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Data Taking: Nucleus-Nucleus Interactions
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I 7Be+9Be production runs at 40A, 75A and 150A GeV/c
I 7Be+9Be test runs at 13A GeV/c
I Pb + Pb test runs at 80A GeV/c
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Data Taking: Nucleus-Nucleus Interactions

H. Stroebele & I. Efthymiopoulos
uncorrected distribution, less
than 1% of total statistics:
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Data Taking: Hadron-Nucleus Interactions
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I p+Pb production runs at 158 GeV/c – unique reference
data for heavy ion physics

I p+C test runs at 120 GeV/c for US ν-program
I h−/K− test runs at 158 GeV/c for cosmic ray interactions
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Data Taking: Hadron-Nucleus Interactions

Problems with VTX1/2 magnets

at startup:

I electronics upgrade by CRIO group
I damage of He pump in VTX1
I water in VTX2 electronics

→ magnets were ready to use only at 3rd of July

during data taking:

I vacuum leak on thermal screen of VTX1
I ramp down and warm up
I fix leak, cool down, ramp up

→ VTX1 not available between 19th July - 15th September

shift of LS1→ part of lost p+Pb recovered, Be+Be in Dec-Feb 2012/13
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Data Taking: Hadron-Nucleus Interactions
Low Momentum Particle Detector (LMPD):

Measurement of event-centrality via counting of ‘grey protons‘

LMPD installation around Pb target
(inside Tedlar R© He-tube)

example of rec. clusters and tracks
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Detector Upgrades

Projectile Spectator Detector (PSD)

transverse acceptance extended in
2012 (needed for low energy runs)

current upgrades:
I TOF HV
I TPC calibration pulser
I TPC gas monitoring

under consideration:

readout upgrade during LS1 for
I TOF
I BPD
I beam counters
I PSD

using DRS chip from PSI
(= 5 GHz waveform digitizer)

7



Software Development

I successful port of legacy
software to VM

I production infrastructure
ready by end of 2012

I development of new SHINE
Offline framework ongoing

I first native applications (PSD
and LMPD reconstruction)

I new ROOT DSTs used in
data analysis

persistent bi-directional trees:

rec::Cluster

rec::Track

rec::VertexTrack

rec::Track

rec::VertexTrack

rec::Track

rec::VertexTrack

rec::Vertex

rec::Vertex

rec::Cluster

rec::Cluster

rec::Vertex rec::VertexTrack

rec::VertexTrack

lines of code (C++ only):
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Calibration

Status:

I 2009 data sets fully calibrated
(minor improvements pending)

I preliminary calibration of 2010/11
data sets

I TPC pad gains from Krypton decay
(106 events per chamber collected in
2010/12)

I PSD calibration with
I 100 GeV/c µ− beam
I 158 GeV/c proton beam

and tests at T10 PS beam line

Krypton spectrum in MTPC-R:
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mean rec. Eproton per module:
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Results
Published/Submitted:

I Pion emission from the T2K replica target: Method, results and
application, submitted to Nucl. Instrum. Meth. A. [2007 data]

I Measurement of Production Properties of Positively Charged Kaons in
p+C Interactions at 31 GeV/c, Phys.Rev. C85 (2012) 35210. [2007 data]

I Measurements of Cross Sections and Charged Pion Spectra in p+C
Interactions at 31 GeV/c, Phys.Rev. C84 (2011) 34604. [2007 data]

In preparation:

I NA61 detector and beam
I K 0

S and Λ in p+C at 31 GeV/c [2007 data]
I π− spectra from p+p scan via h− method [2009 data]

Preliminary data releases:

I π−+C runs for cosmic ray experiments [2009 data]
I p+C runs for T2K [2007/9 data]
I p+p energy scan for heavy ion physics [2009 data]
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NA61 Measurements for Cosmic Ray Experiments

Air shower measurements at ultrahigh energies

cosmic ray flux
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Muons in UHE Air Showers
energy of last interaction before decay to µ
air shower→ hadron + air→ π/K + X

↘
µ+ νµLow energy air shower:

e.g. KASCADE:
I E0 = 1015 eV
I r = 40-200 m
I Eµ ≥ 250 MeV
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Muons in UHE Air Showers
energy of last interaction before decay to µ
air shower→ hadron + air→ π/K + X

↘
µ+ νµHigh energy air shower:

e.g. P. Auger Observatory:
I E0 = 1019 eV
I r = 1000 m
I Eµ ≥ 150 MeV
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Muons in UHE Air Showers

µ

µ

Auger

KASCADE

Muon production at fixed energy of grand-mother particle

KASCADE: Auger:
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I boxes: air shower
I red area: NA61 acceptance
I Egrand = 158 GeV
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NA61 Measurements for Cosmic Ray Experiments

Production Cross Section in π−+C Interactions

I using NA61 beam counters, veto scintillators, GAP-TPC
I correction for lost interactions, σela, σqela (model dependent)
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Charged Hadron Production in π−+C at 158 GeV/c

π−+ C→ h− + X
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Charged Hadron Production in π−+C at 350 GeV/c

π−+ C→ h− + X
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Comparison to Hadronic Interaction Models
QGSJetII-03
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NA61 Measurements for T2K

Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis
Muon Neutrino Beam
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and far detector quality cuts, yielding 1:43� 1020 protons
on target (p.o.t.).

We present the study of events in the far detector with
only a single electronlike (e-like) ring. The analysis pro-
duces a sample enhanced in �e charged-current quasielas-
tic interactions (CCQE) arising from �� ! �e oscillations.

The main backgrounds are intrinsic �e contamination in
the beam and neutral-current (NC) interactions with a
misidentified �0. The selection criteria for this analysis
were fixed from Monte Carlo (MC) studies before the data
were collected, optimized for the initial running condi-
tions. The observed number of events is compared to
expectations based on neutrino flux and cross-section pre-
dictions for signal and all sources of backgrounds, which
are corrected using an inclusive �� charged-current (CC)

measurement in the off-axis near detector.
We compute the neutrino beam fluxes (Fig. 1) starting

from models and tuning them to experimental data. Pion
production in (p, �) bins is based on the NA61 measure-
ments [21], typically with 5%–10% uncertainties. Pions
produced outside the experimentally measured phase
space, as well as kaons, are modeled using FLUKA

[22,23]. These pions are assigned systematic uncertainties
on their production of 50%, while kaon production uncer-
tainties, estimated from a comparison with data from
Eichten et al. [24], range from 15% to 100% depending
on the bin. GEANT3 [25], with GCALOR [26] for hadronic
interactions, handles particle propagation through the mag-
netic horns, target hall, decay volume and beam dump.
Additional errors to the neutrino fluxes are included for the
proton beam uncertainties, secondary beam line compo-
nent alignment uncertainties, and the beam direction
uncertainty.

The neutrino beam profile and its absolute rate
(1:5 events=1014 p.o.t.) as measured by INGRID were
stable and consistent with expectations. The beam profile
center (Fig. 2) indicates that beam steering was better

than �1 mrad. The correlated systematic error is
�0:33ð0:37Þ mrad for the horizontal(vertical) direction.
The error on the SK position relative to the beam line
elements was obtained from a dedicated GPS survey and
is negligible. As shown in Fig. 1, the estimated uncertain-
ties of the intrinsic �� and �e fluxes below 1 GeV are

around 14%. Above 1 GeV, the intrinsic �e flux error is
dominated by the uncertainty on the kaon production rate
with resulting errors of 20%–50%.
The NEUT MC event generator [27], which has been

tuned with recent neutrino interaction data in an energy
region compatible with T2K [28–30], is used to simulate
neutrino interactions in the near and far detectors. The
GENIE [31] generator provides a separate cross-check of
the assumed cross-sections and uncertainties, and yields
consistent results. A list of reactions and their uncertainties
relative to the CCQE total cross-section is shown in
Table I. An energy-dependent error on CCQE is assigned
to account for the uncertainty in the low energy cross-
section, especially for the different target materials
between the near and far detectors. Uncertainties in intra-
nuclear final state interactions (FSI), implemented with a
microscopic cascade model [33], introduce an additional
error in the rates (see, e.g., [34]).
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TABLE I. Summary of systematic uncertainties for the relative
rate of different charged-current (CC) and neutral-current (NC)
reactions to the rate for CCQE.

Process Systematic error

CCQE energy-dependent (7% at 500 MeV)

CC 1� 30%ðE� < 2 GeVÞ � 20%ðE� > 2 GeVÞ
CC coherent �� 100% (upper limit from [32])

CC other 30%ðE� < 2 GeVÞ � 25%ðE� > 2 GeVÞ
NC 1�0 30%ðE� < 1 GeVÞ � 20%ðE� > 1 GeVÞ
NC coherent � 30%

NC other � 30%

FSI energy-dependent (10% at 500 MeV)
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and far detector quality cuts, yielding 1:43� 1020 protons
on target (p.o.t.).

We present the study of events in the far detector with
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expectations based on neutrino flux and cross-section pre-
dictions for signal and all sources of backgrounds, which
are corrected using an inclusive �� charged-current (CC)
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We compute the neutrino beam fluxes (Fig. 1) starting
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production in (p, �) bins is based on the NA61 measure-
ments [21], typically with 5%–10% uncertainties. Pions
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space, as well as kaons, are modeled using FLUKA
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on their production of 50%, while kaon production uncer-
tainties, estimated from a comparison with data from
Eichten et al. [24], range from 15% to 100% depending
on the bin. GEANT3 [25], with GCALOR [26] for hadronic
interactions, handles particle propagation through the mag-
netic horns, target hall, decay volume and beam dump.
Additional errors to the neutrino fluxes are included for the
proton beam uncertainties, secondary beam line compo-
nent alignment uncertainties, and the beam direction
uncertainty.

The neutrino beam profile and its absolute rate
(1:5 events=1014 p.o.t.) as measured by INGRID were
stable and consistent with expectations. The beam profile
center (Fig. 2) indicates that beam steering was better

than �1 mrad. The correlated systematic error is
�0:33ð0:37Þ mrad for the horizontal(vertical) direction.
The error on the SK position relative to the beam line
elements was obtained from a dedicated GPS survey and
is negligible. As shown in Fig. 1, the estimated uncertain-
ties of the intrinsic �� and �e fluxes below 1 GeV are

around 14%. Above 1 GeV, the intrinsic �e flux error is
dominated by the uncertainty on the kaon production rate
with resulting errors of 20%–50%.
The NEUT MC event generator [27], which has been

tuned with recent neutrino interaction data in an energy
region compatible with T2K [28–30], is used to simulate
neutrino interactions in the near and far detectors. The
GENIE [31] generator provides a separate cross-check of
the assumed cross-sections and uncertainties, and yields
consistent results. A list of reactions and their uncertainties
relative to the CCQE total cross-section is shown in
Table I. An energy-dependent error on CCQE is assigned
to account for the uncertainty in the low energy cross-
section, especially for the different target materials
between the near and far detectors. Uncertainties in intra-
nuclear final state interactions (FSI), implemented with a
microscopic cascade model [33], introduce an additional
error in the rates (see, e.g., [34]).
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TABLE I. Summary of systematic uncertainties for the relative
rate of different charged-current (CC) and neutral-current (NC)
reactions to the rate for CCQE.

Process Systematic error

CCQE energy-dependent (7% at 500 MeV)

CC 1� 30%ðE� < 2 GeVÞ � 20%ðE� > 2 GeVÞ
CC coherent �� 100% (upper limit from [32])

CC other 30%ðE� < 2 GeVÞ � 25%ðE� > 2 GeVÞ
NC 1�0 30%ðE� < 1 GeVÞ � 20%ðE� > 1 GeVÞ
NC coherent � 30%

NC other � 30%

FSI energy-dependent (10% at 500 MeV)
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NA61 Measurements for T2K

First complete example of application of
long-target data for neutrino flux predictions!

thin target (l =2 cm, λint ∼0.03)

replica target (l =90 cm, λint ∼1.9)

re-weighted νµ-flux sim. at T2K far detector

CERN-PH-EP-2012-188, arXiv:1207.2114 [hep-ex], submitted to NIM
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NA61 Measurements for T2K

2007 data, p+C at 31 GeV/c

proton production spectra:
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NA61 Measurements for T2K
ongoing analysis of 2009 thin target data

I factor 10 more statistics as 2007 data set
I simultaneous extraction of π±, K±, p, p̄

(only π±, K + and p with 2007 data)

π+

π−

K +

K−

p

p̄

raw particle yields – release of corrected spectra end 2012
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NA61 Heavy Ion Program

Study of the onset of deconfinement and search for the critical
point of strongly interacting matter

previous data: NA61 scan of system size and energy:
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beam schedule as of 2011
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π− from h− results, p + p at 158 GeV/c (2009 data)

mT spectra at mid-rapidity
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π− from h− results, p + p at 158 GeV/c (2009 data)
mT-integrated π−-spectra
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(Phys. Atom. Nucl. 64, 1841 (2001))

NA61 prelim
inary

I large y -acceptance, small syst. and stat.
I precision (still to be improved) already sufficient for study of

onset of deconfinement
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Results using PID, p + p at 158 GeV/c (2009 data)

p+p at 80 GeV/c

π−(h−)NA61 vs. π−
NA61 vs. π−

NA49

y
0 0.5 1 1.5 2 2.5 3 3.5 4

T
n/

dy
dp

2 d

0

0.2

0.4

0.6

0.8

1

1.2 -πPrelim
inary

=0.35 GeV/c
T

p

NA49 data

p+p at 158 GeV/c

NA61 dE/dx 
 -NA61 h

-π

I event-by-event ’particle
counting’ using dE/dx fits
(identity method)

I → unfolded moments
(mean, variance, . . . )
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Multiplicity fluctuations in p + p interactions (prel.)
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I scaled variance:
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Data Taking Plan
Schedule as of 2011:

Beam Beam Target Energy Year Days Physics
Primary Secondary (A GeV)

Pb 13, 20, 30
7Be Be 13, 20, 30 2012/2013 14/28 days CP, OD

Ar Ca 13, 20, 30, 40, 80, 158 2014 6×8 days CP, OD

p 400
p Pb 13, 20, 30, 40, 80, 158 2014 6×7 days CP, OD

p 400
p Pb 158 2014? 30? days High pT

Xe La 13, 20, 30, 40, 80, 158 2015 6×8 days CP, OD

(CP – Critical Point, OD – Onset of Deconfinement)

I highest physics priority for Ar beams

I further delays seriously endanger success of heavy ion program

I keep ahead of competition from RHIC (Au+Au energy scan in
2015-2017, ’BES phase II’)
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Summary and Outlook

NA61 activities Oct. 2011 - Oct. 2012

I Be+Be and p+Pb data taking
I publications using 2007 data
I prel. release of results with 2009 data,

publications in preparation

Next important step

I proceed with heavy ion program

Extend NA61 physics program?

I hadro-production measurements
I US ν-program
I LAGUNA-LBNO

I Pb+Pb energy scan
I open charm in high stat. Pb+Pb with new vertex-detector

(CERN-SPSC-2012-022)
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2017/18/19

detailed scan with existing detector

high stat. with new vertex detector
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Detector	  components	  and	  layout
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NA49	  detector	  (1994	  –	  2002)	  used	  aJer	  some	  upgrades	  and	  enhancements	  (marked	  red)
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SPS	  secondary	  par<cle	  beam

3

SPS	  proton
or	  lead	  beam

Different	  energies	  and	  secondary	  par9cles	  or	  spalla9on	  products	  from	  ion	  beams	  possible

So	  far	  measurements	  
with	  p,	  π–,	  7Be
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NA61 Calibration Procedure
I T0-offset corrections: pad by pad, TPC by TPC corrections
I T0 calibration: - scale calibration based on TOF-L geometry

(TPC-TOF alignment)
I BPD geometry: residual corrections to the survey geometry
I Vdrift smoothing: smoothing of the measured Vdrift using p, T ,

HV measurements
I Vdrift scaling: based on alignment
I Vdrift(t) calibration: time dependent residual corrections base

on bottom position
I GTPC Vdrift: based on alignment
I TPC geometry: corrections to the survey TPCs+GTPC geom
I BPD-TPC geometry/alignment: reference BPD positions
I res. corrections to TPC points: points positions corrections

based on standard tracking procedure
I magnetic field: using Λ, K0 invariant mass distributions
I dE/dx calibration: using truncated mean for the cluster charge

including various detector effects
I TOF-L/R: data based geometry and time corrections
I TOF-F: data based geometry and time corrections
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LMPD particle identification

four absorber layers, dynamic range ≈ 75 MeV/c to 300 MeV/c
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Cross Section Measurements with NA61
Schematic of Beam Line:
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Analysis of π−+C data

I currently: charged hadrons (no PID)
I tracks from main vertex
I correct for

I feed-down
I secondary interaction
I track loss

using MC, but no correction h− → π−

I fiducial φ cuts for geometrical acceptance
I zero-bias data set (beam trigger) to correct

min-bias data
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Analysis of π−+C data
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π−+C Correction and Uncertainties

MC correction factor model systematics [%] total systematics [%]
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(example: h−, 158 GeV/c)

I e± contamination at low p, pT
I model systematics from ∆(VENUS/EPOS) of individual contributions
I total systematics:

model correction, normalization, trigger bias, calibration, track topology

require |C-1| < 0.2 and sys.tot. < 20%
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π−+C Correction and Uncertainties

MC correction factor model systematics [%] total systematics [%]
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I e± contamination at low p, pT
I model systematics from ∆(VENUS/EPOS) of individual contributions
I total systematics:

model correction, normalization, trigger bias, calibration, track topology

require |C-1| < 0.2 and sys.tot. < 20%
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Comparison of π + C results to FLUKA2011
approval by FLUKA collaboration pending
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Analysis of 2007 data (p + C at 31 GeV/c)

three independent analyses:
I negative hadrons (model corr.)
I dE/dx-only at low p
I dE/dx and TOF at medium p

spectrum corrections
I acceptance ≥ 99%

I reconstruction efficiency ≥ 96%

I pion decay ≤ 10%

I feed-down ≤ 10%
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FLUKA2009 prediction of p+C (158 GeV)/(31 GeV)
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Muons in UHE Air Showers

Number of muons depends on energy fraction of produced hadrons

I π0 → electromagnetic shower

I π±

I ρ0 → π+π−

I (anti-) baryons
} → hadronic shower
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Fig. 3. Muon contribution to S(1000m) as measured by the Pierre
Auger Observatory for 10

19 eV air showers simulated with different
high-energy hadronic interaction models and primary mass: EPOS 1.99
(stars) proton (full) and iron (dashed), SIBYLL 2.1 (triangles) proton
(full) and iron (dashed), and QGSJET II-3 iron (squares dashed-dotted),
relative to proton with QGSJET II-3.

of the primary energy and composition with ground ar-

ray experiments. Compared to other models, using EPOS

would decrease the energy reconstructed from lateral

densities and could lead to a more consistent cosmic

ray composition obtained from muon number and mean

Xmax data [20]. On the other hand, SIBYLL 2.1 shows

about a 20% lower muon signal than QGSJET II.

The higher muon number from EPOS is due mainly

to a larger baryon-antibaryon pair production rate in

the individual hadronic interactions in showers. By

predicting more baryons, more energy is kept in the

hadronic shower component even at low energy. As a

consequence, the calorimetric energy – as measured by

fluorescence light detectors – is reduced since more

energy is transferred to neutrinos and muons. In Fig.

4 the conversion factor from the visible calorimetric
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Fig. 4. Mean factor for the conversion of observed (calorimetric)
energy to total energy for iron (dashed-dotted) or proton (dashed)
induced showers. The conversion factor is shown for QGSJET II-3
(squares) and EPOS 1.99 (stars). The mean conversion factor (solid
line) is calculated by averaging all proton and iron predictions.

energy to the real energy is plotted as a function of the

primary energy of the showers. As expected, EPOS 1.99

shows a conversion factor which is up to 2% higher than

QGSJET II. SIBYLL results (not shown) are very similar

to QGSJET II.

IV. OUTLOOK

For the next release of CORSIKA, two important

improvements are in preparation. First of all work is in

progress to run CONEX in the framework of CORSIKA

both for 1-dimensional fast simulations and detailed 3-

dimensional simulations. Secondly, CORSIKA is being

modified to take advantage of modern computing clus-

ters by simulating showers in a controlled parallel way.

A. CONEX in CORSIKA

In order to have the best of CONEX and CORSIKA

in one single program, we are using the method already

implemented in SENECA [21] and outlined in Fig. 5. The

CORSIKA installation scheme and steering files are used

to set the simulation parameters. Then, internally, these

parameters are transferred to CONEX to start the MC

simulation with the given primary energy. Depending

on their energy, the secondary particles stay either in

CONEX MC if E > Ethr, or go into the CORSIKA stack

if E < Elow, or are used as source for 1-dimensional

CE in between. When no more particles with E > Ethr

are stored on the CONEX stack, the CE are solved down

to Elow. The solution of the CE can be sampled into

individual particles saved on the CORSIKA stack. At this

point, a weight can be attributed to these particles to

reduce the simulation time. Finally all these particles

with E < Elow stored in the stack are tracked in

CORSIKA as usual in a 3-dimensional space until they

reach the observation level where they are stored in the

chosen output file.

CONEX MC
3D

sampling

CONEX CE
1D

CORSIKA MC
3D

stack

CORSIKA
input

CORSIKA
output

Fig. 5. Implementation of CONEX in CORSIKA.
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