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The NA61/SHINE experiment

 NA61/SHINE (SPS Heavy lon and Neutrino Experiment) is a fixed target
experiment at CERN SPS

* Very rich physics program that covers:

- hadron production reference measurements for accelerator
neutrino (T2K, Fermilab) and cosmic ray experiments (Pierre Auger
Observatory, KASCADE)

- search for the critical point of strongly interacting matter

- study the properties of the onset deconfinement in nucleus-nucleus
collisions

* In this talk hadron production measurements used to constrain the T2K
neutrino flux will be discussed



Experimental setup
e Large acceptance detector with very good capabilities of momentum,
charge and mass measurements
2 dipole magnets (max bending power =9 Tm)

e 5 TPCs with high momentum resolution, o(p)/p2~ 104 (GeV/c)-
e Good particle identification: o(dE/dx) / <dE/dx> ~ 0.04

e 3 ToF (O'ToFF ~1 ZOpS, OToFL/R ~80PS) JINST 9 (201 4) P06005

 New ToFF to fully cover the T2K acceptance
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T2K neutrino flux prediction
 T2K is a long baseline experiment that aims to measure the parameters of
the PMNS matrix and perform many cross section measurements (see Suzuki-
san, Raquel talks)

* Neutrino beam is produced w/ proton-Carbon interactions at 31 GeV/c
 Beam composed by v, with a ve contamination of about 1%

 Large flux systematic uncertainties due to the poor knowledge on the hadron
production are dominant (difference between models up to 30%)

* T2K requirement is to pull the total flux uncertainty down to ~5%
* Wrong flux estimation would bias oscillation and cross section measurements
* Need to measure hadron production with the NA61/SHINE experiment
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Data set
Hadron production measurements of pC@31 GeV/c

- Thin target (2cm, 4% Ai) for primary interactions

- T2K replica long target (90cm, 1.9 A)) for secondary interactions
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Derivation of spectra

* The number of particles a in p intervals with the target inserted (Ang') and
target removed (AngR) are used to compute the differential cross sections:

do,, _.< 1 Anl (o) An§>

dp  1—¢ \NI Ap NE Ap

* Interactions outside the target estimated with data-set w/o inserted target

* Measure €, i.e. ratio of interaction probability with inserted and removed target
(subtract out-of-target interaction background):

€=0.124 £ 0.004

*Measure trigger cross section (otig), related to the number of proton on target
Interactions: PRELIMINARY

Otrig = 305.7 + 2.7 (stat) + 1.0 (det) mb



Derivation of spectra

* The particle spectra normalized to the mean particle multiplicity in production
iInteractions was calculated as

dn,, 1 do,

dp O prod dp
 Hadron spectra from pC interactions are normalized with the total hadron
production cross section

» Subtract elastic and quasi-elastic contributions estimated w/ GEANT4.9.5
(FTF_BIC physics list)
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Analysis technique for charged hadrons

3 different analysis techniques:
* h-analysis (0.2-20 GeV):

- measure 11~ spectra by looking at negatively
charged particles (~90%)

- no PID is required

- correct contamination with MC
* dE/dx at low momenta (m,p):
-p<1GeV/c

dE/dx [mip]

- identify i- and protons measuring the energy

loss in the TPCs

 combined dE/dx + ToF (rm,p,K%):
-p>1GeV/c

- combine information from ToF and dE/dx

* MC corrections: correct spectra for
geometrical acceptance, reconstruction
efficiency, contamination of other particles,
secondary interactions and weak decays
(“feed-down”)
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Charged hadron measurements with thin target data

- Combine dE/dx and ToF information to identify rt =, K¢, p for p>1GeV/c
- Comparison w/ GEANT4 physics lists Current data dominated
- Typical uncertainty in the T2K region of interest ~ 4% by 2009 data
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Charged hadron measurements with thin target data
- Combine dE/dx and ToF informations to identify 1t £, K=, p for p>1GeV/c

- Comparison w/ GEANT4 physics lists

- Typical uncertainty in the T2K region of interest ~ 15%
K+ multiplicities
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Charged hadron measurements with thin target data

- Combine dE/dx and ToF informations to identify 1t £, K=, p for p>1GeV/c
- Comparison w/ GEANT4 physics lists
- Used to tune the secondary nucleon production

proton multiplicities
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- Statistical uncertainties reduced by a factor 2-3

Uncertainty on hadron spectra

- Systematic uncertainties reduced by a factor 2 thanks to measurement of VO

spectra
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VO multiplicities
- KOs =1t +11-and A—p 11-are the main source of systematic for m +and p multiplicities

- Used to constrain feed-down corrections of charged particle spectra
- KO. = 1~ ve €t is the main source of high energy veat T2K
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Tuning of the T2K neutrino beam

Proton interactions in the target simulated with Fluka
Geant3+CALOR used for the propagation in the beam-line

31 GeV C — x"+X,NA61/FLUKA, p-0
s : Phys. Rev. D 87 (2013), 012001 arXiv: 1211.0469

Weights computed with external data
(priority to NA61/SHINE) are applied
to the simulated flux

Procedure successfully tested using
the multiplicities of the 2007 pilot run
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Fractional Error

Fractional Error

Hadron production

uncertainty

Total flux uncertainty
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Plan to use multiplicities measured w/ 2009 data in future 2014 T2K analyses
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particles in or outside the target (e.g. beam line)

* Measurement of the hadron multiplicities at the
surface with the T2K replica long target (pions)

* Backward track extrapolation to the surface
* 5 longitudinal bins of 18 cm each + target

downstream face

X [cm]

Long target analysis

 Tertiary component (~40%): hadrons produced in interactions of secondary

x-z positions of outgoing particles on target surface

w(p,0,2) = Ny, (9.0,2)/Nyise: (P.0.2),

4 — !
3
2F | ! E
- e T iy =% —
1 B -
- ;_: E;- . | e TSNS E
o] O s e s S B ek S = R
- | = s B - e B B
—1 E_ P e L.: e Ry Sal-wi. 2 T = . 1
-2f | ;
-3 :_ z1 z2 z3 z4 z5
_4 : l A A A J A A A l A A A l A A A l A A A
-660 -640 -620 -600 -580 -560
z [cm]

10

1

Relative contribution

v, flux [cm?/100 MeV/10?' pot]

<
I llllll

2
] I LI

o_l LI

1

Secondary Hadron

Secondary+ Tertiary Hadron - In Target

3 l 2 1 | 1 1 L 1 1 1 l 1 L 1 A l

4 5
E, (GeV)

replica target, pion multiplicity error

thin target:
total error

~ pion multiplicity error

Nuclear Inst. and Methods in Physics Research, A (2013) pp. 99-114
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* The method was successfully tested on the 2007 low statistics pilot run data
* New measurements are performed with high statistics 2009 run data
* Comparison w/ FLUKA prediction

* Example of i+ spectra for the six longitudinal bins and one theta interval as
a function of momentum
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e Statistical uncertainty 5-8%

e Systematic uncertainty ~5% (center of the target) and ~14% (upstream and
downstream faces)

* Work ongoing to tune the T2K flux simulation using the pion spectra

e Combination of thin and replica target measurements would allow to better
understand re-interactions in long target and normalization of incident protons

Constrain up to the 90% of the flux
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Next future improvement

» Better coverage of &= and K+ spectra
* Measurement of new particles spectra

* T2K neutrino flux estimation will be improved
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Conclusions

e T, K%, p, K%, A spectra have been measured with the full thin target data set

- Better coverage of the (p,e) phase space wrt the 2007 pilot run data set and
new particle spectra

- Statistical (systematic) uncertainties reduced by a factor of 3 (2)
* Release of long target pion production measurements based on 2009 data set
* Thin target h-and dE/dx analyses based on 2009 data set will be finalized soon

* Work to tune the T2K neutrino flux expectation is ongoing. Plan to use it in the
next 2014 analyses

* Combining thin and long target data the neutrino flux will be constrained up to 90%

* 5% of precision possible when all the NA61 data are analyzed and included in the
re-weighting chain of the expected flux (2010 long target run data)

* Hadron production measurements are very important to reduce the flux
uncertainty for cross section and oscillation neutrino measurements

* Mandatory for future neutrino long baseline experiments which require a ~2%
uncertainty on the neutrino flux prediction (LBNO-LAGUNA, LBNF,
HyperKamiokande)

* Proposal for hadron production measurements at NA61/SHINE for Fermilab
neutrino experiments
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