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o - i that the neutrino is ‘“Jeft-handed,” ie., a-f=—1 s'c',;'w'
/ /ﬁ%@:‘;@ . B,. : (negative helicity).
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- Helicity of Neutrinos* i
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(Received December 11, 1957)

A COMBINED analysis of circular polarization and su""i‘ sounce

resonant scattering of - rays following orbital

electron capture measures the helicity of the neutrino. %%

We have carried out such & measurement with Eult=, N ene ™

. which decays by orbital electron capture. If we assume '

i - . . S . the most plausible spin-parity assignment for this
. isomer compatible with its decay scheme,! 0—, we find

AL

AR
AN

. Our method may be illustrated by the following

- : simple example: take a nucleus 4 (spin I=0) which

) 1/ i : decays by allowed orbital electron capture, to an
. z ({0\/ /‘5 5> <L excited state of & nucleus B(I=1), from which a v ray

4 q ﬁlé) o is emitted to the ground state of B({=0). The condi-

| %’Eﬂze"‘/

lions necessary for resonant scattering are best fulfilled e inen

. \ for those ¥ rays which are emitted opposite to the m/mmIELo
\/ })F i 'F 7’] 1 neutrino, which have an energy comparable to that of
oo the neutrino, and which are emitted before the recoil T N
encrgy is lost. Since the orbital electrons captured by a x /
nucleus are almost entirely s electrons (K, Li, - - elec- S - nen

. . B, formed when a neutrino is emitted in the Z direction,
4 K ’7‘ Y are m=—1, 0 if the neutrino has positive helicity, and
—
RICH HEr iy,

m=++1, 0 if the neutrino has negative helicicy. In i:ixc. t‘E-v ! arrang, for analyzing circular polar-
f o . Pid scatteced y-rays. Weight of Sm,0; scatterer:
either case, the helicity of the + ray emitted in the ll?so":m;m"“‘ ttered y-cays. Weight of Smy0,

(—2Z) direction is the same as that of the neutrino.

9 ':
/ WZ N ‘\/ X i - LoD trons of spin §=4), the substatesof the daughter nucleus
. S J/ , ‘5 l? o)

. Thus, a measurement of the circular “polarization of determined by Grodzins.! Thus, even in 2 solid source
g g' . . : . the v rays which are resonant-scattered by the nu- most of the v-Tay emission takes place before the -
N X f 1/ e cleus B, yields directly the helicity of the neutrino, if momentum of the recoil nucleus has changed appre-
’ ﬁ t 73‘:'/ D }'j’ F } 53 SR one assumes only the well-established conservation ciably. i ) X
. . N ST 2/'; Z‘:EO B i Jaws of momentum and angular momentum. The experimental arrengement u§ed' is shown in
. : : To carry out this measurement we have used a Tig. 1. The Eu'*™ source is inserted inside an electro-
: nucleus which appears to have the properties postulated  MA8nel, which lo altemately (every three minutes)
in the example given: oEu=(9.3 hr). It probably has mngnenze m the up or down direction. e vy rays
, s ited state of which pass through the magnet are xesonam-scattere_:d
spin 0 and odd'pnmy.. .h decays to‘an excited s from a Sm;0, scatterer (26.8% Sm'*¥), and detected in
«SmUH(1—) with emission of neutrinos which havean 2-in.X34-in. cylindrical NaI(Tl) scintillation counter.
encrgy of 840 kev in the most prominent case of Tpe photomultiplier (RCA 6342) is magnetically
K-electron capture. This is followed by an El y-ray

shielded by an iron cylinder and 2 mu-metal shield.
transition of 960 kev to the ground state (0+). The The eflectiveness of this magnetic shield was demon-

excited state has a mean life of (32£1)X 107 sec, as  surated by check experiments with 2 Cs%7 v-ray source

co
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MV2 from Tritium Beta

Decay Measurements
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INS Tokyo 91 —t——t - 13,/
o =l | g 2

LANL ©1 . S

Zurich 82 B = n f/?

China 93 = gt - 124

Livermore 95[ e n 7

Mainz %694 4 5.6

Troitsk 94 [ = 4,35
¥Troitsk 94+96~ -4 3.5

PDG (96) - - i

%) Accounting for anomaly

INS Tokvo 91 : -65+85+65 eV2 , Phys. Lett. B256, 105 (1991).
IANL 91 : 147468441 V2 , Phys. Rev. Lett. 67, 957 (1991).
Zurich 92 : -24+48+61 eV?2 , Phys. Lett. B287, 381 (1992).

China 93 : -31+75+48 eV2 , CINP 15, 261(1993).

Livemore 95 : ~130+20+15 eVZ , Phys. Rev. Lett. 75, 3237 (1995).
Mainz 95 : —22+17+14 eV2 , Neutrino 96.

Troitsk 94 : —22 +4.8 V2 Phys. Lett. B350, 263 (1995).

Troitsk 94+96 : -1 +6.3 eV2 ,Neutrino 96.

PDG (96) : —27+20 eVZ2 JAverage by Particle Data Group,
Phys. Rev. D54, 280 (1996).

476 ‘T. Ohshima and H. Kawakami
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Extended Source

Lig Nz Reservoir

Figure 14: Schematic top view of the INS 7+/2 spectrometer,

calculation was performed for Lhe latter case up to 3rd order approximation and
the tilt angles were determined Lo be 67.6° for the source and 4.2° (almost normal
incidence) for the detector [87]. The calculation was confirmed by measurements
of iso-aberration contours for three different momenta of Ap/p = 0% and £1.5%
with the use of the ®7Bi K-conversion line (975 keV). From ‘this study, a baflle
slit of Ap/p = 0.01% (FWIIM) was designed for the wide extended source and
expecled line shapes were caleulated [88],

The applicability of the non-squipotential method was lested with the use of
5 narrow °Cd strip sources, each separaled 45.5 mmn along the source plane with
the tilt angle of 67.5°. With the optimized polentials on the individual sources, 5
separated K-line (62 keV) peaks without potential (FFig.15(a)), were well unified
into one (Fig.15(b)). The dolted histogram in I"ig.15(c) is a sum of the five spectra
added by lining up their peak positions and the solid histogram is the spectrum
observed with the potentials; no appreciable difference was found. It worked quite
satisfactorily with an accuracy of 5 x 107 in momentum [89], much better than
the required precision.

The non-equipotential was formed by source electrodes and an electrode cage
surrounding the extended source as shown in Tig.16, where the exil side of Lhe
cage was kepb at the ground potential. The 500 pm wide electrodes were verbically
printed al every 45 mm interval on a surface of a high purity alumina substrale
plate with high-resistive RuO, coaling . Optimized eleclric voltage applicd on
the source electrodes exhibited an approximately parabolic distribution just as
predicted by the orbit calculation.
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Figure 20: Observed data and the best fit curves are shown for the energy region from
18.4 to 18.7 keV in the form of Kurie plots. The detection efficiency 7 was corrected for
and overlapping data were summed up in the figure. (taken from ref. [27].)
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Figure 21: Deviation of the data from the fit divided by the error on each data point,
and the relation between x2 and m?2 for the case of the fourth cell. (a) shows the best
fit case for all eight free parameters including the m2. (b) The case for the seven free
parameters with m2 fixed at (30 6V)2. (c) shows x? obtained as a function of m? for the
full fit to seven free parameters, assumning the FSS for the 3H nucleus, 3H atom, and
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Figure 9:  (a) Schematic view of the Mainz spectrometer. (b) Observed integrated
spectrum of L conversion lines of 3¥™Kr. (taken from A. Picard et al. [75])

rather than a differential spectrum, was measured in this way. The sharpness of
this discrimination (see Fig. 9(b)) determined the energy resolution, which was
given by AE = (B,/Bo)E; AE = (a few) eV was obtained by differentiating the
observed spectra of ®™Kr conversion lines. The spectrometer provided a large
solid angle of 2/4w = 40% because only the solenoidal coil is a limiting factor and
the acceptable polar angle is < 78°. The signal-to-noise ratio was 1: 1 at 30 eV
below E,.
The first result has been published in 1993 as

m3 = —39 & 34(stat.) £ 15(sys.) (eV)?, (21)

orm, < 7.2 eV with 95% C.L, and E; = (18,574.8 = 0.6) eV. A x? fit was car-
ried out by changing the lower limit (Eiw) of the fitting energy interval with five
free parameters, Ag, Ep, m2 and two parameters representing the background,
and also with four free parameters by fixing a; to be the pre-determined value of
(6.7£1.7) x 10~5 (eV)~1. A significant dependence of m?2 and Ey on Ei, was
found: m2 were distributed around —100 (eV)? with statistical uncertainty of £20
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Mainz Neutrino Mass Experiment since 1997
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NEW GUIDING MAGNETS NEW HIGH FIELD ELECTRODES

Magnetic Adiabatic Collimation + Electrostatic Filier (MAC-E-Filter)
= sharp integrating transmission function

without tails: 04

0.35 b 9 45°

AE = m.m:e:\mamx = m..Pm.&\bf =4 .8V A AE =488V

analysis 03|

0.25 |
02r
0.15 |

o4 \

e

fransmission function

The Troitsk Neutrino Mass Experiment

Gaseous T, source MAC-~E-~Filter
O
Marw i Hacoe
Bl e
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I e ) ﬂm
TpyOra MAMBTHONO NOTONA
[ In 2u
column density: 10" cm energy resolution: AE = 3.5eV
luminosity: L = 0.6cm? 3 electrode system in 1.5m

(L=a0Rn A ) diameter UHV vessel (p<10-° mbar)
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Results of 1998/1999, 2001 data

m 1998/1999 data
10F 2001 data
lower limit of fit ”
- it —= : i I 1.
" < b #aloall
Pogra,be = H ! + 1
£ 3 I t
-10f
(see poster E2) :
1835 B4 185 188

lower limit of fit interval E,. [keV]

2001

1998/1999:

1998/1999/2001:

mv)=-1.6+25+21e¥V? = m(v)<2.2eV (95%C.L)
mAv) = +0.1 +4.2 + 2.0 eV?

miv)==12222+21eV? = m(v)<2.2eV ©95%C.L)

= Mainz sensitivity limit reached, final analysis of all Mainz data soon

i=3U

Mainz data of 1998,1999

0.05F _
O.Dbmw = Mainz 98/99 data
0.04F
£ C
< 0.035F
e -
= f E,
2 0.03F 4
)
c -
=3 s L]
8 0.025} .
0.02fF 3 Easi
: , W
O.DA&W = w -1+. - ——
3 i
i A | - M
094551686 1857  1B.58
retarding energy [keVl
HSower limit of fit*

B0 [ 1901 guto, Phys. Lett. B300 (1093} 210 |
. 190 < ] 1" _
Nm ”I 1996,/90 dota, Phys. Leil. 4560 99) 219 _— Meutring 200N
of ]
% -2sf ,_
.M-e m ) P
&  -50F
£ st
~100F
—~125F
.t. i i L 1 M i " 1 i 1 m.e
18.3 18.4 18.5 18.6

lower limit of fit interval E,, [keVl

1998+1999: roughening transition
avoided by T <2 K

1998+1999: Signal/background 10 x higher
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scaling factors for next-generation experiment
2

v

experimental observable in 3-decay is m
aim : improve m, by one order of magnitude (2eV — 0.2eV)
requires : improve m; U< two orders of magnitude (4 eV? — 0.04 eV?2 )
problem : count rate close to -end point drops very fast (~SE3)

last 10 eV : 2 x 10710 /last 1 eV : 2 x 10713 of total R-activity
* improve statistics :
- stronger tritium source (factor 80) (& larger analysing plane, @=10m)
- longer measuring period (~100 days — ~1000 days)
* improve energy resolution :
- large electrostatic spectrometer with AE=1 eV (factor 4 improvement)

- reduce systematic errors :
- better control of systematics, energy losses (reduce to less than 1/10)



electrostatic spectrometers: tandem design

electrostatic pre-filtering & analysis of tritium 3-decay electrons
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Ve Mass limit from ALE PH

(M.Girone, , pAjp, 1003)
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10.7 Double B decay ags

10.6.4 Electron-capture neutrinos

Finally, a neutrino oscillation experiment has been suggested
in which a beam of monoenergetic neutrinos is formed from electron
capture in®Zn. In this case, the smearing of L/E would be caused only
by the finile souice oF detectur. ‘This experiment is of special
intercst because of indications from tritium A decay that tip =
30 eV/ct and therefore that neutiino oscillations (if they wre visible al
all) might be in the L/I7 = 0.1-1.0 m/McV range (see Section 10.8).

10.7 Double 8 decay

10.7.1 Double-B-decay rates
Nuclei exist\for which ordinary f decay is energetically for-
bidden or highly suppressed by conservation of angnlar momenium but

Table 10.2. Possible B~ transitions

| o’ecay L7in 27 \/irﬁm@v/t Ze
L&D e s ﬂ/écag, TE3

fsotopic Transition  Intermediate transition
abundance  eneigy energy (A,Z) — (A Z+ 1)
Transition A Zz (%) (MeV) (McV)
Ca-Ti 46 20  0.0033 0.985 —1.382
Ca-Ti 48 20 0.185 4.267 +0.289
Zn-Ge 70 30 0.62 1.008 —-0.653
Ge-Se 76 32 7.67 2.045 -0.923
Se-Kr 80 34 49.82 0.138 —1.871
Se-Kvr 822 M 919 3.003 -(.089
Kr-S¢ 86 36 17.37 1.240 -0.054
Zr-Mo 94 40 2.80 £.230 -0.921
Zr-Mo 96 40 1710 3.364 +0.215
Mo-Ru 1) 42 9.62 S 30M -0.335
Ru-1'd 104 44 183 1.321 —1.145
Pd-Cd 1o 46 127 2.004 -(1,.868
Cd-Sn 114 48 28.86 0.547 -1.43
Cd-Sn 116 48 7.58 2.811 —-0.517
Sn-Te 122 50 471 0.349 -1.622
Sn-Te 124 50 598 2.263 -0.653
Te-Xe 128 52 3L79 . 0.872 —1.268
Te-Xe 130 52 34.49 2.543 —0.407
Xe-Ba 134 54 1044 0.731 -1.328
Xe-Ba 136 54 8.87 2.718 -0.112
Ce-Nd 142 58 11,07 1.379 -0.777
Nd-Sm 148 60 s 1.936 -0.514
Nd-Sm 150 60 $.60 3.390 -(.036
Sm-Gd is4 62 22.61 1.260 -0.718
Gd-Dy 160 64 2175 1.782 —-0.029
U-~lu 2138 Y2 99.275 1173 -0.117

1-5¢




tL, V2" majovana V :T3¢.

0 m?a o

T
 Physics QWA‘AT,T‘LPEVS;G-«—M:—“——F—— L Cﬁﬁj .

o {,.,t Mkar';:;g' Fhmespm S .
_ o
Goy= g (e

_ 14 @)/* @,)7‘?4
- Fermi B¥%

G MQW—'#‘EI' Qr ":/

-

L+x W PMD%

: 5 2!‘0’3*%

GZ‘«V ) M&’r/

ﬂJ“‘Q tU_ AV r},{,\,
@Gmfhbu{mlj yﬁugz J;ff;rdzf%h&_ i

S r}k- I ; ) [d‘],l"_]_ A.ZD P:u.;’ég E';WV‘?L B
- @'e_zj Se |, WDM ? 17 a’:rgm’—;— 7—?) /M§ (75, %';

J (Az+2)

\ Theoretical description ...
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Pontecorvo-Maki-Nakagawa-Sakata
mixing matrix:

{mv) =, =

I-5§

DBD & Nevtrino Properties

Ph ~high Q Nuclear matrix element:
e Relevant uncertainty source {h}

v
() = 36,0, 2)M7 a;:
i

Physical mechanism

G(QS Z)M . <mv >2 Neutrine mass

+1 if CP conserved
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Isotope T2} (MeV-1) Phase Space Integral RS f *?E ® 318" m =
#Ca [4.25 £ 1.6) x 107 0.05 Exactly Calculable o B iy 1§ 3|s g_ g
6Ge 1.38 + 0.14) x 1021 0.15 2.8 X PR | )
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2 main experimental approaches:

= Active Source

028 Experdmental Situation

a [FP—

« Passive Source

s

Best 0228 results involve active source experiments

T-€%

N
Experiment Isotope T ) AN
You Ke et al. 1998 48Ca > 0.5 x 1021 (7
Kiapdor-Kilsingrothaus 2001 6Ge > 1.8 x 1025
Aalseth et al 2002 > 1.57 x 1025 <0.33-1.35
Elliott et al. 1992 828¢ > 2.7 x1022 (53‘% <5
Ejiri et al. 2001 100Mo > 5.5 x 1022 <21
Danevich et al. 2000 116Cd >7 x 1022 <2.6
Bernatowicz et al. 1993 1301128 Te* (3.52 +0.11) x 104 <1.41=-1.5
Bernatowicz et al. 1993 128Tg* > 7.7 % 1024 <1i-1.5
Mi DBD —v 2002 130Te > 2.4 x 102 <0.85-2.1
Luescher et al, 1098 136} e > 4.4 5 1023 y<1.8-5.2
Belli et al. 2001 136)e > 7 %102 =14 -4.1
De Silva et al. 1997 150N d > 1.2 x 1021 <3
Danevich et al, 2001 160Gd >1.3x 1021 < 26
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J%yﬁ”_’”‘ Heidelberg-Moscow

Max-Planck-Institut flir Kernphysik

Klapdor-Kleingrothaus HV et al, Eur, Phys. J, 12 (2001) 147

- Ofre---- - e e -
¢ 5 > e 0.06 cheVikgl 0 sst o pfoniy
Russian Science Center Kurchatov Institute i ‘é |l 0v2P | 019 chkeVikay -.,s.gr.q;r :
— e L T T T 4 B WL —— R G i
! since 1290 l ag i segivd Dl S
I Lz
| GranSasso underground laboratory J 8 |

* Five Ge diodes {overall mass 109 kg)
Isotopically enriched ( 86%) in *Ga

« Lead box and nitrogen flushing of the detectors

» Digital Pulse Shape Analysis (factor § reduction)

00 00 R o
;IMi energy [keV]
1= w e /
s | Tip">1.9x10% (90 % C.L.)

<m,> < 0.35 (0.3-1.24) eV
T —

Accurate background model:
T2 > (1.55 £ 0.01(stat) *019 . (syst)) x 1021

3/

Neutrincless Experiment with MOlibdenum Hi
or Neutrino Ettore Majorana Ohservatory

Large Collaboration: 13 groups from Europe, USA and Japan
Passive source - Spectroscopic approach
A

O»28 sensitivity:
T~10%y
<my> ~0.1eV

Detector structure: 20 sectors
1 Source:

up to 10 kg of 88 isotopes » .
(metal flim or powder glued o mylar strips)
cylindrical surface: 20 m2 x 40-60 mg/cm?

2 Tracking volume:
open octagonal drift cells (6180)
operated in Gelger mode
(7,=0.5 mm,o,=1 cm)

3 Calorimeter; o
1940 plastic scintillators coupled to low activity PMs: & ow“;'gtmisn:::::” "
FWHM(1 MeV) ~ 11-14.5 % '

Magnetic Field (30 G) + Iron Shield (20 cm) + Neutron Shield (30 cm H,0)
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Super kamiokande ve Kamiokande
Paramters Super- Kamiokande-3
Kamiokande _

Total size 41mh x 39m¢ 16mh x 19m¢
Total mass 50000t 4500t
Fiducial mass ’

supernova v 32000t 2140t

proton decay 22000t 1040t

solar v 22000t 680t
Tickness of anti- 2m 1.2m~1.5m
counter
Number of PMTs s |]//2& 947
Photosensitive 40% 20% x 1.27
coverage (light reflector)
PMT timing resoluton |2.5nsec 4nsec
@1p.e. :
Energy resolution 16%A/E10MeV 19%/VE/T0MeV
Position resolution 50cm Im
@10MeV . o
Analysis threshold 5MeV T™MeV
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= 29 PMT hits / 200nsecr
rate ~10Hz

~/ since May 29, 1997

ARG =UVY LTSI Y

= 24 PMT hits / 200nsec
raw rate ~120Hz (most of them are close 1o th s 1D wall)
w=== on-line fid. vol. cut "= 20Hz

Trigger efficiency measured by Ni(n,y)Ni source
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Ni trigger efficiency x=y=02z=0 run=5658
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1, Kume et al. / 20" diameter photomultiplier

Photocathode

2544
508y

Focusing
Electrode

Fig. 2. The construction of the 20" PMT.

dynodes of 13 stages are installed to obtain a large
photoelectron collection area as well as high current
amplification. The structure and the arrangement of (he
focusing electrodes, which strongly affect the photoelec-
tron collection efficiency and the timing property, are
carefully designed on the basis of electron trajectory
analysis, Fig. 4 shows the simulation of the electron
trajectonies from the pholocathode to the first dynode

Relative Cerenkov Spectrum
theugh Pure Waler

Relative Cerenkov Spetrum through Pure Water (%)
Quantum Efficiency [%)
&
]

5’”0 00
Wavelenghth  [nm)

L
oo 400

Fig. 3. Spectrum of Cherenkov light and measured photo-
cathode quantum efficiency.

with a voltage dilference of 800 V. Photoelectron
traced under an initial energy of 0.5 eV and em
angles of 0° and ';I; a0=,

3. The PMT characteristics

Several characteristics of the PMT and mea:
methods are discussed in this section. The folli

Pholoc

Fig. 4. Computer simulation of electron trajectories.






©

A‘fmosphe VicC ’neuthnos

Intyo dumf: o
* Pro oluc tion

- Detec b on

e Fv:mm(y Oos"m C Y@j,

S >ZG@V/”M0£0’W @e_cwy /V/E,'g;"@m‘,@m

atn-1
Rt (pnhn)—v‘?ou e ~70% 5 CNO-~ Qg Y
o - o ﬁbo\/e, . Ioa Mel///nuc/e,

- F '\’% 25 He««'%‘? LCO~KIZ abae,

e ~L6e.\/ﬁm1c/€
5‘/91 *ne;/g b"’f’\r

. O#‘LVCDﬁ/)onm)f‘ l(/e/g /’Q,

""';'ff_:ll__CA/O _". ~3 //.,_.. O’nuc/em e
BN .

| ﬁ@e\/ /7T® mm_(;lesn Bt ﬁlﬁmfﬁt/‘s{fvﬂ@

z'fwlt )\ 2 QRZJ—%\ {hfy% 9@4 ’)haﬂﬂgﬁc “W_o;%&

on ot

29



8§93 kK B o ¥ B 287

-60! —50; —40 —30. —20 —-10 0 10 20 30 40 8

T T T T T T T T T T

R (Rasgrit)

607

2L (i)

9-4 [@ AKMR K OE
Al & i RN ST IREE -
342kt N
12 K AVEACK ML A A R
KietholcHEY~6H
BT SHRME R/ i
2o T3, ‘1

#ioEB; - Huancayo.

! 1 \ ) 1 \ L I ) 1940 ~ 41 Rz RBIF DI
--60 —-50 =40 —-30 —-20 -10 O 100 20 30 40 50 60 (A1) s

Kinetic Energy per Nucleon (GeV)

m

<
(o] o
- -

( A®D JSlOQS w) 1ed ajoiued

sity (%)

intel

|

|
—
w
in

1]

|
o2
=]
on

ERERIMEIGY)  1sf] 25 3
— ot

p-meson’ intensity (%)

| S TN T TN NN TR YO Y. U TN SN WU NS NN S5O NN N N NN S N NN TN TN S A S N 1

1938 1910 1942 1944 1946 1948 1930 1952 195 1956 1958 1960 1962 1964 1986 £
9-5 1 AKSEW &I LTl - Fetilisianmy & OREREI2IZ 3 Y- 2 4 QAL SERND b
- TR 1938~1951 oiyjiizxtL Cix Godhavn, Cheltenham, Christchurch, Huan-
cayo K235t 3 ¢ PRIFHE OWIMLDOTBEL X THS. 1953~1964 12 {3£HIZ neutron
monitor RFEMLIZOTEDF—2OMHE 1) Mt Washington, 2) Climax, 3)
8k, 4) Huancayo OFRRETFLTHS. 5) % Deep River DK% neutron monitor
ILEBLDTHS.

40

Calculation of Low-Energy Atmospheric Neutrino Fluxes
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Chapter 3

Ballan Observations

This chapter describes four balloon observations, BESS-'97, 98, 799 and 2000,
which have been successfully carried out.

3.1 Performance of the Balloon Flights

The BESS scientific balloon flights were carried out in northern Canada from
Lynn Lake({56°48'N,101°25’W), the geomagnetic cutoff rigidity is 0.4 GV),
Manitoba to near Peace River((56°15'N,117°18'W)), Alberta in summer of
’97 98, '99 and 2000. Table 3.1 gives summaries of the four flights, and the
trajectories of the balloons in each year are shown in Figure 3.1.

Figure 3.1: Flight trajectories for BESS-'97, '98, '99 and 2000 together with
for BESS-'93, '94 and °93.

[
o

T T T T T T T [ T T T T

v

Pressure (g/em”)

—
=
w
T

——
S|

-
(=4
g

Data acquisition time

[
<>

T 1‘||||||
et
Ll

\ Lo b | 'UNE A R [

1 L] Tllllllllllll 1 lI 1 T
—~40
£
235 /_"'_“""#\_\_\
= / ~
= 30 /
Z2

!

{

wn

— e B
S W Q@
B 1111111T|'|TIT|'|T1T|'ITI'I|IIII|l‘|‘ll|||||||||

peleana b besaaton b L

i
piv v by o o by e e b e s ey oy e Loy

25 30 35 40 45
(hour)

th
=

Figure 3.2: The altitude and pressure data during the BESS 97 flight.

60



. 4\ . Lot 36. Plots of cross sections and relaled quantities 193

N vglt,;\g pe taLeV Zia IS
. hgdw R -
‘ T E w7
A/Mclwy V\Jrem&nm
e :;.:"‘—" vm/?a‘f /oooo%m e !

N o T, 10~ 1 10 02 100 10 10° 10® 10 10® 10

L - . I 1 L LLRAL I T T T 11Tl T LSRR 1] IR LLERRL | S
S 19 2 10 10° 10° 10*
/nwl@a)’ |n{‘€YC\,C,+rM f) 'M)C /7 7) /D/Z' ’!i:l/i . Center of mass energy (GeV)

—'rrnmrrrrrnm]—r‘rTmn] |||um| ||mm] uu||n]—‘r‘l‘lTl'lTI[_'l‘|'l‘rml—l‘|'l'l'l1Tr|_lTﬂ1Tﬂ

‘-~-_L

S _4o></o‘3>( 10702 x 4x10% oo -

. ’_“"“""L,/-'""""_

Mdm‘f'm ’Cn;/ﬁf"'a# a/r f., 35 73—/0»1

\) 29B

Cross section (mb)

. 0! 1 10 102 10° 100 100 10 1w 10° 10°
- Laboratory beam momentum (GeV/c)

the Figure 36.18:  Total and clastic crass sections for pp and Pp collisions as a function of Jaboratory beam momentum and total center-of-mass

energy. Computer-readable data files may be found at http://pdg.1bl.gov/xsect/contents.htal (Courtesy of the COMPAS Group, IHEP,
Protvino, Russia, 1996.)



atm-/

RN ! | i

TIRIR NI Es R nansn

5] wng

= - L i

SRR N BERGEE AN b

“___,mn._u_ ._.__
_‘ b B
_____.m__ ___ _M__ _Lp__hl_r‘._vx@\mﬁ
4 : ______.T.M_.,Tz.m
._ | | _.__";.aztz._.%
e ad e e e e e i
18Nt =
SIREREAT S Raa e
___M\/h_____ﬁ 1] o i
EE TRl AT I AWML e R
RN IR SRR
Bl pateRlE> Bl
Loy by deate g L 8 12
"ofr_@pw .5 Bl
T LS £
__m_"_"..m_mr‘rm B il
FEERIEEEE 12
ERT N ERAEY S
SASRIRRIRG
RN R NN
+_

__h._

‘A|s1eaedas umoys are _u pue 4 ag=108iw 10j [ZE'TE] BIvp HE=]981e) JOJ UMOUS 3JE S[9POJA “I3fonu Way s

suojoxd wmusWOw /A0 (7~ JO suonorisiur ul peonpoid suoid padieys jo (¥up pjup) WNUWOW [EUOHORIY JO SUORNQINSIT *C "Dl

Jda/v3

x X
g0 30 0 g0 0 L g0 90 ¥'0 ¢ 0

LA s 0 T T L L T B 0
= 20 = — &0
“ H §
— o |— T Fo M
L s [y W
- i JiR
L L i B
— 90 - -+ 90
@ WHYH :s100 i WHXH 15100
H NEuseg W] | NE Ysed
== SO UsiH 80 (— SS9 1SIH 80
= u ' = L
L pa Loy 1 Logogicbop g (SR i | i I I S B R Le g g by L

‘[o£] vostredwon sy Supfewl pue sn
0] soualagel sy o Sunuiod 10§ sunped M ' 01 [yeieis 2w 3 Me

‘{67] soumnau A9 ~ JO uononpoid 10} ATIoU? URIpIU 3y
SL UOTYM *I/ARD pZ—6] SBURI 21 Ul BIUSTIOLW UIBSq 10} 218
[ze'1€] eep 9sey], ¢ “BLy ur (wnififisq) fo[ond 1ySi U0 eyep
s pareduiod §I S[SPOL UONOBIZIUT 32111 341 Ul uononpord

e e e ssmnm ] man asesis srmmsrs  smesS e C e A A



| \) Ev. 4’fnf20
&Tm’lg v . @'U-j\ ' ZG} |
7 Bv L T @ ) B =h
&: , Lo A S C /

@%A - Eu- wa
)2, e, En | L . 7'[/“.9 3/ %_% ) é/zl/ﬁz
" ‘ Lﬁlpg\'?" —2—} /)_L:'-“/:F“ —f
/
6= P, 0 FV‘W:-V+ )5?))'005(9
By sinG = P sin@®, ‘ .
Ev 0sQ, + Pucas®, = P - _ = Ev( Ft ¥6 COS@): }EV(H-QCOS(%)
VCOS t i cos ) A y ‘ _ |
Ev: Bt B - iy = YBEy + R0 =L)(HB+ & cs®)

= FEy( B‘f‘wj‘@')
a"bﬂ)(\/(‘f'm@ 'f' r?m@ >

Q-VOD.S&/ 'Px, P cas @- : - }Ev JL"H»S@'} + {l— 7')5”’1(9

- 5[zt T8 5 g

T 2 / N
5“(9, = P? Sin° & P = EvSmG ,P_-—

7:

P = B 2Eomep R —g
o) . © /r" | Wf Y en \ My
: 9 B T (7:— B ’) @—ZEz,byf/-,) R Y IS my 5 (E/(,’“/D@ .
2 ' . - y
CO N = m-2kck, +26mm0p, - R
A - . i EXO2 Thh) ;o N
28 (Ea-huous) = nnE t T
2 .2
M -, = P —Ma
E}) = o 2 B 2 = Er o Mt
2 (Fx - Prwe®) | — [ %— EU"'%



OLYLM—Z/

M-z ety o Vi

etk gﬂ S 1=

A% F

:j‘ll%f; - ‘Pll*&r

Ve et -

\) K e*@sFeo‘f‘VwM d ﬂ U’ (e ”maﬂ Eme;oc

A_.\_.

; / L Ffac’/"}'m

OKU/Q

atw-22
Thus, ISIS represents a v-source with identical intensities for v, i, ¢

cally (®, = 6.37 - 10'® v/s per {lavor for p-beam current I, = 200 uA,
the v's are well defined due to the decay at rest of both the 7+ and p’

2
~
. <l
=
’
(]
pWw s

0 100 200 -300
' Time {1

v = Flux [rel. Units ]

2 L e e e e e

v - Energy [MeV ] Time {}
Fig. 1. Neutrino energy spectra (a) and production times (b)

n*—decay are monoenergetic (E,=30 MeV), the continous-energy dist
to 2.8 MeV can be calculated using the V-A theory. Since 7+ and p*
beam dump target, the v production region is essentially limited to ¢
to the proton beam and 410 ¢cm along the beam axis. With a mean di
L = 17.6 m and including the spatial resolution of the detector, the un
flight path is less than 1%. ISIS therefore ensures that the important
L and E, for v-oscillations are determined with high precision.

Two parabolic proton pulses of 100 ns basis width and a gap of 2%
repetition frequency of 50 Hz (fig. 1b). The different lifetimes of pio:
(1 =2.2 yis) allow a clear separation in time of the v,-burst from th
Furthermore the accelerator duty cycle allows effective suppression ¢

" background by four to five orders of magnitude.

2. The KARMEN Detector
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114 CHAPTER 7. MONTE CARLO SIMULATION 3 7.2, NEUTRINO INTERACTION i15
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Figure 7.1: Differential cross section do/dg? for v, +n — p~ -+ p interaction. Solid line is our 0.2 -"
calculation and points show experimental data from BNL bubble chamber experiment [102]. 0 T e T e TP TS T T T T P T T T T R T T T T T T
__16F (b) E
| T 14
crogs sectlons: g 1.2 E’- _;
olvp—=vp) = 0.153 xo(vn—ep) (7.7) 3 1 ';_ E
olip~p) = 0218 x a(Fp —e*n) (7.8) g gg E j
alvn—wm) = 15%o(vp— vp) (7.9) . 04 B + E
olpn—on) = 1.0 olip = op) (7.10) 02k 3
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These numerical factors are taken from Ref. [108, 109]. 0 1 2. g & 5 & T '8 8 10
7.2.3 Single meson productions via baryon resonances (v +N — [(v) + N' + E, (GeV)
meson) )

Figure 7.2: Cross section for (a) v, +n — p~ + p interaction and (b) ¥y +p — g +n
interaction. Solid lines show our caleulation and points show experimental data from ANL
12’ [103], Gargamelle [104, 105], BNL 7’ [106] bubble chambers and a spark chamber experiment
at Serpukhov [107].

The single-meson productions via resonances are the dominant hadron production processes in
the region where the invariant mass of the hadron system (W) is less than about 2.0 GeV/c2.

We simulate the single-meson productions via resonances based on Rein and Sehgal's the-
ory [110]. The Rein & Sehgal’s theory was originally developed for single-pion productions, but
we extended their methods in order to include 5 and K meson productions,

In this theory, single-meson production is considered in 2 steps:

Resonance prodoction v+ N =)+ N°
Resonance decay N* 3N + 7y, K)

S¢
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72. NEUTRINO INTERACTION 123
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BC-wBB78 & CCFRR&4
* SKAT

o/E, (10%cm? GeV™)
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10 20

Figure 7.8: Cross sections for CC inclusive interactions on iso-scalar target for (8) v, + N —
p~+ X ,and (b) Dy + N =+ pt + X. Solid lines are the sum of the croes sections of all
interaction modes deecribed in the text, and dashed lines show = 10% scaled lines. Points show
experimental data from CCFR [132], CDHSW (133), Gargamelle {134, 135], CHARM [136],
BNL (137], CRS [138}, BEBC-WWB [139], [HEP-JINR  [140], IHEP-ITEP [141], CCFRR {142],
SKAT [143).

Fig. 7.8 shows the total cross section as a function of neutrino energy compared with experi-
mental data. The total cross section is calculated as 0(Q.E.) +o(Single meson) +o(coherent x) +
o(DIS). The experimental data are the cross sections of the inclusive neutrino and antineutrino
interactions vy (P,) + N = u* + X taken from Ref. [132, 133, 134, 135, 136, 137, 138, 139, 140,
141, 142, 143).

7.2.6 Fermi motion of a nucleon

A nucleon bound in a nucleus has a non-zero momentum (Fermi momentum). We use the Fermi
momentum distribution in 180 which was estimated from electron scattering experiment on 12C
target [144), taking into account that 4 nucleons (2 protons and 2 neutrons) are in the 1S state
and the other 12 nucleons are in the 1P state. The distributions of the Fermi momentum are
shown in Figure 7.9.
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How to detect atmospheric neutrinos
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Contained event analysis

Fully Contained (FC) Partially Contained (PC
$ T
eorp
No hit in Outer Detector One cluster in OQuter Detector
Reduction

I

Automatic ring fitter
Particle ID
Energy reconstruction

Fiducial volume (>2m from wall, 22 ktons)
E, > 30 MeV (FC), > 3000 p.e. (~350 MeV) (PC)

o
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SVt B LS &

700 MeV muon (Monte Carlo)

4023 photoelectrons, 1553 hité

500 MeV electron (Monte Carlo)
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Data / Monte Carlo
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armyK=-22

/'\ 5ﬁ‘u'hl/
V V. O V > Viliile ? T
Using MSW effect and enriched NC sample
' No matter effect
Ve - With matter effect
Neutrino oscillation in matter:

v\ = £ €9SOm sin6,, \ /v, }
Vg - sin6,, cos6,, J\ v,

. sin?20
sin?20, =
" (C—c0s26)2+sin220
{ =2 Ggn E, | Am?
For sin220=-1 sin%20,, ~ ,,1
2+ 1

And for E, = 30~100 GeV =» { »1 and
sin?20,, <1

Suppression !
Strateqgy: PP

Obtained allowed region using lower
energy events (Fully contained sample)

Then,

Test zenith angle of NC enriched events,
high energy PC and through-going
muon events.

aMiE=23

Zenith angle of high energy PC events |

zenith angle distribution of high E (E__>5GeV) PC events (1id4days)

- 1 1 | I 1 ] 1 1 | B = 45000 'e'_
SI:— ! —: E:*" -~ 5 E‘VI

: J T ] <E>=~25 GeV
4D—V "—)V I -

number ofse\rents
T
L1 i1 1 E I i 11 1

{ — v 1 Am?= 3 x107eV*
Wk~ e _____. F—)a\!'. _- ) i .
oo H sin<26 = 1

Zenith angle of upward-going muon
zenith angle distribution of upward thromgh going i events (1138days)

4

E—TF T ~F & ¢ T+ 09 T 1%
- v ]
= Vs =
o S e A 1—
Am’=3x10"
s sin’26=1 I 7
o 3
Bt .
Fhs -
" 5
L 3
g E
(=]
1

1 sin226 =1

&
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zenith angle dist. of t-like events

=TT EG

x
—~ o =
h i )
= 7}
o~ ® > @ ©
T T = '
. © O - (@)} --"‘{-ﬁ C")
SBo 5 o BLES
SF g ©,;,5236
o L g 220907
=1 < R I
L3 +T"_ e = U‘Jvl _fi_?
Z 0 + e © o N T
3 < o) - i D
TR o 2 £ © gl{w
= ” (7] -l-'z_o
¢ 5 § gE®fL
® - —
Z = &) @ ? @
.k
i T &
y 2
g8 T .
: (=
Il E
+ 1s
hgb \DNE‘ e
g W e
— [=] & ]
[ - T
§ Qs\o 1
= o, #a I
:—[;\]—6 o) 200 3
g -
I ©) 3 N3
\ m
e 17
| T i ' | -
g $ & 8 & & g 8 °

SIUBA3 JO JBQUINU

c0s@®

il

aTeyK- 27

Three-Flavor Analysis

(1) =Coim)Ce)

Assuming m,>» m,,m,

Oscillation can be expressed by

2 .2
Am? (=mi-m ), Uess Uu:“ -:3 (=1-Ug— U

U (Maki-Nakagawa-Sakata Matrix) =

—
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S -

51_; —smﬁg. Cij=C0S6jj

0,;=0 pure v v,

0,,= pure v «v,




WITIR™ 37

MIME=JQ

uoibas pepnioxe s, ZO0HD YIM Jus)sisuod

€49 UO JWI| S,ZOOHD 0} 8s0|d Buieb

"Ae?A 8iNd *AexA Bing "AelA 3ing
L__80 90 ¥0__ZO 0 o g0 vo €0 _ZO kO 0
opnoXe 10 %06 3auaA0Tvd 1 |V
i 9pNIIXe 19 %06 ZOOHD |
m "T'D %66 HS 1
‘ : TO%0BNS — |
2 St 1]} R ————— 1 Dl
Y - e aitne W oo
J ] 3, TERE 1 3,
__\ | _— L — S \ 4 =,
I SE—— ] o I e B o
| 5 e -
3 ok 3 P |
| 388 i C
] 1 1 1 0L e = ] i 1 m. (118

SUOIJB[I2SO JOAB|}-C BAI}OR 10} UoiBal Pamoljy

UIUNK ® ZOOZOUINSN  Z00Z-ABl

(zA9¢-0 L xE=7WIV 10})

(s109) p99) € ~'3

(eppue) Ae9 g ~'3 je suaddey asueuosal |

LB

£lg 0J8ZUOU

12

(A29) £ <'3) ABiaua ybiy @ 109je 1onew ajqissod ‘19AMOH
(A®D1L>"3) ABiaus mo| @ N0 pajjadued Si XN|} °A JO 1994 UCHE|[I9SO

(p/i~) €29 “(920°0>F19;uis) €19 ‘(2w —F =)Wy ‘sisjewesed ¢

(3rwv.LZ L)uis x

(FMWvLZ L) uls X (829Z),uls X

(FMuvLE L)zuls X

£29;500 X (S'gZ)euis = (°AeA)d
€9,800 = (*AeTA)gd

fZgauls X (SheZ)auis = ("AeCA)d

WPIUNW © goozoulInaN  Z00Z-Aew

‘SE paquosap 2Je WNNoeA Ul SUOHEJjI29So ounau

HEIV >3 ZA® (+01)0 > 175 WV =2y
7A@ (¢-01)0 ~ “=, iy =2,y Bujwinsse

siSAJeU. UOIJE||IOSO JOAB]} § OAROY



otmSk-32

Triangular plot for three flavor analysis
ref.: Fogli, Lisi, Marrone and Scioscia,

Phys. Rev. D59, 33001(1998); hep-ph/9904465.
V3= UggVe + UV, + UV,

Ve

3
iJz
e3
Ve v,
Unitarity is automatically satisfied by
the triangular representation.

2 2 2
UeS + U;LB + U'r3 =1

For example maximal pure v,—v, oscillation
(U 3.-U1:3_1/2) is v,

73

ATmSK=33

Allowed region for each Am?
(Fogli et al., hep-ph/9904465)

Am?(eV?) CHOOZ — SK+CHOOZ

A
/\/\

4.5x103
allowed excluded 3”0W9d
oo X /N
2.0x1073 /\
1.2x10°3 A\ /\
~ ' s

90% C.L. — 99% C.L.



RIMY K= ¥

East/West effect of
atmospheric neutrinos

Trajectory of cosmic-rays in earth magnet

Low Energy Test Particle(P )

Suppress primary cosmic
_ Rays for this direction
P > 50 GeV

Zenith angle of arrival direction

. ] i 1 -
oio' 80" T 120° 180 240" T 300"  3s0’
s Azimuth angle of arrival direction

|
Coming from east west

(going to west)

74

East/West effect data from SK

aTRMEK =33

Azimuth angle distribution

160 160
140 | 140 |
120 120 |

-
o
(S
-1
S
LA B

number of events
Co
(=]
3

number of events
S
I

60 Honda et al. flux

40 _ 40 _ ------- Bartol flux

=¥ e-like | *F u-like

€ 0 1::’2 :I: an/2 2n g 0 1&2 :: 3:::/2 2n
Goingto W ¢ E W ¢ E

Event selection criteria
-0.5 < cosb <0.5
400 MeV/c < p < 3000 MeV/c
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WYY, T G.TMBT"J

(p/e )Data 5
R(= (ow ) measured by experiments The Soudan 2 Detector:
L8 T T T T Y R e T T T Slow-drift time projection chamber
- s & Drift Tube
= [ - b 8 1 m long, 1.5 cm diam.
s G O E = i
o FT | 23 3 2 ; cathode e,
= : o = : Prons Anode
- R 4 1211 A ¥
= - : ] Drifting - _ Wire
il t ] } { } : Elecorons -erkv ;
0205 | bt :
C X.Cathode
[ ] Pad
[ NUSEX Frejus Kamiokande IMB SK  Soudan 2
0 T N T T T O P TN | Lo, Py 7 J Corrugated
| . Steel Sheet Drift
Tubes
experiment kt-yr|ev # |[R(data/MC) \—Bandoller
NUSEX 0.74 50(0.96 +0.32/-0.28
Honeycomb lattice
Frejus 2.0| 200(1.00%0.15%0.08 geometry
Kam sub-GeV 7.7 48210.60 +0.06/-0.05+0.05
Kam multi-GeV| 8.2| 233|0.57 +0.08/-0.07%0.07 Veto Shield
IMB 7.7 61010.54%+0.05+0.11 :
SK sub-GeV 52.3|5134(p.68+0.02+0.05 L |
SK multi-GeV 52.3|1 2122 |p0.68+0.04+0.08 (€ 4.3 ton Module
Soudan 2 4.6| 220|0.68%0.11%0.06

Mass: 963 tons
'7 6 Analyzed exposure: 4.6 fid. kty




Track, Shower, Multiprong Events in Soudan 2:

473

a-c matched
I

640

522

—

b

= =

* "3«3_;’;

e

% et 8 e
oo

Soudan 2

.anode vs time

545
iy
599 Xj -
e
[
521 . :
949 Z (cm)
470 a-c matched

403

979

th & Zenith plots

Azimu

2

Soudan 2

1 5 |
. |
/A [ |
} @ |
! i i 13
g | = E
et | H > |J ]
! I % .
o | < i
pe—t e E : i
I;cn: _‘I, 5 !- 17
\ 1
= 1= 1",
:ﬂd -:{"} l[t
‘“""g.’l [ 1 @
A 1 7
O @ L 1= = 2
e = ] 15 = l T
LA pt
"\ ....... ' e Lttt | o
_ poswseryy, gegauene
i L %
. r “ eSSy — —_—
lE L e e e e
i
!
7] —— I 18 B
el i ]
]
H i
4 | g
@) ] | |
2 18 J 18
4 i) o4
£ a8 i
O : ? =
o g
5 a3
c ls ] g
| | ] ~f
- 48 | g
B i Iy e e L
‘_‘; e a 'In’ [=3 '_l g O

wIMOT- 5

21

Maury Goodman, Neutrino 2002
*Other Atmospheric v Experimenis®
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W Atfgr ™ 7

o MACRO detector

0.768 £ 0.098
0.681 +0.096

lowres t/s 0.807 £0.278
lowres m 0.826 + 0.224

hires

Soudan 2 Data sets, 5.90 kt years

%

EE— (In Gvan Sasso )
i
: g
4 E . [‘r EE: ;: u-:?!
2| AT
[
P | g
Fa - l gg‘i
ammRD e £3
= zg
§§ Tracking calorimeter: 76.6m x 12m x 9.3 m
23 -
o8 Tracking: Streamer tubes with 3cm cells, wire
and 27 deg. stereo strip readout.
8885 .
SSas Angular resolution < 1 deg.
+ H H H
0O e v =
SX T2 e ; R
SSas Timing for directionality:
2 g Liquid scintillation counters
° gbt . 3 horizontal planes and vertical walls
- o Timing resolution 0.5 nsec.
E IR IR RS S

Total Mass: ~5.3 kilotons

v b's



T MV |

MACRO v event topology

(R samicon tined cown i
.:4_ 1) upth mughgoing

?Jﬂn!mntlhsd upi

o

events/year

(5]
T

’/3) <E >=4 GeV T up Through
T y "7 Up Stop + In Down

\ e

@ <E, >=80 1GeV

Parent neutrino energy

a

Macro High Energy Events

79

2=(),0025 e 1-, sin26=1

L‘——Am

0.2

0.4

cos @

aTmey= 7

24
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K2k-2

K2K Experiment

@ Accelerator: 12 GeV proton synchrotron
beam intensity: 6 X 102 protons/pulse
repetition: 1 pulse /2.2 sec
pulse width: 1.1 usec (9 bunches)

< Front (near) detector: 300m from the target

‘@ Far detector (Super-Kamiokande): 250 km from the
target

£2

Number of neutrinos / cm?

Number of neutrinos / ecm?

Neutrino flux at Front Detector (KEK)
Tl
L e
E T
[ ‘-,_L\ u
o |
10"k | 52
e g
e o =T, i L
e _":::_"  TH v 2
H 1 \..._____L i L
L ]
Fr t
0 ¥ "L:!T‘-;..
E =,

E, (GeV)

Nentrine {lux at Super-Kamiokande
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K2K
Magnetic horn system

Maximum current; 250 kA

Neutrino flux: intensified by a factor of 14

~——————{ Magnetic Horn system \} "

(for Long Baseline Meutrino Osclliation Experiment)

2nd Magnetic Horn

1st Magnetic Horn o S = = e o

[ i e IR
e ! Be = el
1=25kA Zmeec) =
[=20DkA Qmec)
105m D) :

< {{ L o 2{m)

' e 7]
»,

Design * Optical Higher v-flux
* Mechanical Maxwell stress
* Electrical R, L

(" ' istHorn 2nd Horn )
Length (mmj 2400 2650
Outer Diam.  (mm) 620 1520
Inner conducter (mm) 3 3
Outer conducter (mm) 10 10
Material AB061-T6 A6061-T6

g & T651 v,

R e o

£¢

Horn Magnet / Target system

12-Ga¥ Proton Beam

K2K

Ly



The Global Positioning System
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Front detector

Ground level

Lead
Muon Chamber Glass
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l'\-l;R"'f[ KELZE— 1~

A neutrino event in the 1 kton

A candidate for a two-pronge neutrino
water Cherenkov detector e

i s
Shown here is a Cherenkov ring produced by a muon BYEHS Vl—‘ i WP
which was created by a v, interacted in the water

tank. Upper right corner shows that there was no K2K Fine-Grained Detector

activity in the anticounter. Run 1032 Spill 10176 TRGID 1

88 51213 63 @
Nvix O

Top View

Side View

I



KLK=fS

K2K

Goal of the experiment

10° protons on target in 3 ~ 4 years

(All our plots and tables are normalized to this

number) -

Detector

Fiducial mass

Vg CC 63208
Quasi-elastic 21969 -
single-T 18812
multi-n 21031
v, NC 22530
single—n® 4642
v, total 85744

Fine grained
water 4tons

Integrated flux 2.6 X 10'%/cm?

water 21 tons

2.4 % 1012/cm?

325526
114216
97283
106784

116226

24006

441710

1 kt water Cherenkov ~ Super-Kamiokande
water 22.5 ktons

1.84 X 10%/cm?
(before cuts)

281

93
;. 19
103

99
20

381

E, Distribution at Super-Kamiokande for

the case of v, — v,

K2K

R

(E, is calculated assuming quasi-elastic scattering)

Events H07°POT

Evenis /16°°POT

ey ba
Mo
h © Ly

bas ]
-,
=

ALEEHAN [FT¥]

NC

Events /10°°POT

2, (Gev)

No oscillation

ATEERAN

2 oy E“ (Ge¥)
sin“20=1, Am*=0.0035

Events 10°°POT

by
A

E, distribution (22.5ki-FC,1ring -like)

A

sin’208=1, Am’=0.01

sin’20=1, Am’=0.

| Iy

i 5

By (Ge?)

2, (Ge¥)
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1.3x10°3 < Am? <3.0x103eV?

Atm. 90% CL
sin?20> 0.9

1.5~3.9x10%V?

@ sin*26=1

1| K2K 90%CL

0

sin

© 90%
— 5%

Comparison of K2K-I result and
new result of atmospheric neutrinos in SK-I
10 5 570.203040506070809 1
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SK is back ! Updated SK events in K2K-I1

FC K2K-II Preliminary FC 22.5kt
‘§'m -pddi-bob 2( 2008}
I)’//
[ Vi
Eig
Irﬁ/
50 V"/
N N
-500 250 0 )
MT)lls E 114,
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i 3 10 F 7]
f s K9 probalility = §43%
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The CNO cycle
L
P = 2xn

\

p+IZC__>I3N +y

e T 22kev Luwinssity
~7 o8 4 Mel/ L3 cFo’x/Df’ f”erfﬁec

B \TV 1. MeV R eavih ﬁV/J)?L /S‘//D*
foo& 0)3/’77 ’\/25/14@[/_.... D

e T

3
PN=PCaiet +v,

p+'3C—>MN +y
i —
p+”N—>150+ y

v

15
O0— N +e* + v,

~4x10™

-_

31&&@6## i
Shiadsd TSI rmwceQ L

Y

p+15N—>]2C+a p+lSN—>160+ y

p+90—"F 4y o
(I) ) l/‘/onD &?‘a‘b c. Q?ua // b Vl (/tm_ ;. B

7o 17
"p— O+e* +v,

Y

p+'70—=""N + a

) D\cv% C/mj‘er Vm‘\m, o
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Lt o
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John N. Bahcall and Roger K. Ulrich: Solar neutrinos and helioseismology

tsh 2=

. TABLE Il. Fractional abund of heavy el

0.020

Element Number fraction Number fraction Number fraction

(Grevesse, 1984) (Aler, 1986) {(Ross-Aller, 1976)
C 0.29661 0.27983 0.30279
N 0.05918 0.05846 0.08326
(o) 0.49226 0.49761 0.50249
Ne 0.06056 0.06869 0.02699
Na 0.00129 0.00125 0.00138
Mg 0.02302 0.02552 0.02892
Al 0.00179 0.00198 . 0.00241
Si 0.02149 0.02672 " 0.03244
0.00017 0.00018 0.00023
) 0.00982 0.01040 0.01151
Cl 0.00019 0.00019 0.00023
Ar 0.00230 0.00227 0.00073
Ca 0.00139 0.00134 0.00163
Ti 0.00006 0.00007 0.00008
Cr 0.00028 0.00035 0.00037
'Mn 0.00017 0.00016 0.00019
Fe 0.02833 0.02382 0.02207
Ni 0.00108 0.00114 0.00138

Total 1.000 1.000 1.000

TABLE II1. Rosseland mean opacilies (cm?g~").

Here E —X =10-%,

o/(T6)* 2818E-2 3.981E-2 5.623E-2 2.818E2 3.981E-2 5.623E-2 2.818E-2 3.981E-2 5.623E-2 2.818E-

Té

2 3.981E-2 $.623E-2

1.000 4.659E.1 5.802E.1 7.116E.1 &4.407€+1 5.557E+1 6.892E+1 4.BB6E+1 6.085E+1 7.4635»1 4.609E.1 5.813E+1 7.208E+1
1.218 4.122E.1 5.16BE+] 6.421E«1 3.823E.} 4.850E.1 6.075E+1 4.326E+1 5.424E+} 6.738E¢1 4.002E»1 S.078E.1 6.359E.1
1.483 13.931E.1 4.931E.1 6.083E.1 3.592E¢1 4.528E+1 5.6B1E¢1l 4.136E+1 5.188B+1 6.399E+1 3.772B41 4.7522+1 S5.963E+1
1.807 3.2622.1 4.050E.+1 5.009E+1 2.989E.1 3.694E.1 4.555E.1 3.434Es] 4.267E+1 $.200E¢1 3.140E+1 3.B83E+1 4.791E.1
2.200 2.728E.1 3.286E+1 3.889E.1 2.464E:l 3.004E.1 3,588E+1 2.879E.1 3.470B.1 4.1098.1 2.595E+1 3.167E.1 3.786E:1
2.680 1.921E.1 2.2014E-1 2.496E.1 1.760E:1 2.048E«1 2.3358:1 2.030E+1 2.342B¢1 2.641E+1 1.859E+1°2.164E+1 2.468E.1
3.264 1.267E+1 1.433E+1 1.606E-1 1.160E+1 1.326E¢1 1.494E+l 1.340B+1 1.515E+1 1.698E.1 1.226E+1 1.402E+1 1.579E.1
3.975, 8.107B+0 9.145E+0 1.036€.1 7.404E,0 8.393E+0 9.451E+0 8.553E+0 9.644E+0 1.092E+1 7.B814E.O 8.855£.0 9.966E+0
4.841 5.236E.0 5.9408.0 6.731E.0 4.703E.0 $.35BE:Q 6.115E+0 5.502E.0 6.238E+0 7.062E+0 4.947E.0 S.633E.0 6.422E+0
5.896 1.527E.0 4.017E+0 4.597E.0 3.137E.0 3.5B4E+0 4.118E.0 3.687E.0 4.1978.0 4.7988.0 3.284E+0 3.749E+Q 4.3038+0
7.181 2.52BE.0 2.895E.0 3.341E.0 2.205E.0 2.553E.0 2.957E.0 2.6272+0 3.008E+0 3.468E¢Q 2.295E+0 2.655E.0 3.074E.0
8.746 1.941E,0 2.240E+0 2.604E+0 1.680E+0 1.952E.0 2.279E.0 2.007E+0 2.315E+0 2.6892.0 1.739E+0 2.020E-0 2.356R+0
10.652 1.620E.0 1.875E+0 2.192E+0 1.197E.0 1.624E+0 1.910E+0 1.668E+0 1,930E,0 2.256E+0 1.440E+0 1.674E+0 1.968E.0
12.973 1.434E.0 1.666E+0 1.938E.0 1.237E,0 1.434E+0 1.672E+0 1.4732+0 1.712E+0 1.991E+0 1.272E+0 1.4755.0 1.720E.0
15.800 1.306E+Q 1.484E+0 1.719E£40 1.122E.0 1.285E+0 1.474E,0 1.340E.0 1.523E+0 1.762E:0 1.153E+0 1.321E.0 1.514E.0
19.243 1.130E.0 1.285E.0 1.429E,0 9.754E-1 1.086E+0 1.242E.0 1.156E.0 1.313E+0 1.459E+0 1.000E+0 1.114E.Q 1.270E.0
23.436 9.526E-1 1.053E.0 1.176E.0 8.0776-1 B.932E-1 1.000£:0 9.707E-} 1

X=0.7300, 2:0.0195

%0.3500, 2-0.0195

.Q72E+0 1.1968+0

X+0.71300, 2-0.0208

8.246E-1 9.111E-1 1.0198.0

Xs0.3500, 2.0.0208

Rev. Mod. Phys., Vol. 60, No. 2, April 1988
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4.3 Some characteristics of the standard model
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effective temperature has increased by 3%.

Mass Fractions vs. (R/Ro)

0.71

400

X3(R)/X3(0) vs. (R/Ro)

X3(R)/X3(0)

4 8
(R/Ro)

FIG.7: Mass fractions as a function of radius: (a) logarithm of
the hydrogen and helium mass fractions as a function of posi-
iton in the sun; (b) dependence of the He abundance upon posi-
tion. The figures shown here illustrate the values obtained for
the standard solar model described in Sec. V.B and Table X.

Rev. Mod. Phys., Vol. 60, No. 2, April 1988
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distribution in the standard solar model. peratire
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Iben (1967,1974) and Demarque & Guenther (1991) summarize in comprehensive presentations
the evolution of solar parameters in models that were calculated prior to the inclusion of element
diffusion in solar evolutionary codes. These discussions did not encounter the problem of semi-
convection discussed here in § 3.3 because this phenomenon is caused by effects of diffusion near

the base of the convective zone.

The solar radius and luminosity (or equivalently, the solar effective temperature and luminos-
ity) constitute precise constraints on the possible geological histaries of the earth. We quantify
these constraints in the following subsection and specify upper limits to the allowed discrepancies

from the standard solar model profile of solar luminosity versus age.

1.2 T T v T T LI A T M T
115 | Solar radius vs age .-'_'
11 o -
1.06 - -
S |
Y o .
0.95 | ..-"'.'.' -
09| today |
r T
2 L " i s 1 1 2 1 2 )l A ] A
0'850 1 2 3 4 6 8 k4 a8

Solar Age/ (10° yr)

Fig. 1.— The calculated radius, Rg(t), as a function of age for the standard solar model, Bahcall-
Pinsonneanlt (2000). The solar age is measured in units of 10° yr. The present age of the sun,
4.57 x 10° years, is indicated by an arrow in Figure 1. The radius increascs from 0.87Rg at the
2ero age main sequence 1o 1.0Rg at the present epoch and 1.18Rg at a solar age of 8 billion years.
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Fig. 2.— The normalized solar luminosity, L (t)/Le(today) versus solar age for the Standard solar
model (solid curve) and for three ‘deficient’ solar models: the No Diffusion model (dotted curve),
the S34 = 0 model (short dashes), and the Mixed model (long dashes). The luminosity evolution
of the sun is essentially the same in all solar models we have investigated, including deficient solar
models. The rms deviation of the deviant models from the standard solar model luminosity is only
1% over the history of the sun from the zero-age main sequence to the current epoch (see text for
more detaile). The product Lg(t) x Rg(t) =" varies by +4% over the entire period from the zero
age main sequence to a solar age of 8 billion years, while the solar luminosity itself varies by slightly
more than a factor of two during this period. In the period between 4 billion years to 8 billion
years, the relation Lg(t) oc Rp(t)? is satisfied to +1/2%. The solar luminosity has increased by
48% from the zero main sequence to the present epoch. The present age of the sun is indicated by
an arrow at 4.59 x 10° years.

risen monotonically from a zero-age value of 0.677Lg .

The time evolution of the solar luminosity is robust. We also show in Figure 2 the solar
luminosity as a function of time for the three most deficient solar models that are described in
the following section, § 4. The rms difference between the standard luminosity and the luminosity
of the deviant models is 1.6% for the mixed model (1.2% ignoring the first Gyr), 0.7% for the no
diffusion model (0.5% ignoring the first Gyr), and 0.9% for the S34 = 0 model (0.8% ignoring the

first Gyr). The largest deviations accur for the zero-age main sequence models and are 2.5% for

1o/

sol-17

-15-

~~~~~~~
-
.-

08|

-

08 |- Energy generation fractions vs age -

04 - -

L{sourca,t)/L4(today)

3 4 5
Solar Age/ (10° yr)

Fig. 3.— The fraction in the Standard model of the solar luminosity produced by different nuclear
fusion reactions versus solar age. The luminosity generated by the p — p nuclear fusion branch
that is terminated by the 3He-3He reaction is marked by a dashed curve in the figure and the
luminosity produced by the p — p branches that proceed through the 3He-*He reaction is denoted
by a dot-dashed curve. The luminosity generation by the CNO cycle is indicated by a solid line.
The unit of luminoeity is the present-day total solar luminosity. At the present epoch, the p — p
+ 3He-*He reactions produce 87.8% of the solar luminosity and the branches terminating through
the 3He-4He reaction generate 10.7% of the solar luminosity. The CNO cycle produces 1.5% of the
present-epoch luminosity.

8.2. Energy fractions

Figure 3 shows, for the Standard model, the cnergy generated by different nuclear fusion
reactions as a function of solar age. The present-day total solar luminosity, Lg(today), is the unit

of luminosity in Figure 3.

The branch of the p — p chain that is denoted in Figure 3 by p — p + 3He-*He (the dashed
curve) proceeds primarily through the reactions p(p, et ve)2H(p, v)3He(*He, 2p)*He. For simplic-
ity, we include all p — p reactions in this sum but do not show explicitly the pep reactions in

the above acheme. The small encrgy contribution due to pep reactions is included in the calcu-
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gradient is nearly constant in time, the equations of stellar structure imply that the quantity
KPL/MT* will be approximately constant at the base of the convective zone. From Figure 6, we
see that both the opacity and the temperature decrease slowly at the base of the convective zone.
Solar models therefore compensate for the increase of the luminosity by the decrease of the pressure

at the boundary between radiative and convective equilibrium.

8.4. Central values of Temperature, Density, and Pressure

Figure 7 shows the time dependence of the central values for the temperature, density, and
pressure of the Standard solar model. The results are normalized to the computed values for the

present epoch.

2.5 v T v ¥ v L MR v T T T

Central Tp,P, and X vs age 2

Quantity,(t)/Quantity (today)

3 4 ]
Solar Age/ (10° yr)

Fig. 7.— The temporal evolution of the central temperature, density, pressure, and hydrogen
mass fraction. The figure shows the computed values for the Standard solar model of the central
temperature (solid line), pressure (dot-dash line), density (dash line), and hydrogen mass fraction
(dotted line).

Over the 8 billion years shown in Figure 7, the central temperature increases by about 39%.
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Fig. 10.— The pp, "Be, 5B, and **N neutrino fluxes as a function of solar age. The figure shows
the Standard model ratios of the fluxes divided by their values at 4.57 x 10 yr. The pp flux is
represented by a solid line, the "Be flux by a line of long dashes, the 3B flux by short dashes, and
the 13N flux by a dotted line.

The "Be and ®B neutrino fluxes increase monotonically and by larger amounts than the PP
flux. Both the "Be and the B fluxes begin with very low fluxes relative to their current values,
14% and 3%, respectively, of their intensities at 4.57 x 107 yr. At a solar age of 8 billion ycars, the
Be neutrino flux is 2.6 times larger than it is today and the ®B neutrino flux is 7.1 times larger
than today. At the current epoch, the 7Be flux is increasing by about 5% per billion years and

the 8B flux is increasing faster, about 120% per billion years.

The N neutrino flux has the most intercsting time dependence. In the first 10® y on the
main sequence, the 1*N flux is much larger than its corrent value because 2C has not yet been
burned to the equilibrium value appropriate for the CNO cycle. The reaction *2C(p, v)N occurs
relatively often in this early stage of solar evalution and the neutrino flux from 13N beta-decay has
a peak value of about 11 times its current flux. The minimum 3N flux, 33% of its present value, is

attained at a solar age of 1.8 billion years. Thereafter, the 13N flux increascs steadily as the central
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SAGE Experiment Overview
SB _
A 8o ﬂGa-i-v-h- LGese- /2 -
| R -_—  a;m-
A pp ey
m -
’ /2 -
g,
" Electron
) T o
Neutrino Ga Q=2332keV
Ko T =1148days
v2
Expose to Solar v i
Sensitivity:
SN, 1 Tige st in
(39.6% 71Ga) 5x10%  Gaatoms
Before 1996 Hxtraction
~Every 31 Days (-1 Day) =
Beginning in 19986 -
~Every 46 Days Ge
{8-5 Months)
Location: Baksan Neutrino
Observatory
Mount
Caucasus Mountains,
Russia
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SAGE Extraction Chemistry

(SAGE III)

Add Ge carrier (=700 ug Ge)
to 50 tons of Ga

Extract Ge with (H,0,+HCI) aqueous
solution (double step procedure)

Separate Ge from the Ga solution
by distillation

Sweep out GeCl, from the acidified
condensate

Trap Ge in small amount (~1 I) of H,0O

Extract GeCl, into CCl,

Back extract GeCl, into 50 cm®
low tritinm H,0

Synthesize GeH, (germane gas)

Fill counter with GeH, (~20%)
and Xe (~80%)

Metallic Ga is in
liquid form

Oxidize < 0.1% Ga
Dissolve Ge in HCI
Check Ga concentration

Check Ge concentration
by atomic absorption

Check Ge conceniration
by atomic absorption

Check Ge concentration
by velame measurement

S0r= %/

3

$Or~y2
GALLEX ] s
80 L lo T T T T T T T T T
6o o &
L o o -1
FB_‘ o GGE mg go o ©
Bal gl =0 . S
2 g%' o 8 0 oo o O o o
S R o &%® ‘;0 2 o il 3
t‘: b d'oaoo %0 oo ° Lo £ o ]
s 40 | o o o 8 .
% ‘e F o © 00 0 o"
Dos o o o2 o 9,0 @ -
= [) o o L+] da m.. .. .
s o © °
g >3 %
’g 20 8 'Té 2
= L T< T (Ge) (16:49d)
0 1 1 L 1
Q 2 4 6 8 10 12 14
Energy [keV]
80 18 o 01 T T T 1 T T T T T
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Energy [keV]
Figure 1

a Rise time versus energy for all unvetoed events observed in GALLEX I solar runs during

the first 16,49 live days of counting, taken onwards from the start ol counting of each run,
respectively (16.49 days is one mean life of 7'Ge). s

As above, but for the last 16.49 live days of counting taken backwards from the end of
counting for each run, respectively.

Solid dots mark counts within the L- or K- energy and rise time windows, open dots mark
counts outside the windows. The population of solid dots defines no sharp window

boundaries since counts come from many similar, yet not identical windows. Enrichments in

L- and K- windows of (a) are apparent. No significant differences Emand (b)are seen
outside the windows. This is quantified in table 2.
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238 LN, Abdurashitov et al. / Physics Letters B 328 (T1994) 234-248
22y e T T T T
21 Fe Source
“ = Ge Source
2.0~ -

I/Risetime
&
T

e 80 '
_ \) L Peak

40

Counis

K Peak

N

1000 1500

2000

Energy (Channel Number)
Fig. 1. Calibration spectrum using externs! *Fe and intemai "Ge sources,

backgraund channels in 60 t of Ga metal show that:

(1% As the laboratory is lined with low-hackground
concrete, the external neutron background is low and
has been measuredto be (4.56 4+ 1.62) X 10~ fast neu-
twons/cin*/d { 21]. The (n, p) cross sections on the Ga
isotopes arc sniall and s results in a production rate
of less than 0.001 "' Ge atoms/d

(11} The -bECKgfI‘\lIIH from anternil radioactivity is
mainly determined by the cancentrations of 17, Th. and
#*Ra in the Ga. These cancentrations have been imess-
ured {22} (0 be less than 3,0X10°'° gm U/gm Ga,

4210 " gm Th/gm Ga and less than 1.0X 10~16
gm #Ra/gm Ga. These himits, combined with meas-
ared vields of *'Ge from alpha particles [16], indicate

that less than 0.015 'Ge atoms/d are produced.

(iif) The measured muon flux in the undergroun
laboratory [23] is (2.23+0.07) X 10~° muon/cin/s
corresponding to a depth of 4715 mwe. With this flux
the production rates of the Ge isotopes from cosmic a
muons have been caleulated [24] to be 0.007 "'Ge
0.020 **Ge, and 0.013 ®*Ge atoms/d.

Thus, the total background production rate of 1| Ge
activities from all sources (if all sources were at the
neasured limits) has been determined (o be less thar
L% (ke 1.3 SNU) of the SSM production rate.

3. Extraction history

The experiment began operation in May 1988 when
puritication of the 30 ¢ of Ga commenced. Long-lived

1
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Seattle, TAUP 2003

completed 58 solar runs 1713 days
still counting 5 solar runs (30 days)
blanks 12

GNO (31/08/2003) 629+ 5.4 2.5 SNU

(L 68.+9. K 60.%7.)
GALLEX 77.5+ 6.2 3, ,SNU
GALLEX+GNO 693+ 4.1+3.6 SNU

Further minor improvements expected ina short time ( analysis of counter calibration data... )

Enrico Bellotti - Universita' Milano Bicocea & INFN Milano

né
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1 &

1
o E

L]
2
1

Capture

2
1

| H

sumssinmnine] L-peak - 65.8 +6.6/-6.3 SNU
With Weight Factors

K-peak - 71.5 +5.8/-5.6 SNU

Overall - 69.1 +4.3/-4.2 SNU

l

w4 All runs combined
- T - :

-
-

mo 1991 1992

1993 1994 1995 1995 19’97 1993 1999 2000 Zﬂm 2002 2@3
Mean extraction time
e e o e e e ey

SystemafiC eyroy *3 8 B swu

= overa(l
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E.C.
50 51, 51‘ 7 =
Cl" (ll, Y) Cl" e P + V T (p=27.706d
2774 (746 keV) o _ I

% N2 43| keV
(.86,

51 keV (90.14.%)

N, + GeCly |
e=3

.h-—-d = " .
(gthann inaturaI iGaI[BX
[barn] o %
)
[ i‘f.»—j

a% .2 C'Cr)| 150 | 435 | 386 inS (o

oL SRS 5TG,
B0q Cr 30 burn-up < 1%

LYV ¢ 2
| Cr | 0.76 | 838 | 60.7
\ ./ ier 182 | 05 | 0¥
€r | 036 | 285 | <038
17

751 keV
(90.14%)

320keV ?{E 4= 320 keV

51
=V
Fig. 1. Characteristics of the decay of 3! Cr. The "751 keV" linc combines
the 746 and 751 keV lines and the “431 LeV" line combines the 426 and

431 keV lines.

GaCl, . .
+ Enriched Cyr -Z
HCI )
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Solar ¥V ’measuremeid b;z kaniokande and SK.
\)9 »Ve  scaflering.

Erg = =T eV = 671{)/ é?B 34 hiy VY Theq
,fqdvawiuge, . _
B : _'f '}re;}_ﬁ fﬁm_-e. e,xpev:‘méi-:f'
A
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So/=33
A Typical low-energy event
* Timing information vertex position
* Ring pattern direction
« number of hit PMTs energy
*N%L%Per#ﬁa miokcmie k.3
RUN 4 4201 .
EVENTH# 1154571 |
DATE 97-Jun- 8 ]
TIME 4:58:28 i
TOT PE: 137.1 !
MAX PE: 7.8 f
HNMHIT : 103 |
ANT-PE: 14.3 i
ANT-MX: s [
MMHITA 25
&
e@t 1154571
: t

Detect solar neutrinos by
Vv+e "V +e

scattering
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ve scattering kinematics

ve —ve scafttering

v e Vv V

do _

d

ZGFm

T: kmetlc energy of recoil electron
g,= (£1/2 + sin?%0,) forv_and v

] (o)
gr= Sin%6,

e.g. do/dT for 10 MeV neutrino

[QL"'QR“ TIE,)- ngRmeT/E ]

- S N T A A A I R T | T
S10} V€ g
NE K
03_— .
#D i ]
- 6| -
X k ]
af
L R T -
0' [Pl TN i I

12]

o f- §F

ve scattering kinematics

8B solar neutrino spectrum

ok
oz -
=
0.08 [

E

0.05f-

A(g) per MeV

0.04 [~

o0z [

V. spectrum ]
B from 8B decay -

i
s
Neljirino energy, g Qv

|
8 10 i1 12 13 14
1

15 MeV

Total cross section for 8B neutrinos

L] L} ' T
8B total cross sections

oV, ) =67

- Ve-€: solid 3
-1 vy-e: dashed 3
5L ! et W 3 L O v Vi
5 10 .18
5 Trnin 10 15
Energy threshold(MeV)




Recoil electron energy spectrum

025

0.1

P(T) per MeV

SSM predlctlon

S I A L T L

spectral shape

Recoil spectrum -
B neutrinos

-l
y

ve-c: solid ]
vu-e: dashed

1|1Lr!1]1]| lIl [

i 2 3 4 5 6 Y 8' 8 10 11 12’13 14

57 (in MeV) 10 MeV
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X (cm)

2016/

MONTE CARLO
Te = 10 MeV
20 events
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The Sun by Neutrinograph
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So/-63 So’~gg

Direction to the Sun l ;%5
May 31, 1996 - July 13, 2001 ] ‘g
1496 days ® ?%%
P —— e | +w | . fiat
5 SK-1 1496day 5.0-20MeV 22.5kt L] o 1 8
5 {retminary) E, = 5.0 - 20 MeV & oG
= | w5 e I
& o 18
@ 5 !
i 88 18
( ' e O L G R S e el b e e —
| 22385 solar v events = ?’,L: i
EL (14.5 events/day) g O ; IR
0-1 T ..-6.5.. T i 6 " T A_O.:.s.._.t__ ....=,,1 -_ -E _d:—__—_-_-------- _____!____________E
cos6 = : 1e
cose,,, . 18
8B flux : 2.35 + 0.02 + 0.08 [x 10° /cm?/sec] 1o
___________________ o
Data +0.016 L .
Ssm(BP2000) — 0-465 +0.005 g g45 1 2
-08
(BP2000: 5.05 x 108 /cm?/sec) 1 &
(using Ortiz et al. spectrum shape(nucl-ex/0003006)) | o é




Yearly Variation of SK Rate

Seasonal Dependence of v Flux
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sol-££

LINAC calibration

| Precise calibration of absolute energy scale,
energy resolution, and angular resolution
using electron LINAC.

LINAC

D1 MAGNET

D2 MAGNET

ENDCAP

__1 1300 em

BEAM PIPE |

4000 cm

0.1mm thick Ti window

e Beam energy: 5 ~ 16 MeV/c

* Beam e'nergy spread: < 0.5 % ;
* Data taking at 9 typical positions in SK
determmed by Ge detector

e Beam ener
(<20 keg)'

12§

accuracy)
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Enerqgy spectrum of LINAC calibration

+ Data
Boo E&lll[tlllllllllllii]illl— BOOD :—||J}||II|I||||__
600 [ 16.09 MeV = 600 ;_ 6.7¢ MGE
400 —; 400 = =
200 = = 200 =
a-nrir!+|11| siliins e D:Ii | T IR I
[} 5 10 15 20 25 1] ] 10 15
energy {(MeV) energy (MeV)
qe0g BT IO 1 LI ALY . O |
750 :2 5.84 MeV.
soo 500
250 250
0! 1]
1] 5 10 is 20 25 o § 10 18
energy (MeV}
‘m ;_I T 17 I T L] I T
750 439M£V-
500 £ 3
%0 = 3
3 0 E W e L M
[ 4 5 10 15 20 25 0 ] 10 15
energy (MeV) energy (MeV)
1000 =
750 8.67 MeV
500 F
250 E
1]

5 i0 15 20 25

energy (MeV)

Energy scale and
calibrated.

resolution are precisely

Systematic error of the absolute energy

scale is 0.64 %.

so/~ gy

Error in energy scale or resolution ?

LINAC calibration

Energy resolution

04 i
F sxpodi=h i :I:-jizﬂn
S oo08; Sinaice g 015k yisdizl,
© - vr=Hass+i2 3 a«r:-ﬁx;ﬂiz
0.06 - v X=+122=20 : E:;' zz=_}'
D £ O x=-liz=+i2 0.1 & x=:fz g=_j2 -
=. 0.04f e |
i
% 0.02f ] '[}.{]5;l — .'— ] |
T ; - - — — s = ¥ = ]

O op3§ § & 5 OM1%‘fiig 2 i #
P : z-] 11[ % i ?pl ; lT =
g " ~3% =P 0.0 T i c =2 5%

-0.04" g
aeer DDB; N -0.1 -
-0.06f
-0.08 -0.1
t ' o ‘*20 /o
=g g 101277 76 m\ VT T 0 iz _14 14 16 8
Energy (MeV) “ nergy (MeV)

Resolution tail ?

LINAC 10.78 MeV data

To explain the raise

g F LEERESY B e Al Sk a REE AR BRI Re g | |""|'-"ﬂ
m : .‘ﬁ". L
'06 : E‘K". wﬂ'm + Data
5 - L8 ll/l
E r [C] il
7.:31035- gﬂm Ea!_l [I 5 c
E .EF | Data and MC agree
] | down to 2 orders of i
102 » | magnitudes |
I SN T/ B R P o 1>
Energy (MeV)

The raise is not due to wrong calibration.

126



So/~§Y So/~ 70
[ ] - i 1 6 2 2
16N calibration | N calibration data
i 35000 + Dalo ' 10000 |-
0000 & =~ Fit to Measured half life 3
TA34/-003sec 1 3
| . [~
E =142 MeV 1500 | 1 sl
i IﬁO(}:l.p)mN 10000 £ 4
: 2000 [
E Zm PP | Pl 1 1-....r.. 1 . Iy
; 15720 25 30 35 40 45 5(
: H w | [ : Time since FKire (sec
.'f E ::—/‘_ _fnn i"._ IﬁN ; —_ 1
Jr:- g Jil ) E"’I T -‘. e -
. f i % - g - s a . ‘. " S
_ r K ez Azimuthal angle 3
E 001 f
=] -
< e e L o
~10¢ n /pulse s
M ~1% of n creates 16N =~ :'z N T
# 15N decay is precisely known. s R R e S
66.2% 6.129MeVy + 4.29MeVp gg“‘“’i'”_""'
28.0% 10.419 MeV B, and etc. A 2:‘“25 “enith angle :
H = 0.01 =
Data taken at various positions §§ . ] —————— 1t 4 0.5%
in the detector. T e -
} Uniform direction comple- absk :
mentary to LINAC calibration. s RO e,
-1 08 06 -04 -02 0 0.2 0.4 0.6 0.8 |
cos(Zenith Angle)




v2002 data

1.01%£0.13

(BP2000.2)

= Homestake o 0.34£0.03

« SAGE "Ga 0.55+0.05

= GALLEX+GNO "'Ga 0.55+0.05

= Super-K e (water) 0.465%0.016

- SNO CC d (D20) 0.349=%0.020

- SNO NC d (D20) 1.01 = 0.13

76 *13 SNU 10 Hie SN
— 0.550.08 i I

2.56 £0.23

|
1

0.35%0.02
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8B vs. 'Be flux compared
with standard solar models
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Astrophysical solution has difficulty to explain solar
neutrino problem

Hata and Langacker (Neutrino 98) :
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Oscillation parameters based on flux of Homestake,

GALLEX, SAGE.SK and SNO
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Oscillation probability for each solution

solar neutrino spectrum

\\y@fﬁﬁ*é BEE
107 B3
103? | ,15
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o5 | _~"1Small Mixing
o — —
3o |
A o5 F T ——~_____ 1Large Mixing
Y e E—1 i
2 ; —— Night
R BE—— -
W “foE, (MeV)

|Spectral shape and Day/mght analysis ‘

L‘ Model independent test of v oscillation’ ‘
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17.8m dia. PMT suppa
structure, 9456PMTs,
56% coverage

12.01m dia. acrylic
vessel

1700t inner
shielding H,0

5300t outer
shielding H,0
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® 5MeV energy threshold
B Energy scale uncertainty 1.2%

® Energy resolution 14% at 10MeV
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v Reactions in SNO

-Good measurement of v, energy spectrum
~-Weak directional sensitivity « 1-1/3cos(0)

= v, only.

- Equal cross section for all v types

- Measure total ®B v flux from the
sun.

-Low Statistics
-Mainly sensitive to v, , some sensitivity tov, and v,

-Strong directional sehsitlvity

A
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Neutron Capture Efficiency & Uncertainties

Response vs Radius The Pure 020 Phase Dataset
Capture Efficiency N ]
* 3 » Livetime: 306.4 days (November 2, 1999 =# May 27, 2001)
Total 26.90 +/- 1.10 % E : Day: 128.5 days Night: 177.9 days
With threshold " : » Energy Threshold: 5 MeV Kinetic
2 fiducial cut 14-38+/-0.53 % | '

» Fiducial Volume Cut: 550 cm

» Total Number of Elxzfents after cuts: 2928 .
Neutron Bkg 78%;; Cherenkov Bkg 457},

Flux ANC/NC
Uncertainty |_40.43.6%
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Shape Constrained Signal
Extraction Results

#EVENTS

141

Solose-3/

% The latest results

Nov.2,1999~May.28,2001
total: 306.4days, 2928events

nucl-ex/0204008

=
:-5' i
ﬁ ®
= )
S s
S |
3 |
& | ES: 263.6 *22eevents ,;-Ti
% = I‘" | * | : .
‘rr e o/
= : 1]?1' J? *‘l“*i‘": #smf', AL
— \ g
40i_{ 1967 7. -609 evenﬂ B, YO P |
20 NC + bked neutrons - |
0= SSRGS — i - )
-1.0 0.5 0.0 0.5 1.0
COS0.,.,
NC: 576.5 *#22 events
* [x10%/cm¥/s]

occ = 1.76 7398 (stat.)£0.09(syst.)
ds = 2.3910-22 (stat.)+0.12(syst.)

one = 5.0919 ;’fg (stat.) ¥3:28 (syst.)
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The Salt Phase Neutral Current Detectors

- B
e (B,

»Higher n-capture efficiency »Event by event separation
»Higher event light output

»Event isotropy differs from e-
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Neutron Capture Efficiency in SNO

Advantages of NaCl for Neutron Detection

» Higher capture cross section neg 4 ;
» Higher energy release - F : : s
3 S
* Many gammas ey cr gy )
£ —=— Salt phase
{F-] E
3= ® CC Electrons = === Du0) phase
}; s | ."'. . N.eutronsfn pure 0,0 o=44b
A : * 4 # Heutrans in salty 0,0 0 0005 b ﬁch.n i St - A -‘.-*
o - - o=0u,. Ll TR
zfp o . 8.6 MeV {2
i 2H+n
FOSE—— 1] ¥ Y]
1 PR ST ST VN KON SO VO W OSSN S S S T W A S Y
Sty 100 200 300 400 500
e v Radial Position of 252Cf Source, cm
3H e &
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Cherenkov light and B,,

B,, Distributions for SNO Salt Data

Charged particle, Hollow cone of
v>c/n _’ emitted photons
8 Energy &

Direction

N

3 N=1
&=NEN—1)§£1°°’R"

N
3 %(9 + 2000826;; -+ 35c0540;;)

Data from July 28,

a
2001 to Oct 10,2002 | £ # -
254.2 live days gm |
3055 candidate e
events: E“’“

1339.6 *%¢ . CC

1344.2 *98  NC

e o & 8 B

170.3 *39 ,  ES

16
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Sun-angle distributions _ Energy spectra
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Toward sun Away from sun Electron kinetic energy
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1.59*0-08(stat)*0-05(syst)

= 2.21}034(stat) +0.10 (syst)

1.70 + 0.07(stat.)*-% (syst.)

= 2.13*)25(stat.)*)-13(syst.)

= 4.90 + 0.24 (stat.)*0 2 (syst.)
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Stlesc=3"7

Day/Night Effect

Earth density: p=5g/cm? (averagé), 13(at core)
Affect to oscillations for Am2= 106 - 10 eV?

regeneration
through the earth

SK

o TR J 1%
& P /
b < g%
N A 10%
| o\ 80%
° | (Night-Day)
7} (Night+Day)/2
g e

slight negative
day/night effect

0.5,
Iog(sln 29]

}

Selesc- 3%

Day/Night analysis (S'k)

< 0.55
7
w
3 |
2 i
0O 05k
SN
i t =
0.45 -
04 =
Day Night |
e e
= g’ cosf, .

Day: 733 effective days
2.32 + 0.03 +0.07 [x108/cm?/s]

f(®B) =

Night:

763 effective days
f(°B) =

2.37 £ 0.03 + 0.03 [x10%/cm?/$]

N-D

(N+D)/2

147

= 0.021 £ 0.020(stat.) + 2.9

13 (sys.)
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—— — Solar neutrino MC . ]
T e— e Observed solar neutrino events ]
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TR T ;
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1-1--4'_!_'_-—-— E
- P ]

e = 3
e e

y 35— _

(efficiency corrected) 5

$  /stat2+ uncor. sys.?

--------- correlated sys. err. :

— 5.0-20.0MeV best-fit +

B i .::.e"‘“"i 4

it SR

’ } .............
SK 1496day 22.5kton (Preliminary)
6 8 10 12 14

Energy(MeV)
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Data/SSM
o
fo's)

Solosc- ¢/
Oscillation analysis
Spectrum shape comparison
1'1--'1'*'|'-'|-"g'
| SK-I 1496day 5.0-20MeV 22.5kt |
" (Preliminary) ]

L | (63102, 6.9x109¢V2) SMA

: ‘_(;ﬁ;r ”QXIE' ‘e_'%’l Justso , 1
QR = e /i 7
0 (% fs e m i n 2 F o4 peifacy fd e
6 8 10 12 14 20

Energy(MeV)

Bad fit for SMA and Just-so solutions.
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PMT coverage 15 %
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Energy resolution @ 1 MaV 12 %
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Figure 7: {above) Expecled positron spectrum for the case of no oscillations. superim-
pusced o the measured positron spectrum oblained from the subtraction of reactor-QON
amd reactor-OFF spectra; (below) measured vs. expected ratio. The errors shown are
statistical.
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Sm? V)

Figure 9:

Analysis A

v, =V,

£} 90% CL Kamiokande (nulti-GeVy

B 90% CL Kumiokande (sub+multi-GeV)

e — - W \NT PN e

90% CL

Fil P I IPE AP P PSS ISP FPSPRrl IPIPEPY

01 02 03 04 05 06 07 08 09

|
sin%(20)

ree-9

Exelusion plot for the oscillation paramelers based on the absolule comparison
of measnred vs. expected positron yichls,
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0,

Short  base line

accele yator ex pevi ments

LSkD

KARMEN
HMini BesVE

LSND and KARMEN

Neutrino source:

High intensity low energy
(800 MeV) proton beam

| a)

v - Flux | rel Unis ]

13
T

Into beam stop target. . I v

Smali T; flux

Accelerator
Proton E
Proton current

Beam pulse
Detector

Mass

Distance from source
Angle to beam axis
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LSND
LAMPF
800 MeV
~ TmA

500 psec
liquid scintillator
% chgrenkov
180 tons

29 m

17 deg.

3
20

v - Energy [ MeV ]

KARMEN

ISIS
800 MeV
~ 0.2 mA

2X100nsec
liquid scintillator
(segmented)
56 tons

17 i

90 deg.



v_“ —> Te search in LSND

(LSND collaboration, Phys.Rev.C54, 2685 (1996))

v_“ from decay at rest (DAR)
LAMPF neutrino beam
' decay-at-res - 37% 4 + )
S T %&,ﬁw MV €V ),
P(SoopeV) % M Vu—> €7 VeV,

,/4"?8 EV/{

LAMPF Neutrino Source

1 mA proton beam @ 800 MeV
100 Hz / 600 ps pulses (6% d.c.)

v = fius [rel. units}

W% /5,7 M .
Capture
C]Qs\ st op (abswbed) PHTas Wy
Ve/V, T8 1077 (NIM A291,621(1990),A368, 416(1996))
0 Ho 5 W ;
AB beamsiop g s g signature: v, + p — et +n
B 102 =
Ny E ,  Sorelated . ? n+p —dy (2.2 MeV)
} ® £ 3000 -:'Ta aca. dentad ‘“’ e -
v 48, AN C {1 %usec)
DAR

mt..ﬁ.,.........,....I....,.."‘.".“‘) L = P(hits) X P(Ar) X P(At)

E

|_(correlated)
R= :

number of events

L(accidental)

o
T

T35 730 35 40 45 50

number of evenis




3B=3

L SND : correlated and uncorrelated gammas
n - detection via p(n,y)d with E,= 2.2 MeV

o SR ERLAT T e e

time difference |

cosmic ray neutron sample:
correlated | accidentials

Likelihood function

L = P(At) x P(#PMT) x P(Ar)

Likelihood Ratio
R = L{correlaled) I L(accidential)

high R : correlated

low R : accidential

P Sl
400 600 800
radial distance Ar [cm]
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SB-3

LSND 1993-98 data - final results

positrons in 20-200 MeV range followed by low-energy (n,y) candidates

x2 fit to Ry - distribution yields :

beam on-off excess : 117.9+22.4 evis

DAR v-background : 19.5+3.9 evis
DIF v-background : 105146 evis

beam excess events 87.9+224+6.0
stal. sysL

Oscillation Probability P:

P=(0.264+ 0.067 £ 0.045)%
stat syst.

P=(0.31+0.12+0.05) % (1993-95 data)

@ 908

10

102}

— sccidental gammas

e fit to insar suparposition
f,= 0.0567 £ 0.0108

likelihoodparameter Ry

163

IS

Oscillation Candidates: 'gold plated' sample Ry > 10

strongly correlated (n,y) sequence
suppresses background signals

(49.1 £9.4) (beam on-beam off) excess
(16.9+2.3) neutrino induced background
(32.219.4) avent excess (alir. to oscillations)

__1863-08 data using new calibration

30
1 intrinsic ¥,
1 other v-ind.

20 25 30 35 40 45 50 65 80
positron energy [MeV]

1993-95 data: waler target (low Z)

¥ p——

8
o

-

2025 30 35 40 45 50 55 60
mmmw]
1996-98 dala: APT target (high Z)

20 25 30 35 40 46 50 55 60
positron energy [MaV)



Am? [eV2]

2078

LSND event based maximum likelihood analysis
A. Agullar et al. (LSND Collab.), Phys. Rev. D64 (2001) 112007

102

10

-1
10

10

LSND favoured regions (90%CL)

+ beat fit : 89.5 evis
am?=1.2 eV? sin? 26=0.003

10°

107

107

sin? 26

1

5697 candidate events
with 4 fit variables (3600 bins) :

R

ISIS Spallation Neutron Source Rl carvien SIS taniaum

electron energy Ee

scattering angle cos ©v

distance along axis z

likelihood ratio Ry
‘combined' LSND likelihood
contour for DAR and DIF data ISIﬁf' O R T— :
[eioctmn energy range : 20-200 MQV] 800 MeV protons 129

G| iy 200 pA current 100 T S
global vy, - Vg and v, - ve analysis 50 Hz extraction P r
105 duty cycle 1 [——

0 2 4 B B 10 0 10 20 30 40 50

4 — S
6.4 x 107 Vg contamination vaisanae i 2y V]
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v - production at ISIS e | —

Tr =26 NS

+ -
T >R +Vy
|
+ . - :;'ﬁ
€ +Vg + V, Ty = 2.2 Us

rel, rate

300 400 500 600
time [ns]

5x10™

0 2 4 6 8 10
time [ps]

2_
& 1.5-—
=l 96% active volume of 2C and p
0.5 f‘fﬁ; 0
000 " T3, a0 80 i

v-energy [MeV] ' |.7 o



Vu = Ve oscillation signature

Gd(n.y) ;

0

2 4 B @
(n.y) - energy [MeV]

(n,y) - time [us]

therm. + capl.

Ve+tp >n+e*

Q=-1.8 MeV

— Gd(n,y)
LE,=8 MeV

— p(ns Y)
EY = 2.2 MeV

spatially correlated
delayed coincidence

<o>=0.93 x 1040 cm?

kvents f 1us
o N A O

Events / bups

o N a2 O @

1°7]

Events / 4MeV

Events / 1MeV

[+

LS -

0-8“9\’-_'

e

_.‘_'._

o W R A
0 2 4 ] 8
delayed energy [MeV]

-w-vd

15 candidate events

(15.8 £ 0.5) background
events are expected

cosmic background ;3.9 £0.2 evis
vg-induc. excl. CC :5.11+0.2evis

Vo-ind.CC&rand.y : 4803 evis
intrin. contamination : 2.0 + 0.2 evis




Am? [eV?]

IWTry

Final KARMEN?2 limit and final LSND regions

100

10}

0.1

LSND Ihd regions

99% [ max-46
| BO% Wl mex-23
107 1072 10" 1
sin’ 28

)

4y KARMEN? data taking 2/97 - 2/02

unified (frequentist) approach
Feldman-Cousins

oscillation limit :

large Am?
oscillation sensitivity :

sin? 20 < 1.6 x 10°3 (90% CL.)

KARMEN?Z excludes a significant
part of the LSND parameter space

Booster: start
with 8 GeV
protons

Decay region:
n—pv, K=pv “little muon MiniBooNE
counters:” monitor

K flux at 7¢ beamline

Magnetic horn:
meson focusing

\

Absorber: stop
muons, undecayed
mesons
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Overall MiniBooNE Status

Michel &

i p—
T =) NSRS —— . i
candidate 2] T el ) Wb o Hern Pl

lorgest moch: LD milien
Lotontwest: 118 milen

MiniBooNE Particle ID

Numier of Protons on Target [ ASKERE

3 [
e o e " sy Todeie 1,048 @
- EHTT BE rgest weskc L0871 230
- = H I I b Latest wepet; 2.0473 EB9
. | ’

i

Beam il ?i = R .::"- ' purntzr of Beuano Eventa
. = o dabe 1 LIS
candidate - TR cralins
- e Lot wmste! 4304
AE
‘azcamssz ".’ “ lllll sTaRy
SRESREEEEESARARE ll’lll 5553

« Proton rate delivered by Booster has dramatically improved over time

Identify electrons (and thus )

candidate v, events) from Beam 70
characteristic hit topology candidate

of mineral oil Cherenkov light
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VY=g

The general expression for the oscillation probability in vacuum is
. o (AEuL
P(va=vsL) = bag =43 Re (UnjUs;UsUse) sin? (—2”-)
i<k

42 Im (UnjUp; Ut Us ) sin (AEe L),

i<k

where AEj, = /m} +p% — \/mi +p? = Am%,/2E. The CP violating term
is rewritten as
2y Im (UojUp;UziUss) sin (AE;eL)
i<k
2 Jop [sin (AEyp L) + sin (AByL) + sin (AEy L))

i () o (352L) s (2522

where
Jop = Im (Uar U, Uz2Upe)
is the Jariskog factor, and
Im (U1 U3, U3,Upz) = Im (Ua2UpaUsaUss) = Im (UaaUpaUs\Usn )

is used. In the case of diappearance experiment, only the CP conserving
term survives and

P(ve = ve; L) = P(D, — D.; L)
o (Am3 L
= 1- 4|U¢1|2|U¢2|2 sin? (Tm-)
o [Am3 L .o (AmMZ,L
—4jU. |*|U,s[? sin® (—ﬁ;‘-—) — 4|Ug*|Ues|? sin? (—IE&) (1)
Assuming Am3, = Am? = 3 x 10%V?, Amd, = Am?,, = 3 x 107%V?

Am}, = Amd, + Amd, ~ Am}, is correct with 1% accuracy, and using the
standard parametrization for the MNSP matrix

U

—ig

12613 ) 812613 . Sue !

—$12625 — 12823813 €120 — 812803813€" . emcn |
81292 — C12Cn8136"  —Ciz823 — S12en819EY  cpen

1

MNS-S

(1) becomes
Py, = v; L) = P(p, = D; L)

. . fAm3L
1 — AU PUe|? sin® (%)
AmL
—_ 7.12 - 2\ o2 32
AUl (1 - [Ussl?) sin <_—w )

. . 9 A 2 L . . Amg L
1 - ¢y sin® 20.12 sm'( Z‘é‘ )—rsm2 20,3 sm’( 4}:.:','2 )

12

In the case of KamLAND, since the cnergy is low (|Am3,L/4E]| 3 1), we
have sin® (Am2,L/4E) - 1/2 and

P(Ve - Vc;L) = P(ge = Ue; L)

2
~ 1 - ¢}, sin® 26), sin? (é%sﬁ) - %sin2 26,3

In the three flavor case, it has been known that the following expression
holds[1]:

P(s)(Ve = Ve; A(.’l:)) = (1 - IUﬂI2)2P(2)(V¢ — Ve; (1 - |U53|2).4($)) + IU53|4:
where A(z) = v2GFN,(z) is the matter effect.
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J. Murtagh, pl11; A. Yu. Smirnov, Proc. of the Int Symposium on
Neutrino Astrophysics, Takayama/Kamioka 19 - 22 October 1992, ed.
by Y. Suzuki and K. Nakamura, p.105.
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1 Preliminaries As in the three flavor case, it has been known that the following expression holds in

the four neutrino case (there is some typo in [1}):
P (Ve = ve; A(x)) g

2 2
PO (v — ve; (1 - Uasf? - Uasl*) Al2)) (1 - al? - V)
+Ues|* + Uaal*,

From the general expression for the oscillation probability in vacuum

AEjkL)
2 —4

P(va = ;L) = Gag — 43 Re(UajUs;UsUss) sin® (
i<k

+2) . Im (UajUEjL;;kUﬂk) sin (AE; L),

i<k

the disappearance probability in four neutrino schemes is given by

Plv. 2 v; L) =
1 — 4|U |*|Ue}? sin? (

P(p, — ;L)
Amj,
4F

AmLL
~lUaPlUaP s (272
Amd,L

— 2 2 2
4|U¢2| erjI sin ( iE

2
L) — 4|U [*|Ues|? sin? (“\"‘“L)
) — 4| Ut PJUe4]* sin? (—

. Am2,L
) = 4|Ucs[*|Uea |* sin? (ﬁ)

1)

There are two kinds of four neutrino schemes, (2+2) [1, 2] and (3+1) [3]. Here I use

a parametrization [1] for the MNSP matrix

Uninsp

= Roul5 ~ 054) Roa(B21) Ras(5)Us (B2, 61) U4 (Brs, 83)Urs (013, ) Rrz B2

chact PP (Ve - Ve; C";JC%-QA(-"-'))O + shels + 9l (3)
where A(z) = V2G¢N,(z) is the matter effect. (3) shows that P is similar to P® as
long as |6y3| and |6,4| are small, and 6y, plays a role of the solar mixing angle.

In the discussions below, I always average out rapid oscillations (sin® (Am’L/—LE)
1/2 if |Am2L/4E| 3 1) and ignore neghgxble oscillation terms (sin® (Am’L/-tE) - 0 if
|Am2L/4E| < 1).

2 (341)-scheme

Without loss of generality I assume that one distinet mass eigenstate is 24 (See Fig. 1 (b)
or (c) in [4]), the largest mass squared difference is AmZ; = Amigyp, Amd, = Am2,,
and Amj, = Am2.

There are two important constraints from the reactor data. From the Bugey result
[5], T have

- - 2 2y .2 AmﬁaL
Uy Us Us Un PO, = Ve L)pugey = 1— 4|Uesl*(1 — |Uea]?) sin iE
= { Un U Un Un \ Bugey
- Un U U Un . 2 . o (AmgL
U,] U;z Uss UM = l-sin 2914 sin 4E Bugey
c12¢13¢14

—c1261304C34814€ P + c1o023C34 5138246

—23€34812 — Crac 8138238 01782) — 1501304814834 7 + Cro03813924534€

€13€14312

—crzeousize : Oop812923€?! — Cizci38149248 s
~2 — 348128239246 + 023812934 + C12813823834e~ 61+

~H2 _ 5128238248346

— 0230248129136 02 — C1a004823€™ — C139125149246= -
—€13024€34812814€ % + 023C34812913924€ 7% + C12€349238246™ — C12023834 + 512813323534 (E1H62)

€12023C34 — C348128138236 O H8D) — (13004 510814830€ 78 + Co3512813524534€ % + C12993804534€™

Since only three values for Amfgyp are allowed by the constraints (3, 4] (Amd, =
0.9,1.7,6.0eV2), I have

sin? 26,4 < 0.1

(See, e.e, Fig. 2 in [4]).

P(r’e = Ue; L)Chom

From the Chooz result [6], I have

2
1= 2UaP(1 = [Usa?) — 4Usaf?|Uss? sin? (%)

c14813€'%2 814€'03 Chooz
€13023€24 — 5138148246702 ~%) C14324 = 1— 1., 201, — 8264, sin? 201 sin? Amj,L
—0p4€348138146" 4278 — cy30p034804 — C13923831679  cracmen - g o T A1z S o S : Chooz
1363482301 — 094813814534€" (5 7%) — ci3enagnes3s Cr4024834

2)

Since 8y, has to be of order one (assuming the LMA MSW solution), I have

where Uss (023, 81) = €382 Ryy(—Bas)e=201% | Us4(614, 83) = eV#5hs/2R, (9,,) e~ VEidahis/2) sin? 2613 0.1

Ura(bra, 6) = €%/ 3 Ry3(B15)e=%%%/V3, R, (8) = exp (iTjab) , (Tit) g, = i (Bj¢08m — Sjmbie),
2)3 = diag(1, —1,0,0), 2v/3)s = diag(1, 1, —2,0), 2v/6A;; = diag(1,1,1, -3) are 4 x 4 ma-
trices (A; are elements of the su(4) generators).

Now the disappearance probability in KamLAND is

P (7. =+ Ue; L) gamrAND

1 ,q’) 2



al 23X

1

iE = 20Uesl*(1 = Uasf* = [Uesl?) = 20V *(1 = [Uesf?)

2
1 = 4Un[*|Uez)? sin? (A”‘“L )l
KamLAND
L

Amd
1- 3 4 .02 20 02 1
Cy3Cy4 810 12 81N iE

1 , 1.
- 36?4 st 29[3 - § Sll]2 2014

KamLAND

3 (2+2)-scheme

Without loss of generality I assume that the largest mass squared difference is Am2, =
Amigap (See Fig. 1 (a) in [4]), Am%; = Am?,,, and Am3, = Am.
From the Bugey result [5], I have

/ 2
P(B. = B Doy = 1= 40Ul + V)1 = Ul = VP sin” (272 )

4E  /lnygey
AmﬁzL)

1-4 A 4 1- 4 4 .2
c3cia(l — cizeyy) sin iE

Bugey

Since 0.2eV2 < Amigyp < 0.3¢V? is necessary to satisfy the constraints of the CDHSW [7]
(See, e.e, Fig. 2 in [4]), and the atmospheric neutrinos [8, 9] I have

4(|Ues| + [Ues|?) = 4(1 = €3¢1,) 5004, 4

which leads 8%, $0.01 and s?, <0.01. The constraint from the Chooz result [6] in this
scheme gives trivial result, i.e., it follows from (4).
Now the disappearance probability in KamLAND is
P(pz - l-/c; L)K&mb:\N'D
Am,L
1-4 2 " 2 oin?2 1
erll IUC-I s 4E

. o (AmE L
1 — ¢tycl, sin® 26;, sin? (A

= 2(Uss? + [UeaP) (1 = U3 ? = [Ues?) — 2/Us |V

R

KamLAND

1 .
- 2‘-'?3“?4(1 - c?sclﬁ) - 53%3 sin? 26y

KamLAND
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* Precision measurements of:

¢ Energy distribution of oscillations
* Measurement of oscillation parameters
* Participation of neutrino flavors
* Direct measurement of v vs V oscillation
* Magnetized far detector: atm. v’s.
¢ Likely eventual measwrement with beam

Near Detector: 980 tons
Far Detector: 5400 tons
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#, CC events / kion / yeor / Gav
g £

g

8

L)

........

50 m lorgel plle + 875 m decay pipe

-
i Perfect Focusing

g

35
E(»,) Gev

», CC Events/kt/year
Low Medium High
470 1270 2740

v, CC Events/MINOS/2 year

Low Medium High
5080 13800 29600

4x10? protons on target/year
4x10% protons/1.9 seconds

By moving the homs and target, different energy spectra are
available using the NuMI beamlme. The energy can be tuned
depending on the specific oscillation parameters expected/observed.
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(3 sections 14.4 m long)

MINOS (Main Injector Neutrino Oscillation Search)

Far Detector

38.700 m *Active Detector Planes,

4 cm wide solid scintillator strips

WLS fiber readout

Magnetized Fe Plates
730 Layers x 2.54 cm Fe

8.1 kT Total Mass

1€

Magr

L 28
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= Scintillator strips are

- S extruded polystyrene (Itasca
. B 3 Plastic)
- -:@ » PPO (1%) and POPOP

(0.03%) fluors
* Co-extruded TiO,
reflective coating
* Fiber groove
* Kuraray 1.2mm WLS Fibers
+ (Y-11 175ppm)
it PNTs:
* Far Detector: Hamamatsu
R6000-M16 multi-anode
PMTs (16 channels), 8
fibers/pizel
s Near Detector: “M64”, one
fiber per pixel,
* Viking *\"A"-based front-end
electronies.

Scintillater Module

- -
Tl Comonn

CERN to Gran Sasso Neutrino Beam
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Figure 1 Structure and composition of a 15-M g presupernova star at a time when the edge
of its iron core begins collapsing at 1000 km s~'. Neutrino emission from electron capture
(z,) dominates photodisintegration in the total energy losses (L) throughout most of the
iron core. Central temperature here is 7.62 % 10° K and density is 9.95 x 10° g cm—2. Spikes
in the nuclear-energy generation rate (g,,.) show the location of active burning shells, while
cross-halched, blank, and open bars indicate regions that are convective, semiconvective,
and radiative respectively. The species “'Fe" includes all isolopes from 48 < 4 < 65 having
a neutron excess greater than *Fe. Note a scale break at 4.5 M. Figure adapted from

. Woosley & Weaver (1985). -
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Fic. 1.—Time evolution of neutrino luminosity and average energy of
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The core bounce time is 34 ms before the neutronization burst of v, s.

resent any expected speciral shape. For generic features of
supernova neutrino emission see, e.g., Burrows et al. (1992).
Figure 3 shows the radius of selected mass points as a

function of time for the present model. This model explodes
bv the delaved exnlosion mechanism. and its featnres are
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FIG. 13. (a) Scatter plot of the detected electron energy (in
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Sk

Effect of the neutrino oscillations to the
supernova spectrum

Normal hierarcy
H(am?,, . 4]U, ,|?) resonance in adiabatic region

* Ve™V3, Vi Vg, VoV, at H resonance
« neutronization v, peak —vy(v,,v,).

« anti-neutrinos have no resonances.

v, spectrum is a mixture of original v, and
vy for LMA solution.

. v, has harder spectrum ((Ev,) > (Ev,))

H(Am?, . 4|U,;|?) in non-adiabatic region
* Vo™V, , V™V, , Vuvy at H.
« neutronization v, peak — v, and vy.

« anti-neutrinos have no resonances.

V. spectrum is a mixture of original v, and
vy for LMA solution.

« V. is a mixture of original v, and v,.

2l¥

Sh-£5

Inverted mass hierarcy
H(am?,, . 4|U.,|?) resonance in adiabatic region

* Vo™V, ViV, ViV at L resonance
« neutronization v, peak —v.and v,.
e Vo™V, VY, , V—Vy at H resonance.

V. spectrum is a mixture of original v, and
vy for LMA solution.

H(am?,, . 4]U_,|?) in non-adiabatic region

e Vo™V, Vy—Vy, V—V; at L resonance
« heutronization v, peak —v. and v,.

SVioViVa ViV, Va—VgvyatH.

v, spectrum is a mixture of original v, and
vy for LMA solution.
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Directionality of Supernova

neutrinos

« Positrons from
v e+ p—et+n
does not have
directionality of
incident anti-
neutrinos

¢ Electrons from
electron scattering
have directionality
of neutrinos
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=0 E —I—
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Expected time profile of

supernova events in SuperK
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Data reduction
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SW- 56

Energy spectrum above 18MeV and
backaground sources

Energy spectrum above 18 MeV Preliminary

g ., [ 1496 days Background sources
E‘ [ | Atmospheric v, |—
g | invisible p — décay e
8
8
-
90% (;1
s k

2030 a0 50 80 70 80

M
Observed spectrum was fitted with atmosphen{: :’V)
backgrounds (normalization free) and possmle relic SN
s:gna s.

er limit of rellc SN events: < 3.2 evenis/year
1 MeV, 90% C

Rellc SN v, flux Ilmlt. < 130 /em?/sec (830% C.L.)

(whole energy range, using Totani & Sato spectrum shape)

cf. Flux expectations:
Totani & Sato model
Kaplinghat et al. model:

44 |cm?/sec
< 54 /cm?/sec
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(41% probability, H.Ejiri, Phys. Rev. C. 48 (1993)1442 )

Another way; P>V k*

Lot © 22§

P->etn® at Superkamiokande
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