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we 5tudy the effect 0f matter enhanced neutr1n0 05c111at10n5 0n atm05pher1c neutr1n05. A recent1y pr0p05ed 501ut10n t0 
the 501ar neutr1n0 pr061em w1th Am 2 = 1.1 × 10 4 eV 2 5u99e5t5 enhanced effect51n the ran9e 200 MeV-500 MeV. We f1nd 
n0 ev1dence 0f th15 effect f0r v # ~ v e  m1x1n9. L1m1t5 are 5et 0n the ma9n1tude 0fthe m1x1n9 an91e. 0ur 11m1t 15 51n 0v < 0.14 
at 90% c0nf1dence 1eve1. 7he 11m1t 15 d0m1nated 6y 5tat15t1ca1 err0r5 and may 6e 1mpr0ved. 

1t ha5 recent1y 6een pr0p05ed [1 ] that the 501ar neutr1n0 pr061em may 6e exp1a1ned thr0u9h matter  enhanced 
neutr1n0 05c1Uat10n5. Under th15 hyp0the515 the e1ectr0n neutr1n05 9enerated fr0m 88 decay 1n the center 0f the 
5un 9et c0nverted t0 n0n-1nteract1n9 neutr1n05, v u 0r vr, a5 they traver5e the 5un. 7h15 501ut10n re4u1re5 a ma55 d1f- 
ference 0f 1.1 X 10 4 eV 2 6etween the neutr1n0 that 15 d0m1nant1y ve and the 0ther that 15 d0m1nant1y v u 0r vr .  
5uch a Am 2 can 0n1y 6e 5tud1ed 1n terre5tr1a1 exper1ment5 u51n9 atm05pher1c neutr1n05 [2]. 

7he mean den51ty 0f the earth 15 5.5 9m/cm 3. 0n  the 6a515 0f the 501ar neutr1n0 re5u1t 0ne w0u1d expect 1ar9e 
05c111at10n effect5 f0r neutr1n05 0f ener9y 275 MeV traver51n9 the earth. Due t0 var1at10n5 1n the earth•5 den51ty 
and the w1dth 0f  the ••re50nance•• 1ar9e effect5 w111 0ccur f0r a ran9e 0f ener91e5 (f19. 1). 

Even f0r the ••re50nant•• ener9y, where the amp11tude f0r c0nver510n eventua11y e4ua15 100% the 05c111at10n 
1en9th 151nver5e1y pr0p0rt10na1 t0 the m1x1n9 an91e [2] : 

1M = 27rEv/Am 2 51n 20 v , 

w1th E v 1n MeV, Am 2 1n eV 2 and 1M 1n m. 
7he 9reate5t 5en51t1v1ty t0 5ma11 0v 15 06ta1ned f0r the 1ar9e5t path 1en9th. 1n the pre5ent exper1ment that 15 

ach1eved f0r near vert1ca1, upward 901n9 neutr1n0 1nteract10n5. Even then there are very 5ma11 va1ue5 0f  51n 20v 
that w111 have 5uch a 1ar9e 05c111at10n 1en9th that effect5 w111 n0t 6e mea5ura61e. 7he 501ar 501ut10n 15 5at15f1ed f0r 
any 0v > 0.0065. 

7he atm05pher1c neutr1n0 f1ux 15 a c1a551ca1 m1xture 0f  neutr1n0 and ant1neutr1n0 and 0f mu0n and e1ectr0n 
type neutr1n05. Mea5urement5 1nd1cate that mu0n neutr1n05 0utnum6er e1ectr0n neutr1n05 6y a60ut a fact0r 0f  
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3.1.7he neutr1n0 f1ux 15 a60ut 25% h19her than the ant1neutr1n0 f1ux. 7h15 and cr055 5ect10n d1fference5 91ve a 
fact0r 0f 3 exce55 f0r neutr1n0 1nteract10n5 0ver ant1neutr1n0 1nteraCt10n5. 

A 501ut10n t0 the 501ar neutr1n0 pr061em re4u1re5 the e1ectr0n neutr1n0 t0 m1x w1th an0ther neutr1n0.1n 9en- 
era11t 15 a55umed t0 6e the mu0n neutr1n0. A num6er 0f p05516111t1e5 ex15t. 1f the e1ectr0n neutr1n0 m1xe5 w1th the 
mu0n neutr1n0 then 60th rec0rda61e v f1uxe5 w111 6e affected. Due t0 the d1fference5 1n mu0n and e1ectr0n detec- 
t10n, enhanced mu0n t0 e1ectr0n neutr1n0 05c111at10n5 may 6e 5tud1ed w1th re1at1ve ea5e. 0n  the 0ther hand 1f the 
e1ectr0n m1xe5 w1th the tan neutr1n0 the 0n1y 519nature ava11a61e at the5e ener91e5 w111 6e a dr0p 1n e1ectr0n neu- 
tr1n0 1nteract10n5.51nce they repre5ent a 5ma11 fract10n 0f a11 event5 5en51t1v1ty w111 6e 11m1ted. 

Here we w111 5tudy the effect5 0f e1ectr0n t0 mu0n neutr1n0 05c111at10n5. 51nce 0ur 50urce 15 a m1xture 0f 60th 
k1nd5 0f neutr1n05 we mu5t take 1nt0 acc0unt c0nver510n 1n 60th d1rect10n5, A very 5en51t1ve exper1ment 15 p0551- 
61e tak1n9 1nt0 acc0unt the tw0 d1fferent detect10n thre5h01d5 f0r the tw0 d1fferent neutr1n05 at the ener91e5 0f 1n- 
tere5t. C0nver510n 0f a v~ t0 ave w0u1d 91ve a dramat1c 1ncrea5e 1n event rate. 7here 15 a150 50me a6111ty t0 d15t1n- 
9u15h v~ fr0m v e 6y the decay 0f a mu0n 1n the f1na1 5tate. 

51nce the earth 15 n0nun1f0rm we mu5t carry 0ut a numer1ca11nte9rat10n t0 determ1ne the effect5 0f the matter. 
We w0rk 1n the e1ectr0n-mu0n 6a515,1. F0r a part1cu1ar ch01ce 0f ener9y (Ev), d1rect10n, m1x1n9 an91e(51n 0v) and  
ma55 parameter (•m 2) we 1nte9rate t0 fmd the wave funct10n thr0u9h the earth. 

~(Am2/2hcEv) 51n20v + V~6N A •p(x) (Am2/211cEv)51n 0 v c05 0v~ ( ve~ 

where p(x) 15 the den51ty 0f matter at p01nt x. ~p(x) 15 the e1ectr0n den51ty 1n n0rma1 matter. 
We have u5ed ~0n 2 = 1.1 × 10 -4  eV 2 a5 5u99e5ted 6y the 501ar neutr1n0 501ut10n [1]. 5ma11 m1x1n9 an91e5 were 

1nve5t19ated. Due t0 p00r d1rect10na1 re501ut10n and due t0 the 10w c0unt1n9 rate the d1rect10n wa5 1nte9rated 0ver 
1ar9e re910n5 0f 5011d an91e. 51nce the d15tr16ut10n 0f matter 1n51de the earth 15 n0t we11 kn0wn we have 5tud1ed 
three p055161e m0de15 [3,4]. 

7he three m0de15 d1ffer 0n1y 1n the ma55 den51ty d15tr16ut10n near the center 0f the c0re, varY1n9 fr0m 13 9m/ 
cm 3 t0 21 9m/cm 3. 7he5e d1fference5 have a ne9119161e effect 0n 0ur re5u1t. 7he d1fference5 5u6tend a very 5ma11 
5011d an91e a5 5een 6y the detect0r (a re910n 0f a60ut 10 ° fr0m the upward vert1ca1. Even neutr1n05 901n9 d1rect1y 
thr0u9h th15 re910n 5pend a very 5ma11 p0rt10n 0f the t0ta1 path 1en9th there; at.m05t 2000 km 0ut 0f 13 000 km. 
7he 0n1y d15cerna61e effect 15 t0 make 5119ht d1fference51n the ener9y (~20 MeV) at wh1ch max1mum 05c111at10n5 
0ccur. 7he detect0r•5 ener9y re501ut10n 15 p00r c0mpared t0 the5e 5h1ft5 and we have 1nte9rated 0ver ener9y 1n 0ur 
ana1y515 anyway. 0ur  data 15 1nte9rated 0ver 20% 0f a11 5011d an91e. 7h15151ar9e c0mpared t0 the 1% am619u0u5 
re910n. Ana1y5e5 carr1ed 0ut w1th a11 three y1e1d c0mpara61e re5u1t5. We have made an eff0rt t0 keep the den51ty 
d15tr16ut10n p (x) 5m00th and c0nt1nu0u51n 0ur 1nte9rat10n. 

We emp10y the 401 c0nta1ned event 5amp1e [5] 0f the 3300 metr1c t0n 1M8 1ma91n9 water 1~erenk0v detect0r. 
7he dev1ce rec0rd5 the d1rect10n, ener9y and mu1t1p11c1ty 0f atm05pher1c neutr1n0 1nteract10n5. A num6er 0f de- 
taf1511m1t the 5en51t1v1ty. A thre5h01d 0f 200 MeV 1n v15161e ener9y 15 re4u1red t0 rec0n5truct the event5.7h15 c0r- 
re5p0nd5 t0 200 MeV f0r an e1ectr0n neutr1n0 6ut t0 450 MeV f0r mu0n neutr1n05 due t0 the ener9y 105t t0 the 
mu0n ma55.7he detect0r can n0t 065erve track5 6e10w the ()erenk0v thre5h01d (1.52 × mc 2) 50 at 6e5t a 10wer 
11m1t 0n the ener9y 15 rec0rded. 7h15 mean5 that at 10w v15161e ener91e5 a 519n1f1cant fract10n 0f the event5 c0me 
fr0m neutr1n05 w1th h19her ener91e5.7he5e h19her ener91e5 can c0ntr16ute t0 the 6ack9r0und 0f an 05c111at10n 519- 
na1 6ut are much 1e55 5en51t1ve t0 the pre5ence 0f an effect. 70 a 1ar9e extent detect0r re1ated effect51nc1ud1n9 ef- 
f1c1enc1e5 can 6e taken 1nt0 acc0unt 6y c0mpar1n9 data 901n9 upward wh1ch c0u1d man1fe5t an 05c111at10n effect 
w1th that c0m1n9 d0wnward wh1ch cann0t. 

1f v~ ~ ve 05c111at10n5 0ccur they w0u1d man1fe5t them5e1ve5 a5 a net 1ncrea5e 1n rate 0f e1ectr0n neutr1n0 1nter- 
act10n5 due t0 the much 1ar9er 50urce 0f mu0n neutr1n05.7he 10wer ener9y thre5h01d f0r e1ectr0n neutr1n0 1nter- 

,1 We w0u1d 11ke t0 thank 5.P. R05en f01 he1p 1n f0rmu1at1n9 the e4uat10n. 
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act10n5 w0u1d 91ve r15e t0 a net 1ncrea5e 1n the 0vera11 event rate. 
0n1y a 5ma11 p0rt10n 0f the data 15 5en51t1ve t0 matter enhanced 05C111at10n5 w1th th15 Am 2. Cut5 have 6een 

ch05en t0 max1m12e the num6er 0f event51n the Ev < 400 MeV re910n that have trave11ed 0n the 10n9e5t path 
thr0u9h the earth. We have 5e1ected event5 w1th1n 53 ° 0f the vert1ca1 901n9 e1ther up 0r d0wn. 7he5e repre5ent tw0 
5amp1e5 c0nta1n1n9 20% 0f the  5011d an91e each. 7he upward 5amp1e ha5 a mean path 1en9th 0f 10.2 × 106 m. 70 
en5ure 900d d1rect10n5 we have 5e1ected 51n91e-pr0n9 event5.51nce the effect 0n1y 1nf1uence510w ener9y event5 
(f19. 1) we have re4u1red the v15161e ener9y t0 6e 1e55 than 350 MeV. 7h15 91ve5 u5 a 5amp1e 0f 18 event5 901n9 up- 
ward and 25 901n9 d0wnward: 

up/d0wn = 0.72 + 0.22 ~< 1.00 (90% c0nf1dence 11m1t). 

We can rem0ve 50me 0f the v u 1nteract10n5, enr1ch1n9 the 5amp1e even m0re 6y 100k1n9 f0r a mu0n decay 519na- 
ture w1th1n 7.5/a5 after the 1nteract10n ha5 0ccurred. 7he eff1c1ency f0r f1nd1n9 5uch a 519na115 a60ut 50%. 7h15 cut 
1eave5 u5 w1th 14 event5 901n9 upward and 18 901n9 d0wnward: 

up/d0wn = 0.78 + 0.28 ~< 1.14 (90% c0nf1dence 11m1t). 

M0nte Car10 5tud1e5 1nd1cate that the d0wnward 5amp1e 5h0u1d have a60ut 72% e1ectr0n neutr1n0 and ant1neu- 
tr1n0 1nteract10n5.57% 0f the ve 1nteract10n5 had a parent neutr1n0 w1th ener9y 1e55 than 400 MeV. 6e0ma9net1c 
m0du1at10n [6] 0f the f1ux 15 519n1f1cant at the5e ener91e5.5uch c0n51derat10n5 w0u1d pred1ct [6] a rat10 0f a60ut 
0.71 1n 900d a9reement w1th the data. We can ach1eve a 60und 0n any exce55 rate and attr16ute a11 0f 1t t0 ve t0 
9et a c0n5ervat1ve 11m1t: 

exce55 v e = 0.9 -+ 3.6.  

70 9et a 60und 0n the rate 0f 05c111at10n5 f0r u u 1nt0 ve we need an e5t1mate f0r the f1ux 0f v u p0tent1a11y cap- 
a61e 0f 05c111at1n9 1nt0 Pe. 51nce we are 6e10w the v u detect10n thre5h01d we mu5t ca1cu1ate the v~ f1ux fr0m the 
d0wnward 065erved ve f1ux. 0n1y 31% (72% X 57% × 75%) 0f the 065erved 519na1 repre5ent5 ve 6e10w 400 MeV. 
1f  u u c0nvert t0 ve and 50me pr1mary ve c0nvert t0 v u the 5en51t1v1ty 15 reduced 6y the 1055 0f the ue event5. 7h15 
reduce5 the effect1ve v~ f1ux t0 11.7 event5.7h15 91ve5 the 11m1t: 

R (v u ~ ve) = 0.08 + 0.31 ~< 0.48 (90% c0nf1dence 1eve1). 

7here are a num6er 0f 5y5temat1c err0r5 that m19ht 6e pre5ent. 7 h e P 1 J p  e rat10 15 uncerta1n. 7he effect 0f the 
mu0n decay re4u1rement may n0t pr0duce a 5amp1e w1th 72% ve. F1na11y f1uctuat10n5 may pr0duce fewer than 
57% 10w ener9y event51n 0ur 5amp1e. 8y c0mpar1n9 the re5u1t5 0f a num6er 0f d1fferent exper1menta1 cut5 0n the 
data, 1nc1ud1n9 d1fferent 5011d an91e5, we e5t1mate the 5um 0f the5e err0r5151e55 than 20% 1n the rate and add 1t 1n 
4uadrature w1th 0ur 5tat15t1ca1 er10r a60ve. 7h15 91ve5: 

R (v u ~ ve) ~< 0.55 (90% c0nf1dence 1eve1). 

7he re910n 0f parameter 5pace exc1uded 6y th1511m1t 15 determ1ned 6y 1nte9rat1n9 the e4uat10n5 a60ve 1n the 
ener9y ran9e 200 MeV < Ev < 400 MeV. F19. 1 5h0w5 the pr06a6111ty funct10n f0r pr0duc1n9 a ve fr0m a v u w1th 
the m1x1n9 an91e 51n 0 v = 0.14. 7he avera9e va1ue 1n the ener9y ran9e under c0n51derat10n 15 0.55.7he f19ure repre- 
5ent5 the effect5 0f avera91n9 0ver a11 path 1en9th5 1n the upward 20% 0f 5011d an91e. 1nte9rat1n91n ener9y and 1n 
d1rect10n reduce5 5en51t1v1ty 6ut 15 e55ent1a1 t0 06ta1n a 5tat15t1ca11y 519n1f1cant data 5amp1e. F0rtunate1y the effect5 
are 4u1te 1ar9e. 

7h15 re5u1t 15 519n1f1cant even 1n the f19ht 0f re5u1t5 a1ready pu6115hed [2]. 7he pre5ent ana1y515 ha5 1nc1uded 9e0- 
ma9net1c effect5, effect5 0f the uncerta1nty 1n the den51ty d15tr16ut10n 0 (x) and uncerta1nty 1n a num6er 0f 5y5tem- 
at1c effect5 a550c1ated w1th the f1ux. 7he5e were ne91ected 1n the ear11er ana1y515.51nce th15 data 5amp1e 15 1ndepen- 
dent 0f that u5ed 1n ref. [2] the re5u1t5,1n pr1nc1p1e, c0u1d 6e c0m61ned. 

7he5e re5u1t5 may 6e 1mpr0ved 1n a num6er 0f way5.8erter mu0n and e1ectr0n 5eparat10n w0u1d reduce the 
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F19. 1.7he pr06a6111ty 0f pr0duc1n9 an e1ectr0n neutr1n0 fr0m 
a mu0n neutr1n0 0f a 91ven ener9y after avera91n9 0ver upward 
path 1en9th5 1n 20% 0f the 5011d an91e. 7he p10t 15 f0r Am 2 = 
1.1 × 10 --4 eV 2 and f0r 51n 0v = 0.14. 

c0ntam1nat10n 1n the 5amp1e and enr1ch the 519na1.70ta1 ener9y mea5urement5 w0u1d he1p rem0ve the feed d0Wn 
fr0m h19her ener91e5 and 91ve a pure 10w ener9y 5amp1e. We have a5519ned a11 0f the p055161e exce55 t0 05c111at10n5 
6ut 1n fact much 0f 1t c0u1d c0me fr0m f1uctuat10n5 1n any 0f the5e add1t10na1 50urce5. M0re data w0u1d reduce 
the 5tat15t1ca1 err0r that d0m1nate5 0ur 11m1t. 

0ur  re5u1t can n0t  ru1e 0ut the 501ut10n 0f ref. [1 ]. We have c0n5tra1ned the ma9n1tude 0f the m1x1n9 an91e and 
th15 w111 6e 0f u5e t0 m0de1 6u11der5. 

7h15 w0rk wa5 5upp0rted 1n part 6y the U5 Department 0f Ener9y. 0ne  0f u5 (JML) wa5 5upp0rted 1n part 6y a 
D0E 0ut5tand1n9 Jun10r 1nve5t19at0r 9rant. 
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