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• Introduction to NA61/SHINE 

• Data collection/operations summary 

• Facility upgrades: last year and plans 

• Software and Calibration 

• Physics results 

• 2016-18 run plans 

• Possible extension of NA61 beyond LS2



Introduction to NA61/SHINE

• NA61/SHINE is a unique multi-purpose, multi-particle 
spectrometer for measurements of products of h+p, h+A, 
and A+A in 13A-150A (400) GeV/c range. 

• Approved physics program covers topics in 

• Strong interaction physics 

• Neutrino beam studies 

• Cosmic ray interactions



The NA61/SHINE collaboration

• Azerbaijan 
• National Nuclear Research 

Center, Baku 
• Bulgaria 

• University of Sofia 
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• Univ. of Paris VI and VII 
• Germany 

• Karlsruhe Inst. of Tech. 
• Fachhochscule Frankfurt 
• Institut für Kernphysik, 

Goethe-Universität 
• Greece 

• University of Athens 
• Hungary 

• Wigner Research Center 
• Japan 

• KEK

• Norway 
• University of Bergen 

• Poland 
• J. Kochanowski Univ. Kielce 
• National Center for Nuclear 

Research 
• Jagiellonian Univ. 
• Univ. of Silesia 
• Univ. of Warsaw 
• Univ. of Wroclaw 
• Warsaw Univ. of Technology 
• H. Niewodniczanski Inst. of 

Nuclear Physics 
• Russia 

• Inst. for Nuclear Research 
• Joint Inst. for Nuclear 

Research 
• St. Petersburg State Univ. 
• MEPhI

!
• Serbia 

• Univ. of Belgrade 
• Switzerland 

• ETH Zürich 
• Univ. of Bern 
• Univ. of Geneva 

• United States 
• Univ. of Colorado 
• Fermilab 
• Univ. of Hawaii 
• Los Alamos National 

Laboratory 
• Univ. of Pittsburgh

• PRIMARY INTERESTS: 
• STRONG INTERACTIONS 
• NEUTRINO BEAMS 
• COSMIC RAY PHYSICS



Introduction to NA61/SHINE: 
beam

• Primary beams: 

• protons at 400 GeV/c 

• Ions (Ar, Xe, Pb) at 13A-150A 
GeV/c 

• Secondary beams: 

• Hadrons (π±, K±, p/p)̅ at 
13-400 GeV/c 

• Ions (Be) at 13A-150A GeV/c



Introduction to NA61/SHINE: 
detector

• Large acceptance (~50%) 
charged-particle spectrometer 

• Beam particles tagged by 
counters, MWPCs 

• Charged particles tracked by 5 
(soon 7) TPCs 

• Particle ID using dE/dx, ToF 

• Projectile spectator calorimeter 
(PSD) for A+A event selection 

• Small-acceptance vertex detector 
for precise vertex determination



Data collection/operations 
summary

• 2015-16 runs: 

• VTX-1 magnet failed in September 2015. Physics runs until May 2016 
were taken without magnetic field. Very limited physics reach with this 
data set (basically just total cross-sections).

Without magnetic field After magnet repair
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

p+ 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*

p+ 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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Table 1: Data collected without magnetic field in September–November 2015.

beam target beam momentum number of events

p+ C 31 GeV/c 1.11 M
p+ Al 31 GeV/c 0.54 M
p+ C 60 GeV/c 0.53 M
p+ 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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Data collection/operations 
summary

• 2015-16 runs: 

• Remainder of 2016 data after this week will be for strong interactions 
studies: 

• p+p at 400 GeV/c 

• Pb+Pb at 13A, 30A, 150A GeV/c



Facility upgrades

• Vertex magnets 

• Vertex Detector 

• Forward TPC 

• PSD 

• Electronics upgrade



Vertex magnets

• Vertex-1 superconducting magnet turned off in September 2015 with 
helium cooling issues. It was unclear if the coil was damaged, and 
intrinsic problems in the quench protection system were found. 

• Recommendation was made not to operate either vertex magnet until 
new Magnet Safety System (MSS) could be installed. 

• MSS was developed and installed over winter; magnet operation 
resumed in May 2016. 

• No damage evident; magnets have been working properly since May. 

• Thanks to EP-ADO/DT, TE-CRG



Vertex 
Detector

• Main physics goal is reconstruction of charm decays 

• New CMOS silicon pixel detector under development 

• Prototyping and beam tests in past year 

• Technical collaboration with ALICE, CBM 

• Collaborators from NA61: Krakow, Frankfurt, St. Petersburg, Warsaw Univ. of Tech.

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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158 GeV Pb+Pb event (MC) D→Kπ MC,  
~1 week expected data



Vertex 
Detector:  
tests 2015-16

• November 2015: Test of sensor 
robustness to radiation near and 
in Pb beam spot 

• July 2016: Test of resolution 
and vertex reconstruction 

• December 2016: Full Small 
Acceptance Vertex Detector test 
with Pb+Pb collisions 

• Physics runs: 2017-2018

158 GeV Pb+Pb event (MC) 

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.
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Forward TPC

• New system designed to increase acceptance of 
forward tracks, primarily for neutrino program 

• Two sets of chambers: 

• FTPC1 upstream of MTPC 

• FTPC2/3 downstream of MTPC 

• New “tandem TPC” concept to reject out-of-time 
tracks 

• Novel printed Kapton field cage 

• Front-end electronics uses system from existing 
TPCs
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Forward TPC

• FTPC parts produced at Colorado 

• FTPC1 wire planes wound at KFKI-Wigner; 
FTPC2/3 planes to be wound in next two months 

• Gas system developed by Univ. of Warsaw 

• FTPC1 field cage assembled, tested on gas and HV 

• Expect to finish assembly of FTPC1 in coning 
weeks, install before end of year 

• FTPC2/3 field cage assemblies expected to begin 
next month 

• Hope to have full system operational next summer



Projectile 
Spectator 
Detector

• Downstream-most detector: forward hadron 
calorimeter 

• New short central module added to more 
fully contain highest-energy showers 

• Additional 1.2λ (adds to previous 5.7λ) 

• Pb-scintillator sandwich with new SiPMs, 
replacing old APDs.   

• Tested with proton beams from 20-150 GeV 
over summer 2016.

(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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Electronics upgrades

• Desire going forward to replace old 
FASTBUS electronics used in ToF 
systems. 

• DRS digitizer developed at PSI has 
been selected for the upgrade. 

• Development of new 32-channel 
boards at Univ. Geneva is near 
completion; production by Geneva and 
Univ. of Pittsburgh will begin soon.

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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Software and calibration

• Legacy software 

• SHINE software



Legacy software

• We still use the legacy NA49 software framework for 
reconstruction and simulations.  

• Work on this framework is limited to necessary updates and bug 
fixes 

• Necessary software licenses and compiler support have been 
secured from CERN.



New SHINE software 
framework

• New software framework written in C++ 

• Major effort in last two years to develop this modern framework and 
replace legacy chain 

• Contains: 

• Event data model including simulation, reconstruction information 

• Collection of processing models that can be assembled by user 

• Detector geometry description and configuration database



New SHINE software 
framework

• Geant4-based MC (“Luminance”)  

• Detector description is fully implemented, including new detector systems 

• New simulations of charge drift and digitization 

• Validating by comparing identical interaction products simulated in legacy and 
new systems 

• Framework is mostly functional now, final validations and bug fixes in progress.

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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SHINE calibration

• Calibration chain now uses a mix of software from different sources, 
in different languages. 

• New modules being developed (so far for ToF and TPC drift velocities) 
in the SHINE framework to replace these.



Physics results

• Strong interaction physics 

• Ar+Sc  

• Be+Be 

• p+p 

• Neutrino beam physics 

• Measurements for T2K 

• Measurements for Fermilab neutrino beams 

• Cosmic ray physics 

• Recent publications



Strong interactions: onset of 
deconfinement

• Pion yields in Ar+Sc collisions are: 

• Similar to Pb+Pb and higher than 
p+p at high SPS energies  

• Similar to p+p and higher than 
Pb+Pb at low energies (reduced 
pion absorption for smaller 
systems)
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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 L production in p+p at 40 GeV/c

Preliminary results on L hyperon production in inelastic p+p interactions at 40 GeV/c
are presented here. In the following, L denotes L hyperons produced via strong pro-
cesses, as well as those from the electromagnetic S0 decay, S0 ! Lg (branching ratio
100%).
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Kink plot: mean pion multiplicity divided by 
mean number of wounded nucleons as a 

function of Fermi collision energy measure F.



Strong interactions: search for 
critical point

• Detailed study of fluctuations on p+p, Be+Be and Ar+Sc collisions is in 
progress 

• Up to now, no evidence for the critical point of strongly interacting matter.

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.
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Figure 28: D[PT, N] and S[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 < yp < 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: D[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 < yp < 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: S[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 < yp < 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 (w[N]) and a newly
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Strong interactions: statistical 
vs. dynamical models

• Multiplicity fluctuations in central Ar+Sc and 
Pb+Pb collisions at 150A GeV/c are 
significantly suppressed in comparison to p+p 
interactions and even narrower than the 
Poisson distribution. 

• Result falsifies the Wounded Nucleon model 

• Thus it will be difficult to reproduce in 
string-hadronic models 

• A+A data are in approximate agreement with 
predictions of statistical model with strict 
conservation laws.

Scaled variance (ω[N]) for negatively charged hadrons measured in 
p+p, 0-1% Pb+Pb, and 0-0.2% Ar+Sc collisions at 150/158A 

GeV/c. Results in 0 < yπ < ybeam and in NA49-B acceptance. 
Experimental data are compared to predictions of Wounded 

Nucleon Model. 
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Figure 32: w[N] (blue points) and W[N, Ep] (red points) in NA61/SHINE 0-0.2%
Ar+Sc, as well as w[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 (w[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 < yp < 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 k)
are expected to be more sensitive (than the variance s2) 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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Strong interactions: anisotropic 
flow measurements in Pb+Pb

• Test field-off data on Pb+Pb 
collisions at 30A GeV/c were used to 
study performance for anisotropic 
flow measurements using PSD data 
for event plane determination. 

• Results are encouraging. 

Uncorrected charged hadrons directed flow 
in three centrality classes obtained using the 

x components of the TPC q-vectors and 
PSD1 and PSD3 Q-vectors.
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Figure 45: Left: resolution correction for the PSD1 and PSD3 sub-events. Right:
Uncorrected charged hadrons directed flow in three centrality classes obtained using
the x components of the TPC q-vectors and PSD1 and PSD3 Q-vectors.

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 p±, K±, p, K0

S
and L 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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Neutrino beam physics

• 2015 data set for Fermilab neutrino beams being 
analyzed now 

• Due to lack of magnetic field, only total cross-
sections can be extracted from this data set
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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).
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Figure 47: An example of the dE/dx � m2
TOF particle identification for a selected

{z, q, 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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• T2K uses a 31 GeV/c proton beam on a long graphite target for pion/
kaon production. Systematic errors on neutrino flux have been 
dominated by hadron production uncertainties.  

• NA61 has taken data on both thin carbon and T2K replica targets 

• Final results for 2009 thin target measurements published in the 
past year:  

• Inelastic and production cross-sections 

• Spectra of π±, K±, p, K0S, Λ 

• Replica target measurements: 

• 2009 data paper just accepted by EPJC 

• 2010 data analysis is underway

Particle yields in one (p,θ,z) bin from T2K replica target

T2K flux errors from PRD 87 12001 (2013)



Cosmic ray physics

• Measurements are motivated by need to 
understand hadronic processes in air showers 
to predict muon yields at the ground. 

• 2015: published pion and ρ0 spectra from 
π++C interactions at 158 and 350 GeV/c; 
more resonance results coming. 

• Progress toward deuteron, antideuteron cross-
sections. These results will be important for 
estimating astrophysical backgrounds to dark-
matter searches looking for annihilation 
antideuteron signatures.

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.
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Recent publications

• Multiplicity and transverse momentum fluctuations in inelastic proton-proton 
interactions at the CERN Super Proton Synchrotron, arXiv:1510.00163 [hep-ex], 
accepted by Eur. Phys. J. C 

• Measurements of π±, K±, K0S, Λ0, and proton production in proton–carbon 
interactions at 31 GeV/c with the NA61/SHINE spectrometer at the CERN SPS, Eur. 
Phys. J. C76 (2016) 84. 

• Production of Λ0 hyperons in inelastic p+p interactions at 158 GeV/c, Eur. Phys. J. 
C76 (2016) 198. 

• Measurements of π± differential yields from the surface of the T2K replica target 
for incoming 31 GeV/c protons with the NA61/SHINE spectrometer at the CERN 
SPS, arXiv:1603.06774 [hep-ex], accepted by Eur. Phys. J. C 

• Two-particle correlations in azimuthal angle and pseudorapidity in inelastic p+p 
interactions at the CERN Super Proton Synchrotron, arXiv:1610.00482 [nucl-ex], 
submitted to Eur. Phys. J. C



Proposed run schedule: 2017

• Note — does not include potential running proposed for SHiP studies.

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 n

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 n

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, n – 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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Proposed run schedule: 2018

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 n

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 n

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, n – 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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end of 2018. The collaboration is now considering possible continuation of measure-
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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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Comments on proposed run 
schedule

• SHiP has proposed (CERN-SPSC-2016-034) working with NA61 to 
study muon flux emerging from its beam-dump target. 

• Goal is June 2017 data collection. 

• Forward TPCs significantly improve their measurement. 

• Schedule and resources for having FTPCs ready by then are very 
tight. 

• H4 beamline has requested at various times that we run higher-
energy beam for compatibility. We have been able to rearrange our 
schedule to accommodate this so far this year, but there is potential 
for it to become a more significant conflict in future. 



NA61 beyond LS2

• The collaboration is considering the physics case and technical 
feasibility for operations beyond Long Shutdown 2. This would 
require significant renewal and upgrade of the detector. 

• Main motivations are: 

• Strong interactions: precise measurements of open charm and 
multi-strange hyperon production, to distinguish between 
statistical and QCD-derived models of charm production in ion 
collisions 

• Additional measurements for understanding neutrino production in 
next-generation beams. Replica targets for LBNF in particular will 
not be available before LS2, and experience from T2K has shown 
importance of measurements using actual target geometry.



Summary

• Vertex magnet problems greatly reduced the physics reach of 2015 data 
set 

• Since magnet repairs, NA61 has made planned measurements in 2016 
run (and continues to do so)  

• Many significant new physics results in strong interactions, neutrino beam 
physics, and cosmic ray shower physics. 

• Planning full data runs in 2017 and 2018 to complete approved physics 
program (with possible addition of SHiP measurements) 

• Considering options for a new phase of the experiment after Long 
Shutdown 2 

• We would like to thank the CERN EP, BE and EN Departments for the 
strong support of NA61/SHINE.


