv3 and put them to the shared memory
region. The daq_evtbuild process goal is to read frames from shared memory region,
check frames, append headers to them and save or send the data to provided storage
unit.

The set-up of 2 TRBv3 being read by single PC was not used previously, so first there
was a need to test such a set-up if it will work with full performance. A bunch of scripts
were prepared to configure double set-up and acquire data in standalone mode. Tests
revealed that it is possible to run in double configuration.

Integration with Central DAQ goals are providing filtered data from both TRBv3
units and put them on to NA61/SHINE specific internal data format called BOS banks.
Filtering means that only 5 consecutive frames after the new trigger signal appears are
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allocated for sending to Central DAQ. The daq_evtbuild process was modified to pre-
pare such frames and to send them by socket to the prepared low level DAQ server soft-
ware "na61vddaq". The purpose of low level DAQ server is to aggregate data frames
from both TRBv3 units, pack them in BOS banks and send them to Central DAQ.

During the June tests, na61vddaq was tested synthetically and proved to work. Test
of integration with Central DAQ was not possible during that time because Central
DAQ readout system needed extensive and careful modifications to include the TCP/IP
readout parallel to other readout systems. Also Central DAQ readout was finally pre-
pared in push data mode as other detectors readout which is contradictory to the ini-
tial na61vddaq readout based on TCP/IP inquiry/replay mode. The readout design of
Central DAQ requires busy logic signals provided by detectors, which were not used in
continuous readout system based on TRBv3.
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Figure 65: Vertex Detector readout diagram

To satisfy design requirements and additional busy logic piece of hardware was in-
troduced. In figure 65 there is a diagram of VD readout system with centrally placed,
red coloured block "VD Busy Logic" which will provide busy NIM signals after the trig-
ger NIM signal arrives and hold it until the data from Low Level DAQ are transferred
to Central DAQ.

The Busy Logic is based on Arduino Leonardo compatible micro-controller board
connecting to VD Low Level DAQ computer by USB. It uses logic level converting cir-
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Figure 66: Vertex Detector Busy Logic schematic

cuits: NIM → TTL and TTL → NIM. Prototype unit is powered from USB connector
(which provides +5 V), than it generates -5 V needed by level converters using the DC-
DC switching regulator MC34063. The busy logic schematic is provided in Fig. 66.

As of the mid September, Central DAQ software is prepared for software integration.
The work is ongoing on this for November/December tests.

A.5 Tolerance of the VD sensors to heavy ions

The SAVD of NA61/SHINE will be located as close as 3 mm from the beam axis. There-
fore, the sensors forming the detector are exposed to a non-negligible flux of primary
beam ions. Based on measured beam profiles shown in Fig. 67, the heavy ion flux im-
pinging the sensors was estimated to reach∼ 109 ions/cm2 for the most exposed region
of SAVD.

Those ions generate both ionizing and non-ionizing radiation damage in the sen-
sors. The ionizing radiation doses were estimated based on the Bethe-Bloch formula,
which is considered as a reasonably reliable tool. It was found that the sensors will be
exposed to an integrated ionizing radiation dose of slightly above 200 krad for a run of
40 days. This amount is slightly above the nominal radiation tolerance of the sensors
but the issue may be solved by a scheduled replacement of the two affected sensors. The
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Figure 67: Measured profile of the primary Ar beam at 150A GeV/c at the NA61/
SHINE target. The tails are suppressed by the veto counters around the beam. The
gap of the SAVD (±3 mm) and the anticipated position of the sensors is shown. The
numbers are normalized to one beam ion.

Figure 68: Non Ionising Energy Loss (NIEL) as a function of atomic number and
energy of the ion. The extrapolation employed for estimating the non-ionizing radi-
ation damage (see text for details) is shown by the red dot. Plot from Ref. [65].

integrated non-ionizing radiation dose is by far more difficult to estimate as there is few
theoretical and empirical knowledge available so far. Results from a theoretical calcula-
tion can be found in [65] (see Fig. 68), which provides an estimate for ions lighter than
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Figure 69: Holding structure used for the irradiating the CMOS sensor. The sensors
are held by the V-shaped holder on top of the installation. The scintillator detector
used for dosimetry is located at the left (upstream) side.

iron and energies below 2A GeV. An extrapolation of those estimates suggest that the
hardness factor for heavy ions might be in the order of few 100 neq per highly relativis-
tic lead ion. However, it was not clear if this coarse extrapolation is valid. Moreover, it
was questioned if the NIEL model would be suited to predict the response of the par-
tially depleted CMOS sensors to this rather exotic radiation. It was therefore decided to
perform a specific experiment.

To do so, eight CMOS sensors were exposed to primary 30A GeV/c Pb-ions at SPS.
Four of the sensors were MIMOSA-18AHR, which are manufactured in an AMS 0.35 µm
high resistivity process. Those sensors are considered as representative for the MIMOSA-
26AHR sensors used in the SAVD. Moreover, four MIMOSA-34THR sensors with 18 µm
high resistivity epitaxial layer were irradiated. Those sensors are were produced in the
Tower/Jazz 0.18 µm technology, which will presumably be used for the sensors of the
ALICE-ITS upgrade and of the future CBM Micro Vertex Detector. To perform the irra-
diation, the sensors were mounted on a dedicated, remote controlled positioning table
and placed 200 m upstream the target into the beam line of NA61/SHINE. The table was
designed to move the sensors horizontally, while a vertical movement was provided by
stationary installations of the beam line. Combining both installations allowed to find
and to follow the beam without accessing the beam line. Dosimetry was provided by an
ion sensitive, 4× 4 mm2 small scintillator. This scintillator together with its light guide
and a suited, small PMT were placed on the support upstream the sensors. The signals
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of the PMT were forwarded to the NA61/SHINE counting house and the dosimetry
was performed by means of single ion counting.

The positioning table obtained a certain attention as it was implemented with LEGO
Technic (see Fig. 69). This flexible, cost- and time efficient solution was chosen assum-
ing that the plastic material would be mostly immune to activation and cause only a
restricted multiple scattering of the primary beam. The Power Functions XL engine
moving the table was controlled with the related standard LEGO 6 AA battery box. A
distance of 150 m between both could be bridged by cutting a 50 cm long LEGO-cable
and prolongating it with a 150 m long standard 1.5 mm2 cables as used for 220V house
installations. No position sensors were implemented, the table was controlled by the
known moving speed and the time of movement. This procedure allowed for a position
accuracy of ∼ 1 mm, which matched the requirements. As expected, the activation of
the moving table including the scintillator and the PMT was found to be marginal (8 Bq
of 7Be were spotted after an exposition of ∼ 1010 Pb ions/cm2).

The sensors were exposed to a maximum ion flux of 1.2× 1010 Pb ions/cm2. Here-
after, they were bonded at the IPHC Strasbourg and measurements of their properties
were performed at Goethe University Frankfurt/M by members of the CBM collabora-
tion. To do so, the sensors were operated illuminated with X-rays from a 55Fe-source,
which generates a known signal charge of 1640 electrons in the active volume of the
sensors. Most of this charge is collected by a small group of pixels and the charge col-
lected by a given number of grouped pixels devided by the total signal charge injected
is denoted as the charge collection efficiency (CCE).

The CCE is considered as a sensitive tool for estimating impact of non-ionizing radi-
ation damage. This is as massive particles remove silicon atoms from their location in
the crystal lattice and such create pairs of interstitial atoms and vacations. In the case
of massive damage, one expects sizeable clusters in which the crystal lattice is fully de-
stroyed. From the electronic side, those crystal defects may trap signal electrons and
force them to recombine with nearby holes. This effect turns into a drop of the CCE,
which can easily be observed as a shift of the related peak in an amplitude spectrum.

Figure 70 shows an amplitude spectrum of a pixel array with 33× 66 µm2 pitch of
the most irradiated MIMOSA-34. This pixel was chosen as it is considered to be most
vulnerable to radiation and significant radiation effects were expected at doses above
∼ 3× 1012 neq/cm2. The amplitude spectrum of the irradiated sensor is compared with
the one of a non-irradiated, similar device. As one can see, the position of the signal
peaks at ∼ 420 ADU depends only marginally of the radiation dose. The ∼ 5% drop in
signal amplitude (and CCE) is considered as close to the uncertainty of the measurement
procedure and can in any case be considered as having no practical impact on the sensor
operation. The noise of the pixel was also checked and no significant noise increase due
to irradiation was observed.

A preliminary interpretation of the ongoing study suggests therefore, that the most
vulnerable pixel of the most irradiated sensor survived the radiation in first order with-
out significant radiation damage. As this dose is by about one order of magnitude above
the value expected for the NA61/SHINE SAVD, one may safely conclude that in con-
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Figure 70: Amplitude spectrum of MIMOSA-34 for a non-irradiated sensor and the
sensor exposed to the highest ion dose. The signal of groups of 25 pixels was added.

trast to the ionizing radiation damage, the non-ionizing radiation damage caused by
primary beam ions is not of a worry for the operation of the SAVD detector.

In a next step, the data obtained from the irradiated sensors will be scanned for
more possible, more subtle radiation effects. This activity aims to improve our global
understanding of radiation effects of heavy ions in silicon detectors.

A.6 VD software status in SHINE

The complete software chain for simulation, reconstruction, calibration and analysis is
being implemented in the NA61/SHINE software frame-work SHINE. Figure 71 shows
a simplified view of this chain. Input data may be obtained either from real detector
data or simulated data.

The part of SHINE responsible for simulations is called Luminance, and is based
on GEANT4. A SAVD model has been implemented in this frame-work, and has been
used to develop and test tracking algorithms. Also, performance comparisons of po-
tential future large-acceptance versions of the VD was carried out in this frame-work.
The digitiser to produce simulated raw data from the sensor signal response is still in
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Figure 71: Overall SAVD data processing chain.

development, instead tracks produced by GEANT4 is used directly.

Figure 72: Reconstruction of Pb+Pb 158 GeV/c event simulated in Luminance.

Track reconstruction for SAVD is based on a global method when all points are pro-
cessed in the same way and the speed of such method depends only on number of
hits which makes it faster then local methods. As the track reconstruction method the
Hough transform is implemented. It uses a parametric description of a track by a set
of parameters. Once the track model is chosen coordinate space of the detector mea-
surement could be transformed into the track parameter space. Then, in this so-called
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accumulator space using the voting procedure track candidates are obtained as local
maxima: the most popular candidates assumed to be real tracks.

Figure 73: Efficiency of VD track reconstructed in Shine from simulated data.

The magnetic field in the SAVD volume is inhomogeneous (0.13÷0.25 T), and as the
track model were chosen parabola in (x-z)-plane and linear in (y-z)-plane, i.e.

x = c2z + axz + bx, y = ayz + by.

Figure 72 ilustrates reconstruction result of central Pb+Pb collisions at 158A GeV/c
simulated in GEANT. In Fig. 73 the reconstruction efficiency (number of true recon-
structed tracks divide by number of reconstructable tracks) and contamination (number
of fake reconstructed tracks divide by number of reconstructable tracks) are plotted as
a function of particle momentum.

The magnetic field in SAVD volume allows momentum reconstruction for SAVD-
tracks:

pxz =
Ze
∫

Bydl
sin α1 − sin α2

,

where α1, α2 - angles of the track on the first and last stations. Figure 74 shows the dis-
tribution of the reconstructed momentum and true momentum (from GEANT). Sigma
of this distribution is 0.76 GeV/c. The momentum reconstruction in difficult as the field
is weak and inhomogeneous, but this values could help in matching SAVD-tracks and
TPC-tracks.

Following tracking, a calibration procedure should be applied to calculate correction
values for the sensor alignment. The procedure has been demonstrated on data outside
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Figure 74: Comparison between simulated particle momentum and the recon-
structed one using resulted from the SAVD data simulation and reconstruction.

the SHINE framework, and it now being transferred to SHINE. The procedure also has
to take into account the alignment of the two arms as well as the target position. The
calibrated valued may be applied to the next iteration of data reconstruction

Tracks are being reconstructed separately in TPCs and SAVD. The tracking algo-
rithms employed in TPCs assumes a relatively dense path of hits, and is not suited for
tracking in silicon detectors, where there are only hits at a few sparse stations. The
tracks will be merged by extrapolating the SAVD tracks to the surface of VTPC-1. Here,
matching tracks will be searched for by comparing track location, slope and momenta.
Finally, global tracks will be created from the successfully merged tracks. The matching
of SAVD and TPC tracks is currently under development.
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B List of Recorded Data and Physics Results

1. p+p collisions at 13, 20, 31, 40, 80, and 158 GeV/c

(a) Published results on π− production in p+p at 20–158 GeV/c; based on h−

method [9]

(b) Preliminary results on π±, K±, (anti)p production in p+p at 20–158 GeV/c;
based on information from dE/dx and to f − dE/dx [66]; see also Ref. [67] for
identified particle multiplicities in 4π

(c) Published results on Λ production in p+p at 158 GeV/c [18]

(d) Preliminary results on Λ production in p+p at 40 GeV/c [68]

(e) Almost published (accepted by EPJC) results on transverse momentum and
multiplicity fluctuations of non-identified hadrons in p+p at 20–158 GeV/c
[26]; a new set of preliminary results for p+p in a slightly different acceptance
was shown in Refs. [69, 70]

(f) Preliminary results on two-particle correlations of non-identified hadrons in
azimuthal angle and pseudo-rapidity in p+p at 20–158 GeV/c [71, 72]

(g) Preliminary results on multiplicity fluctuations of identified particles (chem-
ical fluctuations) in p+p at 31–158 GeV/c [73]; additional preliminary results
on π+π− fluctuations were shown in Refs. [74, 75]

(h) Preliminary results on higher order moments of multiplicity and net-charge
fluctuations in p+p at 31–158 GeV/c [76], [69]

2. Be+Be collisions at 13A, 19A, 30A, 40A, 75A, and 150A GeV/c

(a) Preliminary results on π− production in Be+Be at 20–150A GeV/c; based on
h− method [77, 78]

(b) Preliminary results on cross-section in Be+Be at 13–150A GeV/c [69, 77] (Ref.
[69] shows updated results and for all energies)

(c) Preliminary results on transverse momentum and multiplicity fluctuations
of non-identified hadrons in Be+Be at 19–150A GeV/c [27, 69] (those two ref-
erences show results in slightly different acceptances)

(d) Preliminary results on long-range correlations (in multiplicities and mean
transverse momenta) in Be+Be at 150A GeV/c [79]

(e) Preliminary results on long-range fluctuations (in electric charge) in Be+Be at
150A GeV/c [80]

3. Ar+Sc collisions at 13A, 19A, 30A, 40A, 75A, and 150A GeV/c

(a) Preliminary results on π− production in Ar+Sc at 13–150A GeV/c; based on
h− method [81], [82], [69]
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(b) Preliminary results on transverse momentum and multiplicity fluctuations of
non-identified hadrons in Ar+Sc at 19–150A GeV/c [70], [69]

(c) Preliminary results on multiplicity and multiplicity-forward energy fluctua-
tions in Ar+Sc at 19–150A GeV/c [83], [69]

4. p+C collisions at 31 GeV/c (thin target and T2K replica target)

(a) Measurements of π±, K±, K0
S, Λ and proton production in proton-carbon

interactions at 31 GeV/c [44], [84], [85], [86]

(b) Measurements of π± differential yields from the surface of the T2K replica
target for incoming 31 GeV/c protons [45]

5. π−+C collisions at 158 and 360 GeV/c

(a) Preliminary results on charged hadron production in π−+C interactions at
158 and 360 GeV/c [87]

(b) Preliminary results on charged pion production in π−+C interactions at 158
and 360 GeV/c [88, 89]

(c) Preliminary results on ρ0 production in π−+C interactions at 158 and 360 GeV/c [89]
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