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Synopsis

Section 1: Production of Neutrinos by
Cosmic Rays

— Neutrino Oscillations (brief)
— Fluxes and their calculations
— Key uncertainties

Section 2: Hadron production
— Experiments: HARP/NA49/MIPP

Section 3: Outlook

— Errors on fluxes

— Further measurement possibilities with
atmospheric neutrinos



Neutrinos produced
from a shower

Primary cosmic ray:
proton or heavier
nucleus

Interacts in ~90g/cm?

Atmosphere depth
1050 g/cm?

Cascade

Most hadrons don't
reach ground.
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SuperKamiokande results (1)
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SuperKamiokande results (2)
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Pions Interact
Vertical p reach

Earth’s surface

Kaons Interact
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Summary of Atmospheric Neutrino Calculations
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Key uncertainties

Hadron production
Primary Fluxes
(Geomagnetic Field)

3D effects
Atmosphere
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Flux of primaries at top of atmosphere
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Residuals: Newest
measurements
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(Data-Fit)/Fit
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Section 2: Hadron production
Measurements at Accelerators



Summary of measurements available
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measured phase space
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New measurements
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Plot courtesy of M. Messier

Another view (MINOS)...
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NA20 (Atherton et al.), CERN-SPS (1980)
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* Secondary energy scan:

60,120,200,300 GeV Overall quoted errors

Absolute rates: ~15%
Ratios: ~5%



Needs...

% of neutrino flux
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Importance of kaons at high energy
(Thanks to S. Robbins for plot)

Pion and kaon
production

Projectile: p, He, M, K
etc.

Very large range of
primary energies
[2 GeV,>1 TeV]

Target: Air nuclei
(nearby isoscalar
nuclei acceptable)

Full phase space
coverage

p+ distribution not
interesting

Full coverage of p+
important



NA49

Vertex TPCs

Main TPCs

Vertex
Magnets

Forward ’/

Calorimeter



NA49 experimental layout
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* NA49 originally designed for Lead-Lead collisions.
* Also used for pp and pA collision physics

NA49 Pb-Pb 158 GeV/nucleon




NA49 Proton-Carbon run

'‘P322 group’ consisting of some atmospheric
neutrino flux calculators, HARP experimentalists
and MINOS experimentalists formed
collaboration with NA49 and proposed a series of
measurements.

Received a 1 week test run with a carbon target.

It took place in June 2002.
— 158 GeV run, 500k triggers.
— 100 GeV run, 160k triggers.
— 1% interaction length carbon target.

Immediately preceeding run was an NA49
proton-proton run, using a liquid hydrogen target.
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Particle |ID
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Particle ID
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Technique:

Follow closely the
analysis of p-p
data

X and p; bins

Some corrections
are identical

Pion analysis

Bins

18 =

18 +

4% |




* Analysis:

1.

Get pion yields for proton-proton,

2. followed by pion yields for proton-carbon

3.

Later, do kaons, antiprotons.

* Pion extraction straightforward

shifts and resolution easy to determine

Above x. = 0.5, dE/dx information not
available near gap. We do have the track

distributions.

Particular region at low xg where 1T and p
dE/dx curves overlap. Use reflection in p-p.

Almost no information at negative x¢



Corrections and errors on pion yields

Binning correction ~1%

Target re-interaction <1%

Detector material interaction <1%—few %

S4 trigger correction 5-15%

Feed down correction In progress
KO, A9, ¥ decays

Pion—Muon decay small

K—pion decay small







The Harp detector: Large Acceptance,
PID Capabilities , Redundancy

R

viewer-0 (OpenGLImmediateX) ‘ _ |

Threshold gas
Cherenkov:

© identification
at large Pl

TOF:

7 identification
in the low PI
and low Pt

Drift Chambers: region

Tracking and low

Pt spectrometer IEM filter

(beam
muon |ID and

normalization)
Target-Trigger

0.7T solenoidal coill
and PID (dE/dX) 1.5 T dipole spectrometer | Tracking

at large Pt




HARP Experiment

« Beam 3-15 GeV secondaries from CERN PS
 (Collected data 2001, 2002

* Close to full acceptance

» Targets:
LH,, LD, LO, LN,
Be, C, Al, Cu, Tn, Sn, Pb

« O(10°) events per setting



o 104

Beam Particle Identification

3.0 GeV/c beam Beam Time Of Fllght (TOF)

- separate n/K/p at low energy
* over 21m flight distance

10 -

1

0 100 200

10%
104
10%

10%

SRR
" Cherenkov ADC

) d ] — time resolution 170 ps after
N TDC and ADC equalization
B — proton selection purity >98.7%

Corrected TOF ps

Beam Cherenkov:
|dentify electrons at low energy, n
at high energy, K above 12 GeV
— ~100% eff. in e-nt tagging



Forward PID: TOF Wall

Separate n/p (K/rt) at low momenta (0—4.5 GeV/c)
« 42 slabs of fast scintillator read at both ends by PMTs

3 GeV beam particles

Scintillator

—

TOF time resolution ~160 ps ol i

30 separation: w/p up to 4.5 GeV/c | m? (Gev?)

2
K/m up to 2.4 GeV/c T2 = p2 .Ktwa“ —toj _1}




Pion yield: K2K thin target

Use K2K thin target (5%A)

* To study primary p-Al interaction

5%A Al target (20mm)

i —

« To avoid absorption / secondary interactions K2K replica (650mm)
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Main Injector Particle Production Experiment (FNAL-E907)

Horizental cut plane

Time af Flight

Chambers

EM shower detector

Meutron Calorimeter

Brookhaven National Laboratory
EFI, University of Chicago
University of Colorado, Boulder,

Elmhurst College and EFI

Fermi National Accelerator Laboratory

Harvard University

lllinois Institute of Technology
University of lowa

Indiana University

Lawrence Livermore Laboratory

University of Michigan

Purdue University

University of South Carolina

University of Virginia
~50 people, 11 graduates students, 11 postdocs.




*  Particle Physics-To acquire unbiased
high statistics data with complete
particle id coverage for hadron
interactions.

- Study non-perturbative QCD hadron
dynamics, scaling laws of particle
production

- TInvestigate light meson spectroscopy,
pentaquarks, glueballs

*  Nuclear Physics

- Investigate strangeness production in
nuclei- RHIC connection

- Nuclear scaling

Target Physics Data Points Primary proton Total number
Average Intensity/spill of Primary Protons

Numi 1 MINCS 3.3 125000 2.06E+10
NUMI 2 MINCS 3.3 125000 2.06E+10
H2 Scaling 5] 9.76E+09 2.93E+15
N2 Atmosphericy 4 9.76E+09 1.95E+15
Be pA 2 9.76E+09 0.76E+14
Be Survey 1 9.76E+09 4. 88E+14
cC Survey 1 9.76E+09 4. 88E+14
Cu pA 2 9.76E+09 0.76E+14
Cu Survey 1 9.76E+09 4. 88E+14
Pb pA 2 9.76E+09 0.76E+14
Pk Survey 1 9.76E+09 4. 88E+14

Total 26.6 0.76E+15




Brookhaven Experiment 910

E910 used a spectrometer with good acceptance and particle ID
over the momentum and angular range of interest to MiniBooNE.
MPS Magnet

Cerenkov Counter \ Beam

Drift Chambers

Particle ID from dE/dx in the TPC, threshold Cerenkov, and
Time of Flight.



mb/(GeV/c)/srad

The n™ production cross section for a beam momentum of 17.6

GeV/c.

d*6/(dpdQ)

The Results
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Section 3: Outlook

Estimating impact of Hadron production

New measurements with atmospheric
neutrinos.



Estimating Hadron production
errors on Cosmic Ray fluxes
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T production at 20 GeV
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Figure 4.6: Companison of the TARGET event generator and experimental data at around 24 GeV/,
pBe— 77X (left) and pBe— 7= X (right).



Lower energy
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Figure 4.8: Companison of the TARGET event generator and experimental data at 4.2 GeV/ (left)
and 10 GeV (right), pC— 7 X.



Proposed total errors

Pions Kaons
X ag (lowedge) |.0|.1|.2|.3|4|5|6(7/8/9(/0(12[/3|4]|5|6|.7/.8|.9
<8 GeV 10% 30% 40%
8-15GeV | 30% 10% 30% 40%
15-30 GeV |30(10 5% 10% 30(20 10%
30-500 GeV |30 15% 40 30%
>500 GeV |30 15%+Energy dep. 40 30%+Energy dep.




More sophisticated combination

(1)

XLAB (|OW edge)

<8 GeV
8-15 GeV
15-30 GeV
30-500 GeV
>500 GeV
Kaons
X ag (low edge) 3(.4(.5(6.7/.8].9
<8 GeV 40%
8-15 GeV 40%
15-30 GeV 10%
30-500 GeV 30%
>500 GeV 30%+Energy dep.

Flaws: No difference pi+pi-, or K+K-
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POSSIble future atmospheric v detectors
.. WV AV

Very large water Cherenkov detector

UNO

(1 Mton) Mton class
detector at Frejus

145m

Magnetized large
tracking detector

MONOLITH,

INO (India-based Neutrino
300m Observatory, ...

13.1m




Search for non-zero 9,4

2
. . . : L
Pv,—>v,)= sin” 0., sin” 6, sin” : 27AEmZ3 (Am,,2=0 assumed)

MC, SK 20yrs

1+multi-ring, e-like,
2.5-5GeV
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Ev(GeV) cos®

> Electron appearance in the 5 — 10GeV upward going events.

From: Talk by T. Kajita, NuFact 04 (Osaka U. Aug 2004)
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$22012=0.825

s2023=0.4
s2013=0.04
dcp=45° "I"(VE)/ "PO(Ve)
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ck glance of oscillation effects

From: Talk by M. Shiozawa

Workshop on Sub Dominant
Oscillation Effects, Kashiwa
Dec 2004
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effect of ocp

cosOv =-0.4 I Scp= 45°I I 6cp=225°| cosOv =-0.4
$in’6,,=0.5, 5in’6,,=0.04

2 7 2

sin2623=0.5, sin2613=0.04
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s2023=0.5 2
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effect of &cp after vinteractions
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slightly enhance the effect by taking ratio of
Ne/Nu (not shown here)






Detector Earrs
No energy threshold arth’s surface
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Also, other detectors:
Soudan/Macro

Soudan-2 Preliminary  The main effect
happens near
horizon, just
where the L
changes

i *VERY™ rapidly

o L—-  with energy.

Soudan-2 Preliminary




