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Atmospheric Neutrinos
and the
Oscillations Bonanza

I. Beamline; Osc. Phenomenology

II. Latest Data on Atm. Neutrinos
SuperKamiokande ; Soudan 2 and MACRO

1) "In-Detector" Neutrino Interactions
2) "Below-Detector" v, Interactions
3) Vu — V1 Allowed Region in sin226, Am?

4) Can Vi = Vgierie be dominant?  (SK New)

I1I. Sub-dominant Ve < Vu?
Possibilities with terrestrial matter-induced resonance

IV. Progress with Beam Line Systematics

V. Measurements & Detectors of the Future



Planet Earth - a Splendid Neutrino Beamline!
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Neutrino Oscillations:

For three-flavor mixing among active neutrinos,

the weak eigenstates ( Ve, Vu, V1 ) are related to the
mass eigenstates according to
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Then the probability of oscillation is
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In interesting cases the oscillations decouple so that
they are approximated by a two-neutrino oscillation:
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and

with

Am? = |[m 2 - m.2| in eV2, L in km, E,in GeV.
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SuperKamiokande

| 50 kton H,O Cherenkov detector

Two concentric cylinders -

Sl
_____________

B~ INNER DETECTOR:
22.5 kton fiducial volume

11,146 20-inch PMTs
inward-looking

OUTER DETECTOR:

1,885 8-inch PMTs
outward-looking

- veto entering events,
tag exiting tracks

Rl

v flavor: p tracks yield "sharp" rings
electron tracks yield "fuzzy" rings

= CC(v,), CC(v,) discrimination

Event vertex and particle direction are determined
using PMT timing.

Momentum is determined from observed number
of photoelectrons.

Analyzed exposure:
FC + PC events: 848 days = 52 kton years

Up-thru muons: 923 days
Up-stop muons: 916 days



The MACRO Detector

: ..,.;‘E."r;:':, v Planar
% Tracking Calorimeter
(76.6m x 12m x 9.3m)

Tracking: Alternating layers of crushed rock &
streamer tube planes.

Streamer tubes - 3 cm cells, wire & 279 stereo
strip readout.
Angular Resolution < 109,

Timing: Liguid scintillation counters

3 horizontal planes & vertical walls
Resolution ~ 0.5 nsec.

Mass: ~ 5.3 kilotons
Overburden: 3150 hg/cm? - low down-going u rate.



The Soudan 2 Detector:

Slow-drift time projection chamber

Drift Tube

1 m long, 1.5 cm diam.

l

Drifting
Electrons -9 kV

.H_Annde
Wire

~.Cathode
Pad

Honeycomb lattice 7t
geometry 4
g
9.
Veto Shield g
.'f‘";::;
5‘"
ﬁ
flﬁi:.
i
el 4.3 ton Module

Mass: 963 tons
Analyzed exposure: 4.6 fid. kty



Atmospheric Neutrino Flavor Ratio

Primary cosmic ray 1

p, He,... Uncertainties:

Primary CR flux
Solar cycle, Geomagnetic effects

| Particle production in
hadronic showers

i U

wt / Absolute V flux: +20%
. However for the
e« | N flavor ratio: =+ 5%

(_Jvlk '1 \’p, (v}.l +VLL) )

Ve (Ve +Ve)
Experiments examine ?
the ratio-of-ratios: R= ( Vi/Ve JoATA =1

- ( VH/VE IMC (no osc.)

Actually they measure R':

_u-like tracks
. Single- : ( ) Single-
R'= e-like 7/ ring evts or showers/ prong evts
(m) tracks )
e-like / mc showers J yc

(SuperK) (Soudan 2)



A Decade-plus of Atm. Flavor Ratios - the Latest:
(Preliminary)

' SuperKamiokande: Water Cherenkov
52 kton - yrs.

‘Soudan 2: Iron Tracking Calorimeter
4.6 kton - yrs.
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Survival Probablhty for V,:

sin€ 28 = 1.0 AmZ = 5 X 103 el f”

E, = 250 MeV 500 MeV 1 GeV

100 GeV

z//

xxxxxxxxx




848 days = 52 kty
Zenith Angle Distributions:

Ve's - No angular distortion V“'S - "disappear" !

Dependence on ©, = L and E,,
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Zenith Angle - 10 bins:
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No overt hints for

sub-dominant V|, &> V.

including above-horizon
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Multi-GeV | -like+PC

With increasing E,,
V“-de;)letion moves to
(mostly) below-horizon.



Zenith Angle Asymmetry:

A=(U-D)/(U+ D) U: cos 6>+0.2

D: cos 6 <-0.2
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Multi-GeV u: A =-0.32 + 0.04 = 0.01

L» asymmetry approaching 8¢!
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Allowed Region: FC & PC Events

N;1 | , _ =
9 Super Kamiokande Preliminary
“E V“ >V, 848 days
<] i .
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10 - y°(Osc. Best Fit) = 55/67 d.o.f
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Track, Shower, Multiprong Events in Soudan 2:

a-c matched
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The High Resolution Sample

1) Quasi—elastics (Tracks, Showers)

P\.,c > 150 MeV/c if a recoil is measured
Or

E > 600 MeV/c if a recoil is absent

2) Multiprongs
E.. > 700 MeV

2P,:l > 450 MeV/c (improve directionality)

P > 250 MeV/c (improve flavor tag)

Resolutions
v,CC v, CC

R 20% 23%
Angle: o ]
/. D.(true) o P, (recon) 33.2 21.3

L/E:
[Log(true L/E) 0.49 0.43

- Log(recon L/E)l



Zenith Angles:
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L/E Distributions: Soudan 2 at 4.6 kty
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Preliminary

Contour
boundaries are: - L E 10"
68% CL, 90% CL, |
and 95% CL. 3 .:-=:i:';:'-:'.f:!£7_’ 10

sin226 = 0.95
Am?2 = 0.8x107 [eV?]
f, = 0.82 % MC (Bartol)

| s
1 68% CL 3 10

- = 90% CL
I A I e -5
0 0.2 04 06 0.8 1 10
sin?(20)




MACRO: vV, Event Categories:
Up Through@ InUp @

PC - Medium Energy:

(O In-Up Events |
(use scintillator T.O.F.)

(@ Up-Stop & In-Down

(define by topology,
mixture ~ 50:50)

High Energy:

@ Up-Through u's
(use scintillator T.O.F.)

Up Stop & In Down

&
I

: | (3) 1 up Through

<4 Gew @ [ Up Stop + In Down

events / years




MACRO PC Events

= 0.57+ 0.16

Obs.
MC (No Osc.)

In Up

116 Events

l....,‘.........

‘l\l\\l‘\lJ‘\\\

120

SJUIAT

-0.2

-0.4

-0.6

-0.8

= 0.71+ 0.20

Obs.
MC (No Osc.)

i

Up Stop & In Down

H

193 Events

-0.2 0

0.6 -04
-|cos 6|

-0.8



Upward Stopping and Through-going Muons:

. ofT-L
P(Vy = Vi) o sin ( . )

O
1.27-Am2\" E
h L. = 1| = — . =V
where L, ( £ ) 2.4—7Amz

Consider Am? ~ 5x10° [eV’] and E, = 40 GeV
then L, & 1.5 Earth diameters.

So, for Ey >» 40 GeV = No oscillations,
however E, = 40 GeV = oscillations.
0.6 | T Ty e T e e e e

0.5

0.4 AL
- Upward B N \

Stopping i
Muons .-

0.3

0.2 [

dFiux/dlogE (x1 0'13cm'zs'1sr'1)

01 |

ontt i L i LA L e 2 — LD e e 3 - RN W 4
1 10 10 10 10

Parent Neutrino Energy (GeV)

(stop/thru)
(stop/thru)

Data

If Vg — V., expect

< 1

MC (Null osc.)



ratio

Upward_Stop/Thru Ratio vs. Zenith:
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Super-Kamiokande (Preliminary) statistical error only 4
~ Upward Stopping Muons

0.6 — 227.5 events/902 livedays

Ave. Flux 0.40+0.03 (x1L “’Wﬁm"%“%r"“ﬁ}

o5 L Histogram:Expected fiux (Bartol-GRV94) |
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s TR sin20=1.00 , AM?>=3.5x10°
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I | | | | 1
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Upward Through-going Muons:

<Ey>,, .~ 100 GeV

Horizontal muons <
L ~ 500km = 0.04 diam.

Y 5 B LA™ B
MMWMQ‘ . 3 Rt gl B

Vertical muons <
L~ 13,000 km = 1.0 diam.

= Oscillations

For E,, > 100 GeV, oscillati 318
for u incident a away from the vertical.



Upward Through-going Muon Flux:

[Phys. Rev. Lett. 82, 2644 (1999) - 537 days]
-~ 4 i I I I ‘ [ T T ! I I f ’ I T I ‘ I T f , I I I ‘ 1 T I ‘ I T [ j I I i [ T I I
‘TE - Super-Kamiokande (Preliminary) statistical error only
P a5 .y
e "7 | 1020.6 events / 923 livedays
o - ‘
© Ave. Flux 1.70+0.05 (x10"%cm™ s 'sr™)
o :
% 3 i
x ,,
.E .
25 - ] % .
Histogram:Expected flux (Bartol-GRV94) |
05 | null oscillation 0
L e sin’26=0.77 , Am®=1.4x107
- 0=0.12 .
0 ] i | | 1 { | | E I | | ’ | i i “ | i | [ 1 i ! ‘ { H H ‘ | I i j it L i ‘ i ! i ]
-1 09 -08 -07 -06 -05 -04 -03 -02 -0.1 0

T cos® |

Vertically Horizontal
Up-goin g cats o
P-going %&Egm T = 1.70 £ 0.05
ptheory _ [1.97 £ 0.44 (BARTOL)
*no osc t1.84 + 0.41 (Honda)



Angular Distribution of Up-Through Muons:

Eu > 1 GeV, <Ey> =80 GeV

_])

P
S

-1

9 | ®* MACRO data (607 events) |

-2
cm o s Sr

gy My
-

s | N Bartol Flux (GRV94) |
- Am® = 0.0025 eV? sin®2 ¥ = 1

Faa % gy g
g,
? S S S
g S, Vg
4 BTN T

Upward throughgoing W flux (1 0"’

O 109 08 07 06 05 04 03 03 01 o

(norm. free):

Data/MC (Null Osc.) = 0.74+0.03£0.04+0.12
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stats, Sy st, theory




MACRO Allowed Region:
(Feldman-Cousins Method)

100_:_ T i ! T T I T T T I 1 T T I 3
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Best Fit:




SuperK “All Data" Allowed Region:

~ + LU+ up-through-p  + up-stop-u

é%%i&% mymﬁ (923 days) {916 days)
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Oscillation Parameters - Best Fits:
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V, € Vy with large sin?26, Am? ~ 10 - 107

What flavors are involved

- in the dominant oscillation?
- in sub-dominant oscillations?

Dominant V| — Vg?

Dominant vV, — V?

'
I

'y
S

Dominant V — Vgeriie?

Nn

V- Ve =FV2 Gr



Allowed Region from FC Single-
Ring Events:

SuperKamiokande (very preliminary)

Vu — VT
~— 3.0x103[eV?2
Am2 > 0 _ [eV“]
3
10
I,
10
VM —> vg i 3 2
- . - V
Am? < 0 1 3.1x1073[eV?]
__3
10
07 08 09 1
68 sin?26

93%1 C.L.
98% C.L.



Neutrino Oscillation Parameters in Matter:

where
- sin%20
Sin“20, = — :
sin?26 + (D - cos 20)
Lo
Lm — S 5 172 p
[Ssin226 + (D - cos 26)°]
and
2B,V
p="—""%, v =v-v
Am? L .
the effective potentials
in matter for v, and Vj.
V=0 = D=0 = No matter effects
Ve = = = o = sy @7
i/ﬁé-«»;g s ]%;:%”%if:;g {ﬁé g‘“‘sgg%’ wg«g‘l
fi B e e Y
Ty Iy ‘Y £ v -~ i
x&f m,\,m Qwﬁgfﬁg {%E ,AM%Q.W f &gf
- izﬁgg e ;,,» %’S %:.,%

For D>>1 (high neutrino energies), matter effects
will suppress Vyu — Vs but not vy — vz



Zenith Angle Distribution of PC Events
with N(p.e.) > 45,000:

E, > 5GeV, <E,>~25GeV

40 - - | T
ol

30 - == = ‘
)] 1 _ |
2 25 | 1
Q i
> _
) i
HE 20 i Vu—}VS T
S e
z 1
10 9 R | 1
: o Vp —EPV*'[:
5 Am’ = 107 eV*
sin20 =1
| I ! [ L I T B | | | | ! | !
01 08 06 04 02 0 02 04 06 08 1
cCOS6
Observe _Nup (€086 < -0.4) _ 3 50+0.12+0.01 (data)

Ngown (€0s8 > +0.4)

(0.94 + 0.04 MC, null oscillation.)



High-energy PC Events:

Up/Down Ratio vs. Am?

14

T 1 | T_|,

1.2 -

.....
L
il
LT
i
i
Frag-.
LT
......
i
i
i

-
"qi'ﬁ'!‘-*.#ﬁ':’!'!:l‘"-“‘ e Ao .‘g-_-‘i\“

V].L_;’VT

i FC Events
i Lo Lo A \L | T L

34 32 3 28 26 24 22 =2
log,, (Am?)

[(Nup/ Neown)aata = (Nup/ Ngown)mcl®
(52

. 2 _
Define ch =



Zenith Angle Distribution of Upward
Through-going Muons:

: | — "horizontal"
3.5 "vertical" « ‘
| |
a3
“ I
W ]
w25 ¥ } ,
t":.l L
E 2 VH—)VS -
N
s g b
2 14 ; |
0.5 Vu — V1 /_\mz = 10-2'5 EVZ
i sin20=1
T SR RS RS B S BRI AU R A
0-1 -09 -0.8 -0.7 -0.6 0.5 -04 -0.3 -0.2 -0.1 O
T COSH —
Observe NV (COS{:} < ‘04)

= 0.77+0.05%+0.04
Nh (cos8 > +0.4) 0.04 (data)



Regions excluded by energetic PC and
upward through-going muons:

X2 = X + %2

thru u

-2
--------- 110

Vu— Vg

Vi — Vs R 2c¢ exclusion
Am? > 0 e

U e
e
i | « 30 exclusion
T_;I_y? 10

Am? < 0 BRI

07 08 09 1

- sin220 %
&68% C.L.

99% C.L.
99% C.L.

20 exclusion
30 exclusion

R IR




Three-Flavor Mixing:

Parametrize in the
"one-dominant mass scale approximation,"
by assuming the mass spectrum

2_ 2 2
Ame= | m3 m1,2|

Up to terms of order (dm? / Am?), the parameter space
is spanned by

(AM2, Ug,, Uy, U) With US+U5L+U5=1

w3
(unitarity)
2.
Pvac(\/oc <> Vg) =4 Ug U§3'Sin2 1.27EAm L}.
\Y
What is relevant is the flavor composition of vs.
V3 = Ue3ve+UH3Vu+UﬂC3VT

The unitarity being automatically enforced by means
of a "triangular representation” for Am? fixed.
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Allowed (UZ,, U3, U,) versus Am2:

n

§ By g B e b
(Fogli et al.)

st

Am2 (eV?) SK CHOOZ  SK + CHOOZ
Ve
6.5 x 1073 /\
V; Vu

4.5 x 1073

3.0x 1073

2.0x 107

1.2 x 1073

4
\ T

e 90% C.L.

VaC

PV = Ve) = 4-U2-U2, - sinz(1:27-Am? - L

E,

<0.10



Amplification of P(v, - V.) via Matter
Resonances in the Earth:

I. MSW Resonance - can occur in
Mantle and in the Core.

May get Ve bump at the
resonance energy:

0.40

0.20 -

0.00

(UD)/(U+D)

0.20

0.40

Electron Asymmetry: Am2 = 2x103 g2 1

& B0 oy gy e oy b e e gy o SINg [ | Lo % ey
(1. Pantaleone, PRL 81, 5060 {1998}

L
ol

0.10 1.00

MSW enhancement can also cecur ir

(LBL

AT S I S T (b FEVENTE I A O
Foedpar, nep-pn/eslsds]

¥

Resonance regions
[ (Am® =.0035 eVt |

210?10t 4

sinZ26

10

10.00 100.00
Energy (GeV)



II. A different (#MSW) resonance-like enhancement
may take place for atm. V's which cross the
Earth's core (mantle-core-mantle trajectories):

(M.V. Chizhov, S.T. Petcov:
hED*th9903424) Sin229\43¢= 0.010

The Probability P {V,,, = V. 1e) 353
function of h and E/AmM? for sin? 28 = 0.01.
The NOLR absolute maximum for h = (07~ 0°%)
is clearly seen at E/Am2 - (1.3 - 1.6) x 10°
Me¥/ev:, The local maximum at

E/Am? = 2.5 % 10° MeV/ev? is due 0.5
to the MSW effect in the Earth mantel, =

o 1

X 10°

%
2 9.) E_/Am? (MeV/ev?)
>
Q
= 154
N“N
% Integrating over E,, cos9,, and
Rl detector resolution . . . matter
E resonance may be hard to observe.
LIJ:}
> 5 . .. Interesting mission for a
E V-factory at a Muon Collider.
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Near-term "targets" for experimentation:

1. Precision determination of Am? and sin?26:
sin?26 - how.close Ay
Am? =il

And othe

6. Comparison of
e.g.  N(VW/N(VL).
7. Flux correlations with the solar cycle ?



