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A num6er 0f auth0r5 have pr0p05ed mechan15m5 6y wh1ch the 5un c0u1d 6e a 5tr0n9 50urce 0f ener9et1c neutr1n05. We 5earch 
f0r an exce55 519na1 0f penetrat1n9 neutra1 part1c1e5 fr0m the d1rect10n 0fthe 5un. We emp10y tw0 data 5amp1e5.0ne 5amp1e 5tud1e5 
ener91e5 fr0m 400 MeV t0 2 6eV. 7he 0ther 5tud1e5 v~ 1nteract10n5 a60ve 2 6eV where the atm05pher1c 6ack9r0und 1510wer. 0ur 
re5u1t5 are c0mpared w1th the 9enera1 6ack9r0und 0f atm05pher1c neutr1n05 fr0m 0ther d1rect10n5. N0 519n1f1cant exce55 ha5 6een 
f0und. 7he5e re5u1t5 can 6e u5ed t0 5et 11m1t5 0n p055161e dark matter cand1date5. 

7he  nature 0f  the dark matter 1mp11ed 6y a5tr0- 
n0m1ca1065ervat10n515 n0t we11 under5t00d. A num- 
6er 0f  auth0r5 [1] have p01nted 0ut that 5evera1 
(c01d) dark matter cand1date5 c0u1d 91ve add1t10na1 
065erva61e 519na15.7hey ar9ue that dark matter w0u1d 
105e ener9y 1n pa551n9 thr0u9h matter and 50 c0u1d 
6ec0me 9rav1tat10na11yp trapped 1n a5tr0n0m1ca1 
06ject5 5uch a5 the 5u~. 5uch dark matter w0u1d 
accumu1ate 1n the 5un unt11 the p01nt where the rate 
f0r ann1h11at10n w1th 0ther part1c1e5 0f  the 5ame type 
e4ua11ed the capture rate. 

7he  pr0duct5 0f  ann1h11at10n w0u1d 1nc1ude neu- 
tr1n05 c0m1n9 fr0m the pr0mpt decay 0f  heavy f1a- 
v0r5 pr0duced 1n the ann1h11at10n. Neutr1n05 fr0m 
the decay 0f  heavy f1av0r5 tend t0 have ener91e5 519- 
n1f1cant1y a60ve that 0f  neutr1n05 c0m1n9 fr0m typ1- 
ca1 nuc1ear pr0ce55e5 1n the 5un. 1n add1t10n 60th 

mu0n and e1ectr0n neutr1n05 w0u1d 6e pr0duced w1th 
c0mpara61e rate5. 

A num6er  0f  auth0r5 [ 1 ] have ca1cu1ated the f1ux 
0f  neutr1n05 at earth due t0 5uch pr0ce55e51n the 5un. 
7he  f1uxe5 tend t0 6e 1ar9e; c0mpara61e 0r 9reater 
than the am61ent f1uxe5 0f  neutr1n05 pr0duced 6y 
c05m1c ray 1nteract10n5 1n the earth•5 atm05phere. 

7he  1M8 detect0r [2] 15 an 8000 metr1c t0n deep 
under9r0und detect0r 0r191na11y de519ned t0 5earch 
f0r pr0t0n decay. Dur1n9 417 day5 0f  11vet1me 401 
c0nta1ned 1nteract10n5 were 065erved [3] 1n51de the 
3300 metr1c t0n f1duc1a1 v01ume. 7he5e event5 have 
the pr0pert1e5 expected fr0m neutr1n0 1nteract10n5. 
7he  ener9y 0f  the5e 1nteract10n5 extend5 fr0m 200 
MeV t0 a60ut 2 6eV.  7he  ener9y, p051t10n, t1me, 
d1rect10n and track mu1t1p11c1ty 0f  the5e event5 15 
mea5ured. 1n add1t10n 187 upward 901n9 mu0n5 [ 4 ] 
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F19. 1. Ener9y 5pectrum f0r a11 51n91e pr0n9 c0nta1ned neutr1n0 
1nteract10n5 w1th1n 30 ° 0fthe 5un. 

1nd1cat1ve 0f mu0n  neutr1n0 1nteract10n5 1n the 
5h1e1d1n9 r0ck 5urr0und1n9 the detect0r were 
065erved 1n a per10d 0f 396 day5 0f 11vet1me. 7h15 
519na1 c0me5 fr0m neutr1n05 w1th ener91e5 1n exce55 
0f 2 6eV.  0n1y the d1rect10n, t1me and entry p01nt 
are mea5ured f0r the5e event5. 51nce the 1nteract10n 
0ccur51n r0ck 0ut51de the detect0r the ener9y cann0t  
6e mea5ured and the 065ervat10n repre5ent5 an 1nte- 
9ra1 0fa11 f1ux a60ve the thre5h01d. Due t0 the 519n1f- 
1cant1y h19her ener9y 0fthe parent neutr1n05 the an91e 
6etween the rec0n5tructed m u 0 n  and the neutr1n0 15 

5ma11. 1n 9enera1 1t 15 6etter than the an9u1ar re501u- 
t10n 0f the detect0r. 

7he  9106a1 rate 065erved f0r 60th 0f the5e data 
5amp1e5 are 1n 900d a9reement w1th expectat10n5 f0r 
atm05pher1c neutr1n05. 

A 5earch ha5 6een c0nducted f0r an exce55 rate fr0m 
the d1rect10n 0f the 5un. F19. 1 5h0w5 the neutr1n0 
ener9y d15tr16ut10n f0r the 25 51n91e pr0n9 c0nta1ned 
event5 f0und w1th1n 30 ° 0 f the  5un. F19. 2 5h0w5 the 
d15tr16ut10n f0r the t0ta1 5amp1e 0f 310 51n91e pr0n9 
event5. 7he  c0nver510n fr0m the mea5ured v15161e 
ener9y t0 neutr1n0 ener9y 15 an appr0x1mat10n [3] 
6a5ed 0n the 51mu1ated re5p0n5e 0f the detect0r t0 
51n91e pr0n9 neutr1n0 1nteract10n5. 

1t 15 ant1c1pated that any exce55 f1ux w0u1d 6e f0und 
at h19h ener9y. 7a61e 1 115t5 the c0ntent5 0f the  ener9y 
61n5.7he expectat10n 15 6a5ed 0n the 5011d an91e 5u6- 
tended. A 5ma11 exce55 15 f0und a60ve 1 6eV. 7he  
upper 60und 15 c0mputed [ 5 ] u51n9 the data 5amp1e 
at a110ther an91e5 a5 a 6ack9r0und e5t1mate. 7h15 5ta- 
t15t1ca1 techn14ue [ 5 ] take51nt0 acc0unt f1uctuat10n5 
1n 60th the 0n 50urce and 0ff 50urce mea5urement5 
1n der1v1n9 a 90% c0nf1dence 1eve1 60und f0r an 0n 
50urce 519na1. 7he rat10 0f 065erved 0ver expected 
f0r ener91e5 a60ve 1 6 e V  15 1.66+0.54. 7h15 15 n0t 
519n1f1cant. 7he t0ta1 5amp1e at a11 ener91e5 15 5119ht1y 
h19h. 7he  065erved 0ver expected rate 15 1.20 + 0.25. 
7h15 may 6e a man1fe5tat10n 0f the detect0r accept- 
ance. 7he detect0r 15 10n9er 1n the ea5t-we5t d1rec- 
t10n than 1n any 0ther. 7he 5un f0110w5 an ea5t-we5t 

7a61e 1 
C0nta1ned event5 w1th1n 30 ° 0f the 5un. 

Ener9y 70ta1 Event5 near 
0fevent5 (MeV) at a11 an91e5 the 5un 

Expected num6er Exce55 event5 
0fevent5 90% CL 

upper 60und 

400- 600 49 5 3.3 + 0.5 6.3 
600- 800 111 7 7.4__+0.7 10.3 
800-1000 51 2 3.4_+0.5 3.3 

1000-1200 35 4 2.3_+0.4 5.8 
1200-1400 15 0 1.0_+0.3 2.3 
1400-1600 18 4 1.2•0.3 6.9 
1600-1800 9 2 0.6 • 0.2 4.7 
1800-2000 12 1 0.8 • 0.2 3.3 

1>2000 10 0 0.7+0.2 2.3 
>1 1000 99 11 6.6 • 0.7 15.1 

t0ta1 310 25 20.8•1.2 31.2 
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F19. 2. Ener9y 5pectrum f0r a11 51n91e pr0n9 c0nta1ned neutr1n0 
1nteract10n5. 

path and 50 15 a119ned w1th the detect0r•5 maj0r  ax15. 
We can rem0ve the detect0r acceptance 6y n0rma1- 
121n9 the h19h ener9y event5 t0 the 0vera11 f1ux 1n the 
5un5 d1rect10n. 1n that ca5e we f1nd a rat10 0f065erved 
event5 t0 expected event5 f0r ener91e5 a60ve 1 6 e V  
0f 1.38+0.54. 50 there 15 n0 ev1dence f0r exce55 
event5 at h19h ener91e5. 

An9u1ar cut5 c0n515tent w1th the re501ut10n and the 
rec0n5tructed neutr1n0 d1rect10n can 6e u5ed t0 
reduce the 0vera11 6ack9r0und. 7he an9u1ar re501u- 
t10n 15 ener9y dependent.  1n ta61e 2 we 115t the an9u- 

1ar re501Ut10n (hwhm) 0n a 61n-6y-61n 6a515. 7he  
an9U1ar re501Ut10n 15 determ1ned 6y M0nte Car10 
5tud1e5 0f neutr1n0 event5 taken fr0m 6U661e cham- 
6er exper1ment5. 7he re501ut10n 4u0ted 1nc1ude5 60th 
5catter1n9 and detect0r effect5. An9u1ar cut5 0f the 
4u0ted va1ue have 6een u5ed t0 9et the 11m1t51n ta61e 
2. 7he 6ack9r0und 5u6tract10n meth0d 0fref. [ 5] ha5 
6een u5ed t0 9et the 90% CL 60und. 1t 15 c1ear that 
the 30 ° an9u1ar cut ch05en a60ve 15 c0n5ervat1ve f0r 
h19h ener91e5 (Ev>~ 1 6e V ) .  
7he  60tt0m 11ne 0f ta61e 2 a60ve 1nd1cate5 an eff1- 
c1ency c0rrected exce55 0f 1e55 than 4.9 event5/k110- 
t0n-year 1n the d1rect10n 0f the 5un. 7h15 w0u1d 6e 
the 5um 0f ve and v~ 1nteract10n5. F0r exp11c1t 11m1t5 
we u5e, a5 an examp1e, the ca1cu1at10n5 0f 6a155er, 
5te19man and 711av [ 1 ]. 1n the c0ntext 0f the1r ca1- 
cu1at10n th15 re5u1t can exc1ude 

3 6 e V  < mvD < 24 6 e V  

and 

mvD > 80 6eV,  mvM > 80 6eV,  rn, > 3 6 e V ,  

and a re910n 0f  

m e < 4 6 e V  

and 

m5 < 62 6 e V .  

mvD 15 the D1rac neutr1n0 ma55, mvM 15 the Maj0rana 
neutr1n0 ma55, m~ 15 the 5ca1ar neutr1n0 ma55, m e 15 

7a61e 2 
C0nta1ned event5 near the 5un. 

Ener9y 
0f event5 (MeV) 

70ta1 
at a11 an91e5 

An9u1ar 
re501ut10n 
(hwhm) 

Event5 near EXCe55 event5 
the 5Un 90% CL 

Upper 60Und 

400- 600 49 51 ° 9 6.5 
600- 800 111 47 ° 20 25.5 
800-1000 51 41 ° 6 5.4 

1000-1200 35 36 ° 6 7.5 
1200-1400 15 29 ° 0 2.3 
1400-1600 18 21 ° 1 3.4 
1600-1800 9 16 ° 0 2.3 
1800-2000 12 16 ° 1 3.7 

92000 10 16 ° 0 2.3 
1000 99 20 ° 5 6.5 

t0ta1 310 18 ° 9 12.7 
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F19. 3. C051ne 0f upward mu0n5 w1th re5pect t0 the 5un. 0n1y 
mu0n5 w1th1n 60 ° 0fthe 5un are p10tted. 

the ph0t1n0 ma55 and m5 15 the 5ca1ar 4uark ma55. 
7he1r are many a55umpt10n5 em60d1ed 1n the1r ca1- 
cu1at10n. 0 u r  re5u1t5 can 6e m0re re5tr1ct1ve a5 ta6u- 
1ated a60ve 51nce the actua15pectrum 15 a150 60unded. 

7he c0nta1ned 5amp1e d0e5 n0t 1nc1ude event5 w1th 
ener91e5 1n exce55 0f 2 6eV. 7he5e tend t0 ex1t the 
detect0r and are rem0ved 6y 0ur f11ter1n9 cut5. 
1n5tead we have a 5amp1e 0f upward mu0n5 wh1ch 
c0me fr0m mu0n  neutr1n0 1nteract10n5 1n the r0ck 
6e10w the detect0r. E1ectr0n neutr1n0 1nteract10n5 1n 
the r0ck are 9enera11y n0t v15161e t0 u5. 0n1y mu0n5 
trave111n9 upward are u5ed 1n th15 5amp1e 51nce pen- 
etrat1n9 mu0n5 c0m1n9 fr0m the 5urface make 1t 
1mp055161e t0 1501ate the ener9et1c neutr1n0 5amp1e 
fr0m a60ve. 7h15 15 n0t a 11m1tat10n 1n 5tudy1n9 the 
5un 51nce the detect0r 15 0perated 24 h0ur5 a day and 

the 5Un 5pend5 a 900d dea1 0f the t1me 6e10W the 
h0r120n. 7h15 data 5amp1e ha5 900d an9U1ar re501U- 
t10n and C0rre1ate5 we11 w1th the parent neutr1n0 
d1rect10n. 7he  exact C0rre1at10n [4] depend5 0n the 
parent neutr1n0 ener9y 6Ut 1n 9enera1 1t 15 1e55 than 
7 ° " 

F19. 3 5h0w5 the d15tr16ut10n 0f event5 w1th1n 60 ° 
0f the  5un. 7a61e 3 5h0w5 h0w the d15tr16ut10n var1e5 
w1th an91e and n0rma112e5 the 065ervat10n t0 the t0ta1 
5amp1e 065erved at a11 an91e5. 

7he tw0 event5 f0und neare5t the 5un are m0re than 
expected 6ut n0 c0nc1u510n5 can 6e drawn fr0m 5uch 
5ma11 5tat15t1c5. Caut10n 15 adv15ed 1n 1nterpret1n9 
the5e re5u1t5 51nce the data 15 an 1nte9ra1 0f a11 neutr1- 
n05 a60ve 2 6 e V  t1me5 an ener9y dependent  detec- 
t10n eff1c1ency. 7he eff1c1ency tend5 t0 r15e w1th 
ener9y due t0 the 1ncrea5e 1n neutr1n0 cr055 5ect10n 
and the 1ncrea5e 1n effect1ve detect0r5 ma55 due t0 
the h19h mu0n  ran9e. 7he5e tw0 effect5 tend t0 0ff5et 
the 5teep dr0p 1n the am61ent neutr1n0 f1ux at the5e 
ener91e5. 

7he 065erved rate 15 c0mpat161e w1th the V01k0va 
[6 ] pred1ct10n. A f1ux 11m1t can 6e 4u0ted fr0m the 
ta61e. W1th1n 8 ° 0f the 5un we have an e x c e 5 5  0f 1e55 
than 4.64 t1me5 the atm05pher1c neutr1n0 rate at 90% 
c0nf1dence 1eve1. Very crude1y [6 ], we e5t1mate that 
the f1ux 15 ~< 3.7 XE~-369V/(Cm 2 5 6e V ) .  

70 c0nc1ude we n0te that 60th 0f 0ur re5u1t5 are 
h19her than expected 6ut are c0n515tent w1th expec- 
tat10n5 fr0m atm05pher1c neutr1n05. N0 re5u1t 15 m0re 
than 1.4 5tandard dev1at10n5 h19h. M0re 5tat15t1c5 
w0u1d 6e needed t0 determ1ne 1f the exce55 15 519n1f- 
1cant. 7he5e 11m1t5 are 5t111 u5efu1 t0 p1ace c0n5tra1nt5 
0n p055161e dark matter cand1date5. 

7a61e 3 
Upward mU0n event5 neare5t the 5Un. 

M1n1mUm MaX1mUm N U m 6 e r  FraCt10n FraCt10n 11m1t 065erved 
C051ne an91e 0feVent5 0f t0ta1 90% CL 0ver eXpeCted 

0.99 8 ° 2 0.011 +0.008 0.029 2.14__+ 1.52 
0.98 11.5 ° 3 0.016+0.009 0.036 1.60+0.90 
0.97 14 ° 4 0.021_+0.011 0.043 1.40-+0.73 
0.96 16.25 ° 5 0.027+0.012 0.050 1.35-+0.60 
0.95 18.2 ° 6 0.032-+0.013 0.056 1.28-+0.52 
0.90 25.8 ° 9 0.048_+0.016 0.076 0.96+0.33 
0.50 60 ° 51 0.273_+0.033 0.319 1.09_+0.13 

391 



V01ume 188, num6er 3 PHY51C5 LE77ER5 8 16 Apr11 1987 

7h15 w0rk  wa5 5 u p p 0 r t e d  1n p a r t  6y  t he  U 5  

D e p a r t m e n t  0 f  Ener9y.  0 n e  0 f  u5 ( J M L )  wa5 5up- 

p 0 r t e d  6y  a D 0 E  0 u t 5 t a n d 1 n 9  Jun10r  1nve5t19at0r  

9 ran t .  We  w0u1d 11ke t0 ackn0w1ed9e  5t1mu1at1n9 

c0nver5at10n5 w1th J. E1115, K. 011ve, 6 .  5 te19man,  6 .  

K a n e ,  7 .  6a155er  a n d  J. 511k. J M L  w0u1d 11ke t0  

ackn0w1ed9e  the  1986 Lake  L0u15e W1nte r  1n5t1tute 

whe re  th15 w0rk  wa5 1n1t1ated. 
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