Atmospheric Neutrino Fluxes

e Historical introduction

e Sub-GeV v In three dimensions

* Multi-GeV and v-induced upward p

« Atmospheric v as background & calibration
for neutrino telescopes
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Historical context

Detection of atmospheric neutrinos

« Markov (1960) suggests Cherenkov light in deep lake or ocean to

detect atmospheric v interactions for neutrino physics

» Greisen (1960) suggests water Cherenkov detector in deep mine

as a neutrino telescope for extraterrestrial neutrinos

» First recorded events in deep mines with electronic detectors, 1965:
CWI detector (Reines et al.); KGF detector (Menon, Miyake et al.)

Two methods for calculating atmospheric neutrinos:

« From muons to parent pions infer neutrinos (Markov & Zheleznykh, 1961; Perkins)
 From primaries to &, K and p to neutrinos (Cowsik, 1965 and most later calculations)

» Essential features known since 1961: Markov & Zheleznykh, Zatsepin & Kuz’min

« Monte Carlo calculations follow second method

Stability of matter: search for proton decay, 1980’s

* IMB & Kamioka -- water Cherenkov detectors
 KGF, NUSEX, Frejus, Soudan -- iron tracking calorimeters

» Principal background is interactions of atmospheric neutrinos

* Need to calculate flux of atmospheric neutrinos
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Historical context (cont’d)

Atmospheric neutrino anomaly - 1986, 1988 ...

* IMB too few p decays (from interactions of v ) 1986

« Kamioka p-like / e-like ratio too small.

* Neutrino oscillations first explicitly suggested in 1988 Kamioka paper
« Hint of pathlength dependence from Kamioka, Fukuda et al., 1994

Discovery of atmospheric neutrino oscillations by S-K €
» Super-K: “Evidence for neutrino oscillations” at Neutriino 98

» Subsequent increasingly detailed analyses from Super-K 1998...

e Confirming evidence from MACRO and Soudan v,
* Analyses based on ratios comparing to 1D calculations Ve

Need for precise, complete, accurate, 3D calculations

 ® ~ P,/ E is large for sub-GeV neutrinos

» Bending of muons in geomagnetic field important for v from p decay

» Complicated angular/energy dependence of primaries (AMS measurement)
* Use improved primary spectrum and hadroproduction information
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Atmospheric neutrino beam

Up-down symmetric
except for geomagnetic
effects

One detector for both

— long baseline
— short baseline

1 < L/E < 10° km/GeV
v lve~2TforE, < GeV

. _ _ D. Ayres, A.K. Mann et al., 1982
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Summary of Atmospheric Neutrino Calculations

Zatsepin, Kuz’min SP JETP 14:1294(1961) Mu

Many calculations ~ 1965 --- ~1990 1D

D.H. Perkins Asp.Phys. 2: 249 (1994) Mu

Honda, Kajita, Kasahara, Midorikawa PRD 52: 4985 (1995) 1D | * | FRITIOF

Agrawal, Gaisser, Lipari, Stanev PRD 53: 1314 (1996) 1D | * | Target

Battistoni et al Asp.Phys 12:315 (2000) 3D FLUKA
Asp.Phys 19:269 (2003)

P. Lipari Asp.Phys 14:171 (2000) 3D

V. Plyaskin oD 3D GHEISHA

Tserkovnyak et al Asp.Phys 18:449 (2003) | 3D LK AHETSHA

Wentz et al PRD 67 073020 (2003) 3D VeNbe. oMb,

Liu, Derome, Buénerd PRD 67 073022 (2003) 3D

Favier, Kossalsowski, Vialle PRD 68 093006 (2003) 3D GFLUKA

Barr, Gaisser, Lipari, Robbins, Stanev PRD 70 023006 (2004) 3D Target

Honda, Kajita, Kasahara, Midorikawa PRD 64 053011 (2001) 3D | ** | DPMJET

astro-ph/0404457 to PRD

**x

* Used for analysis of Super-K data in publications before 2004; ** used now



Overview of the calculation

¢‘V~ = 71‘1;4‘1'] ‘F’ux o Cg{,p]cﬂ; @ X"TE'/A'

[Slﬁﬂﬁf = @{71,‘_ @ U—-V;.]
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uncertainty
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Primary spectrum: new standard?

Primary spectra of nucleons
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Primary spectra ot nucleons

LI "'_ AMSﬁ —e— |
—Lines: 3 fits to all-nucleon spectrum CAPRICE p I—El—l—_
| Blue: Old spectrum (AGLS, 1996) R S

Magenta: New spectrum (ICRCO1)

| Black line: all-nucleon with index -2.7 CAPRICE He == |
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Primary spectrum

e Compare 3 fits using same
event generator (Target 2.1)
— AGLS =PRD 53: 1996

— Hamburg=TGetal., ICRC e e
2001 p. 1643 used for

1.15 - Vo Hamburg flux /v, AGLS ——
CompaFISOHS v, Hamburg flux/v, AGLS ——
— 1.7xE?7 (c.g.s.) for analytic ~ "'f
estimates 05 v—\
g

L L P S T S|
B 0

10 | | - I10
Eknetc(y'
\ Note change of scale
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ra "-g‘ eV) + Air—= T+ -
Hadronic interactions | e e ==
_1:7 3_ Alla;bg :tal. 7’
°|><10 3 X E:ndytetl-al. g
* Sub-GeV v depend moston ° ot i
treatment of = production R N :
« K*dominate E,>100GeV ~ _J . e ke
 Compare 5 calculations: o Of v
— Bartol (Target-1, 2.1) iy e e
— Honda et al. (1995: Fritiof; e SR M D anna
present: Dpmjet3) Slé j sl
— Battistoni et al. (Fluka) R opmit3 )
e Uncertainties from -y
Interactions ~ +/-15% T 1
: |
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Hadronic interactions

Example: Compare original Target 1 with Target 2.1 (Target 3D): pions down, kaons up

x distribution of K*, p-air at 20 GeV
008 oo s s e o 2o o

« distribution of x*, p-air at 20 GeV

TARGET 1D -~

‘ ‘ "TARGET 1D -~
TARGET 3D TARGET 3D ]

Eichten et al. ] Eichten et al. ]

Abbott et al. <&

X|ab dN/dX|ab
X|ab dN/dX|ab

" Sva . 9.
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Xlab Xjab

x clistribution of K, p-air at 20 GeV
0.05 T T

% distribution of x, p-air at 20 GeV
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Tom Gaisser Atmospheric Neutrino Fluxes
August 20, 2004



FLUKA ——— 3}
Target-2.1 ——— :

(Gchmegw

EdN/d In(E)

(Gchmegw

 Kamioka  Dpmje® -
H

0.3 ¢

0.15 .
— Target-2.1/ -1
— 3 new calculations agree any

015 ..-,-:--'f";li':':' e,
— Interactions < 10 GeV o

Comparison (using %l .
0.4 ¢ KKM ——
035?
* New calculations lower 025 |
than old, e.g.: 2l
— Dpmijet3 / HKKM
0.5 ¢
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e Larger uncertainty at sl IF
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0.1E
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Number of Events Number of Events

Number of Events

Super-K atmospheric neutrino data (T. Kajita)
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Flavor ratio at production

* r=v,/v,atproduction
sets background for
search for effects of
solar and s;5 mixing

Peres & Smirnov, 2004

e 2> 0forr=2,0,=43°
* lsub-gev ~2.04-2.1
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Ratio of v, / v, tlux calculations
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New hadro-production data expected

g 107 = SE',;'.

» Diagram: S P I
— Lego plot shows phase ol “\\
space weighting for sub- A HE s

GeV events L Hdgl el
— Bars show existing data e I:IlEIIH o b
» New sources of data Yy i HEEE
— HARP i HITHH S
—NA49(P322) E TR 1REL1EEE

— MIPP (E907) |
| N Preus (GeV/C)
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3-dimensional effects

Characteristic 3D feature: |
— excess of v near horizon EEE EEEWMWMW
— shown in top, left panel 502 oV
— lower panels show directions g '1235105 e
of uand e o, i

— cannot see 3D effect directly: moo it 700 ek

o Horizontal excess is e A A
associated with a change in S e, e,
path_length d iStri bution From Battistoni et al., Astropart. Phys. 12 (2000) 315
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Path-length depende

« Path length shorter near Kamioka .
horizon on average in 3D s |
case 5 N
— ¢o0s(0) > 0 only, : - o M
— phase space favors nearby = i Vi
interaction scattering to large e — L
angle g | Ve : et
_ 510%(E,~0.3-1GeV) | ”\/“/
» Size of effect not yet known [ e— — pac
—  Sm2L/E: decrease L by 5% in 1 |
angular bin out of 20 | | .
— increase Sm2 by ~1% ? e Seaidol "
from M. Honda et al.,
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3D orthogonal to
S-K L/E analysis

Number of events

1 PRI B E T | —tt. FERTTT BT |

UE (km/GeV)
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i/ IHIBOTS

S-K: hep-ex/0404034
10 FC s]n?Ie-rlng 10 FC multi-ring
] Vol a 9F
o (a) oF
7 TF
6 6F
3] 5F
3 3 3
e 2 _
w1 Th s i
30 005 0 05 1
S
E10 10
2 9 9
7 7
- 6 6
3] 3]
4 4
3 3
2 2
1 i iy 1 b
0405 o0 o5 1 % s 05 1 A

Reconstructed zenith angle (cos®)

Neutrino Energy (GeV)

>30%

10%-30%

3%-10%

A
A
YA\
Giles Barr, v-2004 o

<3%

3%-10%

10%-30%

Difference between 3D and 1D calculations

10

AN

| ©
1 0

N©O 0 0 06 0 0 0 0 0 ]

~1

-

T<<"™o oo 00 000< 0
1<l ©o o0 00 0 0 0K
1N 0 0o 000000000
] O ONO O 0O O O OO OO0 0

VVVVYVYY
YyYVVVYVYY

VA A A AVA 4
VVVVYYVY
VVVVVY

0.1
-1 -0.5 0

0.5 1




Geomagnetic cutoffs & E-W effect

as a consistency check

e Picture shows:

— 20 GeV protons in
geomagnetic equatorial
plane

— arrive from West and from
near the vertical

— but not from East

e Comparison to data:

— provides consistency test

of data & analysis From cover of “Cosmic Rays” by
A.M. Hillas (1972)

Tom Gaisser Atmospheric Neutrino Fluxes
August 20, 2004




Zenlth (aegree)

Measurement of East-West effect with
atmospheric neutrinos--an important
confirmation of analysis & interpretation
of Super-K data as neutrino oscillations

v flux, 0.4<E, 6 <3GeV
-0.5<cos(0) <0.5

Cutoffs at
Super-K

X E W measured by Super-K and
Ji compared to 3 calculations
160
30 . B ey
i 140 |- - - 4_..."+
60 120 : + L L
80 5 100 [ :
5 f _
120 S 80 G
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D 60 - i — Bartol
150 § i * Lipari 3D
S 40 - C
180 i
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Azimuth (degree) ol | ! I | I !
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0 ¢
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Higher energy atmospheric v

MACRO

e

1

=2 - -
cm” s sr

7 ® Dato

 Mean E, ~ 100 GeV for v-
Induced upward p

e Note difference In normalization

6 Bartol Flux (GRV94) 3
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Analytic approximation

(E ) 2w Lo
(£,) = —_—
ﬁ 1 2. [ 1+,

V=V, +V, ZNKZ"V

+tB —m—m 2~
- gOOd for Ev > 10 GeV Bk-v , 3 Dk ‘“‘é Ey
€ K

,08? Lws=.34
= 115 GV €= $50 GeV
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High energy (e.g. v, 2 u)

vertical
.................. 60 degrees
® Importance Of u++u_ and \"u"'vu flux from pions and kaons
1 T T T T T R T T TT T T T T
kaons .
. 08 [
— main source of v -
> 100 GeV g =i
_ p 9 K+ + A L 04 )
' —->Y
Important 02 |
— Charmed analog e BT !
: 10° 10’ 10° 10° 10
Important for E, (GeV)
prompt leptons
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Importance of kaon production

Z-factors for p --» K' Ratio of v fluxes: TARGET3D / HONDA et al.
01 il T T T 2 T T T T
o E, = 1000 GeV
Target2-1 —---- 1.8
Target2-1a --------
AGLS -
PRRESAAR 16 [ 316 Gev
e 14 -
g o 100 GeV
@ 0.01 g
‘I\'_l r it
121 31.8GQev
D e s e Y
1+
08 Analytic approximations using Z-factors for Ep =10. Ev
0001 L Ll | L Ll L L 06 | | | |
10' 10 10° 10* 10° - 0.8 -06 -0.4 0.2
cosH
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e MINQOS, eftc.

* Neutrino telescopes -
* Example™ of v/ v, ,

— flavor ratio

— angular dependence .l

NEVTRINO FLUX RATrOS

\
X

| vertical |

<, ~—>> "’Lf;:._.}r. e

Calibration with ., ==
atmospheric v |

o

= IN
mﬁl }wl

10

I

ha‘rfz&mtaf
vertlical

%,

Y

70

"*Note: this is maximal effect:

horizontal = 85 - 90 deg in plots
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E, dN/dE,

Global view of atmospheric v spectrum

10°
10° F 5 Plot shows sum of "
o2 ; neutrinos + antineutrinos i Possible E-2 diffuse
astrophysical spectrum
104 | (WB bound)
10°
| Sol : :
108 | 200 Uncertainty in level
- of charm a potential
10 problem for finding
10712 | diffuse neutrinos
™ Prompt p Slope = 2.7
1077
107'%
I Slope = 3.7 —
1043 | ! | ! | . | ! |
107 10° 10° 10* 10° 10°
E, (GeV)
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Summary - oscillations

e Evidence for v oscillation uses ratios:

. 2.6 SP—— S ———
— Contained events |

* (Vs / Vi )data/ (Ve / Vi )calculated _ Ve +Ve
e upward / downward -

— Neutrino-induced upward muons
 stopping/ through-going
« vertical / horizontal

— Broad response functions minimize
dependence on slope of primary spectrum

e Uncertainties tend to cancel In | e Bartol old
O O ===~ Bartol new
comparison of ratios | e Eagtimionlafal,
) ) Honda et al. {"95)
e Observation of geomagnetic effects Haida avel. (2o
confirms experiment & interpretation S """;'Oo' """;'01'
E, (GeV)
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Summary & outlook

e Current generation of calculations is 3D but

— changes due to improved treatment of primary flux and treatment
of hadronic interactions, not primarily to 3D

— Need further refinements to see sub-dominant aspects of three
flavor oscillations in atmospheric neutrinos

— Calculate 20 < E, < 100 MeV: background for SNR neutrinos.
Only FLUKA has done this so far
 Incorporate new hadro-production results
— HARP below 15 GeV
— NA 49, MIPP ~ 100 GeV

* Uncertainty in kaon production limits accuracy of flux
above 100 GeV

o Uncertainty in charm production (prompt v) limits
sensitivity for diffuse astrophysical (> TeV) neutrinos
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