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HARP — PS214 at CERN

forward spectrometer

HARP is a large angle
spectrometer to measure hadron
production from various nuclear
targets and a range of incident
beam momenta

a Nuclear target materials : A =1 - 200
@ Nuclear target thickness : L. = 2-100 %

@ Beam particles : h=p, n™,e™

@ Beam momenta : p, . = 1.5-15GeV/c

s { 8

@ Kinematic acceptance Data taking in 2001-2002

p=0.5-8.0GeV/c 6=20-250 mrad (forward) ]
hadron production measurements

p=01-07GeV/c 8=350-2150mrad (large angle) In “seven dimensions”

Detailed description of the experimental apparatus _
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Neutrino fluxes of conventional accelerator neutrino beams are not known accurately.

measure pion and kaon production and use relevant targets and momenta:

> K2K: Al target, 12.9 GeV/c
>MiniBooNE: Be target, 8.9 GeV/c
>SciBooNE:

Removes major source of uncertainties for these ex

(in collaboration with K2K and MiniBooNE)

HARP p-Al data 12.9 GeV/c:
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Momentum and Angular distribution of
pions decaying to a neutrino that passes
through the MB detector.

M. G. Catanesi et al., HARP Collaboration, Nucl. Phys. B732 (2006) 1

K2K results, with detailed discussion of relevance of production measurement:
M. H. Ahn et al., K2K Collaboration, Phys. Rev. D74 (2006) 072003




Ingredients for Cross-section Calculation

Ao AN correction factors(p, @)

aSelect events identified as primary protons interacting in the target
aFor each event, reconstruct tracks and their 3-momentum
aldentify pions among secondary tracks

aApply corrections, for reconstructed-to-true pion yield conversion:

Momentum resolution
Spectrometer angular acceptance
Track reconstruction efficiency from data (when possible)
Efficiency and purity of pion identification
Other

e 8 & @ @

@ Count protons on target corresponding to selected events

= Multiply by physics constants and accurately measured target properties
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Event selection
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@ Event selection for protons on target (“normalization trigger™):

@ Well-behaved transverse impact point and direction of primaries via 4 MWPCs and
scintillators (BS, TDS, HALO A, HALO B)
@ Primaries identified as protons via beam ToF and Cherenkov systems
(TOFA, TOFB, BCA, BCB). Beam ToFs also used for interaction time.
@ Event selection for proton inelastic interactions (“physics trigger”):

@ Same as normalization trigger, plus signal in forward trigger scintillator plane (FTP)
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Track reconstruction in the forward spectrometer

. four overlapping downstream drift chamber modules and two independent methods of momentum
reconstruction given a downstream segment

use the forward drift chamber module
as the upstream constraint

NDC4
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. redundancy in chambers and redundancy in vertex constraints P T e
allows determination of tracking efficiencies from the data .
themselves .
. L. 2 075 = p ZAS50 Geic
. target constraint method efficiency > 95%. i e




Particle identification in the forward spectrometer
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PID algorithms for the forward spectrometer are described in _
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Available online at www sciencedirect.com

HGIEHDE@DIHEGT' NLI':LEAR
PHYSICS

Muclear Physics B 732 (2006) 1-45

First HARP Physics Publication

Measurement of the production cross-section of positive
pions in p—Al collisions at 12.9 GeV /¢

HARP Collaboration

Abstract

A precision measurement of the double-differential production cross-section, dia™" [fdpd2, for pions
of positive charge, performed in the HARP experiment is presented. The incident particles are protons of
12.9 GeV/elmomentum impinging on an|aluminium|target of 3% nuclear interaction length. The mea-
surement of this cross-section has a direct application to the calculation of the neutrino flux of the | K2K
experiment. After cuts, 210000 secondary tracks reconstructed in the forward spectrometer were used in
this analvsis. The results are given for secondaries within a momentum range from 0.75 o 6.5 GeV /e,
and within an angular range from 30 mrad to 210 mrad. The absolute normalization was performed using
prescaled beam triggers counting protons on target. The overall scale of the cross-section is known to better
than 6%, while the average point-to-point error is 8.2%.

& 2005 Elsevier BV, All rights reserved.




K2K Far/Near flux ratio prediction
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. HARP Al cross-section results have provided an
important cross-check on previous K2K flux
predictions. completely consistent in shape

. F/N ratio no longer dominant systematic error
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K2K Far/Near flux ratio prediction

K2K full data
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statsicslimitec - Phys. Rev. D74 (2006) 072003
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HARP Physics Publication

Eur. Phys. J. C 52, 20-53 (2007)

OI 10.1140/ epjc/s10052-007-0382- THE EUROPEAN

PHYSICAL JOURNAL C

Regular Article — Experimental Physics

Measurement of the production cross-section of positive pions
in the collision of 8.9 GeV /¢ protons on beryllium

The HARP Collaboration

+
Abstract. The double-differential production cross-section of positive pions, A% Jdpd 2, measured in

the HARP experiment is presented. The incident particles ar¢ 8.9 GeV /¢ protong directed onto 4 beryllinum

target with a thickness of 5% of a nuclear interaction length. The measured cross-section has a direct im-
pact on the prediction of neutrino fluxes for theMiniBooNE and SciBooNE experiments at Fermilab. After
cuts. 13 million protons on target produced about 96 000 reconstructed secondary tracks which were used in
this analysis. Cross-section results are presented in the kinematic range 0.75 GeV /e < pr < 6.5 GéV /¢ and
A0 mrad < 8; < 210 mrad in the laboratory frame.
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0_ = [30, 60, 90, 120, 150, 180, 210] mrad

p.=[0.75-6.5] GeV/c

= 9.8%

typical error on point

error on integral F 4.9%

analysis includes significant improvements relative
to Al measurement in PID and momentum
resolution description
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5% A Be target

Error Analysis: Overall error ~ 5%

0

_ 3, (0[A207/(ApAQ)); N

_ \/Zz-,j (ApAQ),;C; i (ApASY);

dift = =5~ (A%0™ /(ApAQ)), e > (A%0m),;

Error Category Error Source 0N (V0) o7 L (Y0)

Statistical Be target statistics 4.2 0.6

Empty target subtraction (stat.) 4.6 0.6

Sub-total 6.3 0.8

Track vield corrections Reconstruction efficiency 1.3 0.3

Pion, proton absorption 3.6 3.7

Tertiary subtraction 1.8 1.8

Empty target subtraction (syst.) 1.3 1.2

Sub-total 4.6 4.3

Particle Identification Electron veto 0.2 <0.1

Pion. proton ID correction 0.4 0.1

Sub-total 0.5 0.1

Momentum reconstruction Momentum scale 3.6 0.1

Momentum resolution 3.4 1.0

Sub-total 5.2 1.0

Overall normalization Sub-total 2.0 2.0

All Total 9.8 4.9



An aside on the SW parameterization
dQU(p+A BN X) D P

dpdﬂ (p7 9) - Clpcg(l B —) exp{—@, Cx N 069(p N C'pream COSCS 9”

Pheam Pheam

. X :any other final state particle
e Ppeam - Proton beam momentum (GeV/c)

. p, 6 : pion lab-frame momentum (GeV/c) and angle (rad)
« C;,..., Cg - empirical fit parameters

Parameter Value Parameter o o 31— s o e s
1 (8.22£1.98) - 101 1 1.000
co (6.47 £ 1.62) Co 0.327  1.000
s (9.06 % 2.03) - 101 cs 0.086  0.482 1.090

ci=c5 0559 0596 -0.411  1.000
“4 =05 (7.44 £ 2.30) - 1072 ce 0.091 -0467 -0.006 -0.545  1.000

C (5.09 + 0.49) e 0.011 -0.101 -0.004 -0.129  0.234 1.000
Cn (1.87 £ 0.53) - 107! cs 20.080 0411 0.006 0471 -0.776 0.215 1.000
cs (4.28 £ 1.36) - 10!

HARP measurements for p+Be at 8.9 GeV/c

J. R. Sanford and C. L. Wang “Empirical formulas for particle production in p-Be collisions between 10 and 35 BeV/c”, Brookhaven
National Laboratory, AGS internal report, (1967) (unpublished)
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events / MeV

excess events / MeV

MiniBooNE oscillation results
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Atmospheric neutrino flux predictions

. the HARP p+C @ 12 GeV/c and the NA49 p+C @ 158 GeV/c are
both relevant to the prediction of atmospheric neutrino fluxes

carbon is isoscalar as well as nitrogen and oxygen
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Jacoming HARP Physics Publicatr

Measurement of the production cross-sections of 7=
in p-C and 7*-C interactions at 12 GeV /c
HARP Collaboration

January 14, 2008

A bstract

The results of the measurements of the double-differential production cross-sections of pions, d?a™ [ dpds,

in p-C and 7F-C interactions using the forward spectrometer of the HARP experiment are presented. The

incident particles are|12 GeV /¢ protons fand charged pions directed onto alcarbon target|with a thickness of

5% of a nuclear interaction length. For p-C interactions the analysis is performed using 100035 reconstructed
secondary tracks, while the corresponding numbers of tracks for 77-C and 71-C analyses are 106 534 and
10 122 respectively. Cross-section results are presented in the kinematic range 0.5 GeV /¢ < pr < 8 GeV /e

and 30 mrad < 6, < 240 mrad in the laboratory framme. The measured cross-sections have a direct impact

on the|precise calculation of atmospheric neutrino fluxes jand on the improved reliability of extensive air

shower simulations by reducing the uncertainties of hadronic interaction models in the low energy range.
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p+C @ 12 GeV/c

Error category Error source or (%) | o, (%) r‘iglri;['_ %) | 67 (%)
Statistical Data statistics 12.8 3.2 10.8 2.5
Track yield corrections Reconstruction efficiency 1.6 1.3 1.1 0.5
Pion, proton absorption 4.2 3.7 3.7 3.2
Tertiary subtraction 9.8 4.2 8.6 3.7
Empty target subtraction 1.2 1.2 1.2 1.2
Subtotal 10.8 5.9 9.5 Hh.1
Particle identification Electron veto < 0.1 < 0.1 < 0.1 < 0.1
Pion. proton ID correction < 0.1 0.1 0.1 0.1
Kaon subtraction < 0.1 < 0.1 < 0.1 < 0.1
Subtotal 0.1 0.1 0.1 0.1
Momentum reconstruction | Momentumn scale 2.6 0.4 2.8 0.3
Momentum resolution 0.7 0.2 0.8 0.3
Subtotal 2.7 0.5 2.9 0.4
Angle reconstruction Angular scale 0.5 0.1 1.3 0.5
Svstematic error Subtotal 11.2 5.9 10.0 5.1
Overall normalization Subtotal 2.0 2.0 2.0 2.0
All Total 17.1 7.0 14.9 6.1




nt+ C @ 12 GeV/c

Error category Error source or (%) | or . (%) rﬁgi;[‘}f} ﬁﬂi (70)
Statistical Data statistics 41.8 6.4 34.5 7.2
Track yield corrections Reconstruction efficiency 1.4 0.7 0.9 0.5
Pion, proton absorption 4.0 2.1 3.3 2.7
Tertiary subtraction 9.3 4.7 7.6 6.3
Empty target subtraction 1.0 0.7 1.0 1.0
Subtotal 10.3 5.2 8.4 6.9
Particle identification Electron veto < 0.1 < 0.1 < 0.1 < 0.1
Pion, proton 1D correction 0.1 < 0.1 0.2 0.2
Kaon subtraction < 0.1 < 0.1 < 0.1 < 0.1
Subtotal 0.1 0.1 0.2 0.2
Momentum reconstruction | Momentum scale 3.2 0.2 3.6 0.5
Momentum resolution 0.9 0.2 1.1 0.3
Subtotal 3.3 0.3 3.8 0.6
Angle reconstruction Angular seale 1.7 0.1 1.3 0.5
Systematic error Subtotal 10.9 5.3 9.2 7.0
Overall normalization Subtotal 3.0 3.0 3.0 3.0
All Total 43.7 8.9 35.8 10.2




nm+C @12 GeV/c

Error category Error source 5T (%) | 07 (%) | 0m(%) | 67 (%)
Statistical Data statistics 8.5 2.2 10.0 1.9
Track yield corrections Reconstruction efficiency 1.3 1.1 0.7 0.4
Pion, proton absorption 3.5 3.1 3.8 2.3
Tertiary subtraction 7.9 6.8 9.0 h.3
Empty target subtraction 0.9 0.8 0.9 0.6
Subtotal 3.8 7.0 9.8 5.3
Particle identification Electron veto < 0.1 < 0.1 < 0.1 < 0.1
Pion. proton 1D correction 0.1 0.1 0.1 0.1
Kaon subtraction < 0.1 < 0.1 < 0.1 < 0.1
Subtotal 0.1 0.1 0.1 0.1
Momentum reconstruction | Momentum scale 2.3 0.7 2.7 0.3
Momentum resolution 0.6 0.2 0.5 0.2
Subtotal 2.4 0.7 2.7 0.4
Angle reconstruction Angular scale 0.6 0.3 0.7 < 0.1
Systematic error Subtotal 9.1 7.6 10.2 5.8
Overall normalization Subtotal 3.0 3.0 3.0 3.0
All Total 12.6 8.2 14.4 6.5
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p/lt+C @ 12 GeV/c

We have compared the HARP measurements with models used in the models
typically used in the air showers simulations (GHEISHA, UrQMD, DPMJET-III)
as well as with the GEANT4 models relevant in the energy domain studied
(FTFP, QGSP, LHEP). From the y2 comparison of the HARP data with the model
predictions one could draw the following conclusions:
- None of the models describe our data accurately;
- These models tend to describe the n* production more correctly than =~ productions
for all three incoming particle types;
- Different models are preferable depending on the projectile type and the charge
of the pion produced, e.qg.
- for proton projectiles and n* production, UrQMD, FTFP and GHEISHA are the best;
- for proton projectiles and =~ production, FTFP is preferable;
- for nt projectiles and n* production and for - projectiles and =~ production,
DPMJET-IIl is best;
- for n* projectiles and =~ production and for =~ projectiles and =+ production,
QGSP describes the data best.
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Large Angle spectrometer: TPC
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beam momenta:

3,5, 8,12 GeV/c

beam particle selection and normalization same as previous analysis

events:

require trigger in ITC (cylinder around target)

TPC tracks:

>11 points and momentum measured and track originating in target

PID selection

additional selection to avoid track distortions due to ion charges in TPC:

first part of spill (30-40% typically of data kept, correction available for future)
all data in spill are analysed now (the results are compatible within errors)
Corrections:

Efficiency, absorption, PID, momentum and angle smearing by unfolding method
(same as p-C data analysis in forward spectrometer)

Backgrounds:

secondary interactions (simulated)

low energy electrons and positrons (all from =)

predicted from ™ and n~ spectra (iterative) and normalized to identified e*-.



HARP - PS214 at CERN

HARP Physics Publication

ur. Phys. J. C 51, 7T87-824 (2007)
\%ﬂ.114ﬂg’epjc;’leDEQ—DGT—DEGI—D -I!’-:Esllzéfl?ﬁgﬂgan c

Regular Article — Experimental Physics

Measurement of the production of charged pions by protons
on a tantalum target

The HARP Collaboration

Abstract. A measurement of the double-differential cross-section for the production of charged pions in
proton—tantalum collisions emitted at large angles from the incoming beam direction is presented. The data
were taken in 2002 with the HARP detector in the T9 beam line of the CERN PS. The pions were produced
by proton beams in a momentum range from 3 GeV /c to 12 GeV /c|hitting altantalum target|with a thick-
ness of 5% of a nuclear interaction length. The angular and momentum range covered by the experiment
(100 MeV /e < p < 800 MeV /e and 0.35 rad < 8 < 2.15 rad) is of particular importance for the design of a neu-
trino factory. The produced particles were detected using a small-radius cyvlindrical time projection chamber
(TPC) placed in a solenoidal magnet. Track recognition, momentum determination and particle identifica-
tion were all performed based on the measurements made with the TPC. An elaborate system of detectors
in the beam line ensured the identification of the incident particles. Results are shown for the double-
differential cross-sections d2o/dpdé@ at four incident proton beam momenta (3 GeV/c, 5 GeV /e, 8 GeV/c
and 12 GeV /¢). In addition, the pion yields within the pecceptance of typical neutrino factory designg are
shown as a function of beam momentum. The measurement of these vields withill a single experiment elim-
inates most systematic errors in the comparison between rates at different beam momenta and between

positive and negative pion production.
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HARP - PS214 at CERN

Physics Publlications

ur. Phys. J. C 53, 177-204 (2008)
OT 10.1140/epjc/s10052-007-0475 THE EUROPEAN

PHYSICAL JOURNAL C

Regular Article — Experimental Physics

Large-angle production of charged pions by 3 GeV /c-12 GeV /c
protons on carbon, copper and tin targets

The HARP Collaboration

Eur. Phys. J. C 00, 1-24 (2007)
DOI 10.1140/epjc/s10052-007-0517-y THE EUROPEAN

PHYSICAL JOURNAL C

Regular Article — Experimental Physics

Large-angle production of charged pions by 3 —12.9 GeV /¢
protons on beryllium, aluminium and lead targets

The HARP Collaboration
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HARP - PS214 at CERN

Jacoming HARP Physics Publicatr

Large-angle production of charged pions in the
HARP experiment with incident protons on nuclear
targets

HARP Collaboration

December 26, 2007

Abstract

Measurements of the double-differential == production cross-section in the range of momentum

100 MeV /e < p < 800 NMeV /e and angle 0.35 rad < 8 < 2.15 rad in [proton bervllinm. proton |
aluminium, proton—carbon, proton-—copper, proton—tin, proton—tantalum and proton-lead |collisions
are presented. 1he data were taken with the large acceptance HARDE detector 1n the 19 beam line
of the CERN PS. The pions were produced by proton beams in a momentum range from 3 GeV /¢ to
12.9 GeV /e hitting a target with a thickness of 5% of a nuclear interaction length. The tracking and
identification of the produced particles was performed using a small-radins cyvlindrical time projection
chamber (TPC) placed inside a solenoidal magnet. Incident particles were identified by an elaborate
systemn of beam detectors. Results are obtained for the double-differential cross-sections d?o/dpdé at
six incident proton beam momental|(3 GeV /e, 5 GeV /e, 8 GeV /e, 8.9 GeV /e (Be only), 12 GeV /e and
12.9 GeV /e (Al only)). They are based on a complete correction of static_ and dvnamic distortions
of tracks in the HARP TPC which allows the |[complete statistics of collected data set|to be used.
thereby reducing the overall error. The results include and supersede our previously published results
and are compatible with these. HARP measurements are compared with the GEANT4 and MARS




Conclusions

HARP hadron production experiment has already made important contributions to
hadronic cross-section measurements relevant to neutrino experiments

Aluminium results for K2K have been published and used for final K2K publication.

Beryllium results for MiniBooNE/SciBooNE have been published and used for the
first MiniBooNE oscillation paper.

Tantalum results for the Neutrino Factory studies have been published (results for
Carbon, Copper, Tin, Beryllium, Aluminium and Lead are available and are accepted
for publication).

Carbon data for atmospheric neutrino fluxes are available (N2, O, are coming).

More production cross-section measurements are now finalized and can be used
to tune hadron production models.

To get all data out, a large number of data sets need day-to-day calibrations.
The detector is well understood and the analysis techniques established.

Thank you for your attention
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