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results for conventional neutrino beams
— HARP for K2K, MINIBoone

new Harp forward 7t production results: final p-A data,
final n-A data (A=Be,C,Al,Cu,Sn,Ta,Pb)

results for a Neutrino Factory

— HARP Large Angle Data analysis

— Comparison with MC simulations

new LA results for n-A (A=Be,C,Al,Cu,Sn,Ta,PDb)
new results for long replica targets for v beams
results for EAS and atmospheric neutrinos

— HARP results with incident C, N,, O,
conclusions



the HARP experiment at CERN PS

= |nput for prediction of neutrino fluxes for the
MiniBooNE and K2K experiments

= Pion/Kaon yield for the design of the proton
driver of neutrino factories and super-beams
= |nput for precise calculation of the
atmospheric neutrino flux and EAS

= |nput for Monte Carlo generators (GEANT4,
e.g. for LHC or space applications)

time-of-flight

drift chambers
scintillators

beam-muon
identifier

HARP

= electron
identifier

cosmics

TPC + RPCs in } trigger wall

solenoid magnet

threshold Cherenkov

Systematic study of hadron production:
Beam momentum: 3-15 GeV/c 3
Target: from hydrogen to lead Tobeam FTP + RPCs

-Acceptance over full solid angle

Final state particle identification

dipole magnet
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Experimental setup
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Harp detector layout and data taken

HARP: barrel spectrometer (TPC) + forward
spectrometer (DCs) to cover the full solid
angle, complemented by PID detectors
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1. HARP forward analysis: parhcle |den1'|f|ca1'|on
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Recipe for a cross-section

ﬂ _ 4 ] [correctionfactors( 9)] A'NT
dpdQ ~ N,ptN PAApan

1 i

@ Select events identified as primary protons interacting in the target

yield | @ For each event reconstruct tracks and their 3-momentum

@ [dentify pions among secondary tracks

@ Apply corrections for reconstructed-to-true pion yield conversion:
eff. @ Momentum resolution
& @ Spectrometer angular acceptance
mig. @ Track reconstruction efficiency
@ Efficiency and purity of pion identification
@ Other

@ Count protons on target corresponding to selected events

norm-1 4 Multiply by physics constants and accurately measured target properties




Why dedicated Hadroproduction expts:

conventional neutrino beams

MiniBooNE Neutrino Beam P

Super-K
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~90% of all v flux

~3% of
all v's

Oscillation probability at
250 km from the source
for atmospheric
parameters: maximum
effect at ~1GeV

Ingredients to compute
a neutrino flux :

7t (and k) production cross
section (use same target and
proton energy than proton
driver of the experiment)

Reinteractions (take
data with thin and
thick target)

All the rest: Simulation of
the neutrino line: An “easy”
problem.

K2K: Disappearance experiment to confirm atmospheric osc.




HARP 12.9 GeV/c p+Al Results

E 500 %_ 30-60 mirad 500%_ 60-90 mrad | 5qq %_ 90- 120 mirad .
8 b o b HARP in black,
g =t s 5, Sanford-Wang
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. E e HARP p-Al data 12.9 GeVic:
o o i 3 M. G. Catanesi et al., HARP,
Yl | o | ik | Nucl. Phys. B732 (2006)1

HARP data on inclusive pion production fitted to Sanford-Wang parametrization:

do(prAl-n'+X) s
— (p,0)=c, p(1-—L )exp[—c3}:——069(p—c7pbeam cos”0)]
p Pream beam
* Good coverage of phase space of relevance to K2K flux predictions:
where:
X: any other final state particle Near Detector Neutrinos Far Detector Neutrinos

Ppean=12.9: proton beam momentum (GeVic)

p, 8: m momentum(GeVlc), angle(rad)
d*ol(dpdQ) units: mbl(GeVlcsr), where dQ=2mnd(cosd)

C, ...,Cq: emprical fit parameters

Pion Angle (mrad)

2 4 6 8
Pion Momentum (GeV/c)
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HARP Be 5% 8.9 GeV/c Results
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HARP results (data points), Sanford-Wang parametrization of
HARP results (histogram)



MiniBoone v flux predictions

p, E910 data (6.4. 12.3 GeV/c) . combining HARP and E'I}I{II data gives maximal
t SRy S @ o\l coverage of the relevant pion phase space for
3 Il Ly MiniBooNE
4 . Use the parameterization of Sanford and Wang and fit
to both data sets combined
08 -
0.6
0.75<p<5 GeV/c, 30<theta<210 mrad
04 . o=
relevance for MiniBooNE
02 - 35
0 AR, R (RO (A .}‘.‘ : 0,039,944 TR oo 8008 % -1l
1 08 06 04 02 0 02 04 06 08 1 = x 10
\ = 300
[ -
® 200

. black boxes are the distribution of ©* which
decay to a v that passes through the — 100
MiniBooNE detector

HARP p-Be-> *-X data 8.9 GeV/c: _ .
M. G. Catanesi et al., Eur. Phys. J. C52 (2007) 29 p. (GeV/c)
MiniBooNE with Harp 'nPUt ’ Momentum and Angular distribution of

ilar- i d ing t trino that
A.A.Aguilar-Arevalo et al., Phys. ReV. Lett. 98 (2007) plodts dechiiig 1o 8 neuivten Snt Pesct
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d*0™ / (dp dQ) (mb / (GeV/e sr))

150

Comparison with older p+Be data
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albeit, different beam momenta



New HARP results: FW data with incident ©tt/n

HARP 8 GeV/c n*—Ta m~

25— 50 mra "~ 50— 75 mra '~ 75-100 mrad
— 10000\ 25— 50 mrad]| 50— 75 mrad]| 75—100 mrad]

{ *An example for FW production
Model comparisons
*Data on thin Be,Al,C,Cu,Sn,Ta,Pb

.
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c 1000t

§®)

S 100}
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=All FW data taken in pion beams have been published on NP A 801 (2009) 118

=Bad agreement data montecarlo (GEANT4/MARS)

=I[nteresting to tune models for re-interactions (and shower calculations

In calorimeters etc.)
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New Harp results: final FW results p-A

HARP p—Be 7"
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dFinal FW results on p-A (A =Be,C,AlSn, Cu Ta,Pb)
1 SW parametrization of all data, comparison with MC
] submitted to PRC
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Comparison of FW p-A->rt X with MC

HARP 12 GeV/c p—Be =*

25— 50 mrad 50— 75 mrad][ 75100 mrad
1000k 1t ] 1
3 GeV 5 GeV 8 CeV 12 GeV ;
T T at T xt T v T 100¢ % i
ndof 16 T 32 32 36 36 0 10
model Beryllium 10
Bertini | 181.1 | 156.8 | 340.6 | 375.8 | 517.4 | 3426 | 762.7 | 347.9 P HIEL
Binary | 180.8 | 196.0 | 2726 | 4745 | 2846 | 401.7 - MARS

LHEP | 1498 | 43.2 | 115.6 | 283.5 | 1282 | 1185 | 153.7 | 160.5

TTO0CI50 mrad]f  [50-200 mrad][ 2005250 mrad

QGSP 1122 | 2106 | 1249 | 154.3 1000¢
FTFP 323.2 557 | 1721

MARS 04 46.2 23.1 13.9 26.3 52.7 242 26.2 E
model Tantalum 100¢

Bertimi | 1138 | 1108 | 1652 | 3778 | 328.0 | 1030 | 540.5 | 248.7
Binary | 147.8 | 145.4 | 107.0 | 4351 | 224.3 | 284.4
LHEP | 116.1 | 220 | 9490 | 2558 | 91.8 | 760 | 73.2 | 100.1
QGSP 163.3 | 160.2 | 388 | 820
FTFP ) _ 96.4 | 69.0 | 556 lo ST 6 8
MARS | 440 | 9250 | 834 | 658 | 488 | 207 | 266 | 150

—
[

d®c/dpdQ [mb/(sr GeV/c )]

L
46 80246 8

0 2
p [GeV/c]

x> assuming a 20% error on MC

Just one example

Table 10: Normalization factors data-simulation.

model | Bed GeV | Ta3GeV | Bed GeV | TabGeV  Be8GeV  Ta8 GeV  Bel2 GeV  Tal2 GeV
Ll Ll I L Sl N LA LA Sl I A Ll i L

Bertim | 0.35 1.02 | 045 053 | 0.70 112 | 020 035122 154 | 084 108 | 175 181 | 127 1.0
Binary | 036 0.75 | 028 034|073 088016 023 (08990 105|050 0.56

LHEP | 040 086 [ 081 001|076 098|036 045|078 091 | 058 066 | 0.75 082 | 054 050
QGSP 140 143 | 080 075 | 080 088 | 0.64 0.67
FTFP 046 065 | 1.00 110 | 0.63 0.77
MARS | 083 120 | L10 116 | 121 138 | L17 135 | 1100 121 | 000 085 | L.02 1.02 002 082




1.1 km

Neutrino factory design

FFAG/synchrotron option Linac option

am——

) il 3 {’
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36-126 GeV RLA
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Neutrino Beam P
R . AR

Muon Storage Ring
1.5km

— Aim: measure p, distribution with
high precision for high Z targets

maximize n*(n) production yield as a
function of:

— proton energy

— target material

— geometry

— collection efficiency (p.,p+)

but different simulations show large
discrepancies for © production
distributions, both in shape and
normalization. Experimental
knowledge is rather poor

ot} AGeVWcep+Al-=n + ..

o aldEdi {mb MV sr”'}

16



2. HARP Large Angle Analysis

Beam momenta:

3,5,8,12 GeV/c

Data:

5% A, targets Be,C,Al,Cu,Sn,Ta,Pb
TPC tracks:

>11 points and momentum measured
and track originating in target

PID selection

Corrections:

Efficiency, absorption, PID, momentum and angle smearing by unfolding
method

Backgrounds:

secondary interactions (simulated)

low energy electrons and positrons (all from =%

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

Full statistics analysed (“full spill data” with dynamic distortion
corrections) although no significant difference is observed with the
first analysis of the partial data (first 100-150 events in the spill).
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Comparisons with MC

Many comparisons with models from GEANT4 and MARS to the
G6iBUU model have been done

Only some examples will be shown here for C and Ta for the
GEANT4 and MARS packages

Binary cascade
Bertini cascade
Quark-Gluon string models (QGSP)
Frittiof (FTFP)
LHEP
MARS
Some models (inside MARS/GEANT4) do a good job in some regions,

but there is no model that describes all aspects of the data. GiBUU
seems a little better in the region covered by HARP.
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8 GeV/c

MODELS
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3 GeV/c it HARP LA data vs GiBUU
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12 GeV/c t HARP LA data vs GiIBUU

02 04 0O& 08
p [Gewic]

25



Comparison with MC at Large Angle

1. Data available on many thin (5%) targets from light nuclei
(Be) to heavy ones (Ta)

2. Comparisons with GEANT4 and MARS15 MonteCarlo show
large discrepancies both in normalization and shape

- Backward or central region production seems described better
than more forward production

- In general " production is better described than =n production

- At higher energies FTP models (from GEANT4) and MARS look
better, at lower energies this is true for Bertini and binary
cascade models (from GEANT4)

- Parametrized models (such as LHEP) have big discrepancies\
3. Comparison with GiIBUU seems better
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New LA data with incident
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U ™ A-> - X data published for A=Be,C,Al,Sn,Cu,Ta,Pb
U comparisons with GEANT4/MARS MC
 for more details see HARP Collaboration, arXiv 0907.1428



HARP-CDP splinter group
(F.Dydak et al.)

The systematic precision of our inclusive cross-sections i1s at
the few-per-cent level, from errors in the normalizabion, in
the momentum measurement, 1n particle dentification, and
in the corrections apphied to the data.

Houston we have a problem (from
WEB: originally reporting of a life

threatening fault. Now humorously
used to report ANY problem
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We conclude that claims and results published by OH B ; ' } )
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Well ... let’s have a look, take p-Be data
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In addition “a few % systematic error ,, may be largely
underestimated (for a TPC with many problems) .... (we are at ~10%),
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And what about raw data ?

...........

300-400 MeV/c

400 600 800
dE/dx (ch)

* Simple cross-check in the region 300-
400 MeV/c (where background are
negligible) for thin Be at 8.9 GeV/c

* t/p separation is large (difficult to
make errors)

* Momentum resolution ~ 10-15%

* other corrections (efficiences,
backgrounds ... ) similar

* R,,,=N./N_=1.52+-0.10

raw

published HARP results 1.55+- 0.10

Conclusions are left to the reader ...
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3. Realistic production targets

In practice neutrino beams production targets are not thin:

Cascade calculations or dedicated measurements with “replica
targets” are needed.

HARP has taken, albeit with somewhat lower statistics, and
analysed p+A, n*+A and n-A data at different beam

momenta with 100% A, targets (for K2K and MiniBOONE
experiments).

They can be used for complete parametrizations or tuning of
models.

Preliminary spectra available
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4. Atmospheric v flux

primary flux

p hadron

K production
_|_

j_\A Vu decay
H chains

Primary flux (70% p, 20% He, 10%
heavier nuclei) is now considered to
be known to better than 15% (AMS,
Bess p spectra agree at 5% up to 100
GeV, worse for He)

Most of the uncertainty comes from the
lack of data to construct and calibrate a
reliable hadron interaction model.

Model-dependent extrapolations from the
limited set of data leads to about 30%
uncertainty in atmospheric fluxes

- cryogenic targets (or at least nearby C
target data)

78% nitrogen
21% oxygen
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Daughter energy

Hadron production experiments
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Measurements with N,,O, cryogenic targets
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HARP results confirm that p-C data can be used
to predict p-N> and p-0O-> pion production
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Covered phase space region

« New data sets
(p-C, n*—C and n—C,

pP-O,, p-N, at 12 GeV/c) °

* Important phase space
region covered

 Data available for model

tuning and simulations
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Harp Published physics results

Measurement of the production cross-section of positive pions in p-Al collisions at 12.9
GeV/c, Nucl.Phys. B732 (2006) 1

Measurement of the Production of Charged Pions by Protons on a Tantalum Target, Eur.
Phys. J. C51 (2007) 787, [arXiv:0706.1600].

Measurement of the production cross-section of positive pions in the collision of
8.9GeV/c protons on beryllium, Eur. Phys. J. C52 (2007) 29, [hep-ex/0702024].

Large-angle production of charged pions by 3 GeV/c-12 GeV/c protons on carbon,
copper and tin targets , Eur. Phys. J. C53 (2008) 177, [arXiv:0709.3464]

Large-angle production of charged pions by 3 GeV/c-12.9 GeV/c protons on beryllium,
aluminium and lead targets, EPJ C54 (2008) 37, [arXiv: 0709.3458]

Measurement of the production cross-sections of z#* in p-C and z* -C interactions at 12
GeV/c, Astr. Phys. 29 (2008) 257, [arXiv: 0802.0657]

Forward z* production in p-O, and p —N, interactions at 12 GeV/c, Astr. Phys. 30
(2008) 124, [arXiv: 0807.1025]

Large-angle production of charged pions with incident protons on nuclear targets as
measured in the Harp experiment, Phys. ReV. C77 (2008)055207, [arXiv:
0805.2871]

Forward production of charged pions with incident z* on nuclear targets as measured
at CERN PS, Nucl. Phys. A821 (2009) 118 [arXiv: 0902.2105]



Conclusions

 HARP has provided results useful for conventional v beams
study, v factory design, EAS, atmospheric v studies and In
addition for general MC tuning (Geant4, FLUKA ...) with full
solid angle coverage, good PID identification on targets from
Be to Pb at low energies (< 15 GeV) with small (but not
negligible) total errors (syst+stat < 15 %0).

Nine physics paper published plus another two submitted

- More HARP results coming : forward production
with incident pions; production with long targets, ...

«Comparison with available MC show some problems
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Backup material
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Spectrometer performance
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The two spectrometers match each other
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number of tracks normalized to beam

Harp TPC: corrections for
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