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C05m01091ca1 dark matter a11e9ed1y d0m1nate5 the ener9y 0f the un1ver5e. Am0n9 a11 dark matter cand1date5, the 119ht neutr1n0 
15 the 0n1y part1c1e actua11y kn0wn t0 ex15t 1n nature. 7he m05t 11ke1y 119ht neutr1n0 cand1date 15 v~ w1th ma55 m(v~) ~ 15-65 ev. 
7he 0n1y pract1ca1 way t0 5h0w that m(v~) 151n that ran9e, 15 t0 5earch f0r v~-v~ 05c111at10n5 reach1n9 va1ue5 0f 51n~20,, a510w a5 
4× 10 4. 7h15 ca115 f0r an 1mpr0vement 0f the 6e5t ex15t1n9 exper1ment 6y 0ne 0rder 0f ma9n1tude. A ded1cated acce1erat0r 
exper1ment w1th an emu1510n f0110wed 6y a 5pectr0meter, detect1n9 at 1ea5t 40000 neutr1n0 1nteract10n5, can 5ett1e the 155ue. 5uch 
an exper1ment d0e5 n0t 5eem 1mp055161e. A p051t1ve re5u1t w0u1d pr0ve that m05t 0f the ener9y 0f the un1ver5e c0n515t5 0f v~ 
part1c1e5. 

1t 15 w1de1y 6e11eved that the un1ver5e 15 f111ed w1th 
c05m01091ca1 dark matter. 7he  dark matter  acc0unt5 
f0r m05t 0f the ener9y 0f the un1ver5e. 1t pr06a61y 
1ead5 t0 a ••f1at•• un1ver5e, 1.e. ne1ther ••0pen•• n0r  
••c105ed••. A f1at un1ver5e ha5 an ener9y den51ty P0 
wh1ch e4ua15 the ••cr1t1ca1 den51ty•• p~=3H2/82r6, 

where H and 6 are, re5pect1ve1y, the Hu661e param- 
eter and Newt0n•5 c0n5tant. 7he0ret1ca11y, we prefer 
P0=P,. (1n 0ther w0rd5 ~ = p 0 / p c =  1). Exper1men- 
ta11y, 1t 5eem5 that 92 may 5t111 6e 50mewhat 1ar9er 0r 
5ma11er than 0ne, 6ut 15 neverthe1e55 d0m1nated 6y 
the c05m01091ca1 dark matter. 

7here are many cand1date5 f0r the c05m01091ca1 
dark matter  ~, the 1ead1n9 am0n9 them 6e1n9 weak1y 
1nteract1n9 neutra1 part1c1e5 wh1ch d0 n0t em1t 06- 
5erva61e rad1at10n and are d1ff1cu1t t0 detect 1n terre5- 
tr1a1 exper1ment5. Am0n9 the5e cand1date5, the three 
1ead1n9 c1a55e5 are 

(1) L19ht neutr1n05 w1th ma55e5 ar0und 15-65 eV. 
7he d0m1nant neutr1n0 c0u1d 6e, 1n pr1nc1p1e, v0, v~, 
v~ 0r a hyp0thet1ca1 f0urth neutr1n0 v0. 

(11) W1MP5 (weak1y 1nteract1n9 ma551ve part1- 
c1e5) w1th ma55e5 0f 5evera1 6eV•5.7he5e c0u1d 6e a 
heavy neutr1n0 ar0und 4-8  6eV, a ph0t1n0, an0ther  

~1 F0r var10u5 rev1ew5 0fdark matter, 5ee e.9. re[•. [ 1 ]. 

5uper5ymmetr1c part1c1e (1f1t 15 119hter than the ph0- 
t1n0) 0r 0ther neutr1n0-11ke 0r ph0t1n0-11ke 06ject5. 

(111) Ax10n5 0r 0ther 601d5t0ne part1c1e5. 
7here are 0ther, even m0re ex0t1c, cand1date5. 

7here are a150 0ther k1nd5 0f dark matter 5uch a5 the 
dark matter 1n51de 9a1ax1e5. We d0 n0t d15cu55 the5e 
here. 

Am0n9 a11 the a60ve cand1date5, a11 c1a55 (11) and 
c1a55 (111) part1c1e5 may 0r may n0t ex15t. At pre5ent, 
there 15 n0 5hred 0fev1dence f0r the ex15tence 0 f a ny  
0f them.  0 n  the 0ther hand, the three 119ht neutr1n05 
0f c1a55 (1) def1n1te1y ex15t, a1th0u9h we d0 n0t kn0w 
1fany 0 f them have ma55e51n the ran9e 15-65 eV, 

70 0ur 6e5t kn0w1ed9e, the 0n1y ar9ument a9a1n5t 

the 119ht-neutr1n0 dark-matter hyp0the51515 6a5ed 0n 
attempt5 t0 under5tand 9a1axy f0rmat10n ~2. 50me 
5uch ca1cu1at10n5 have 1nd1cated that 119ht neutr1n05 
may n0t have the r19ht ••c1ump1n9•• pr0pert1e5. M0re 
recent ca1cu1at10n5, 1n wh1ch c05m1c 5tr1n95 are 
••thr0wn 1n••, y1e1d m0re 0pt1m15t1c re5u1t5. We can- 
n0t expre55 any 0p1n10n 0n th15 155ue, except t0 5u9- 
9e5t that the the0ry 0f 9a1axy f0rmat10n, even 

~2 F0r a rev1ew 0f9a1axy f0rmat10n and dark matter, 5ee e.9. ref. 
[ 2 ]. F0r a d15cu5510n 0f1he 1nf1uence 0fc05m1c 5tr1n95, 5ee e.9. 
ref. [3]. 
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acc0rd1n9 t0 1t5 m05t enthu51a5t1c pract1t10ner5, 15 far 
fr0m reach1n9 a 5ta61e, mature,  5tatu5. 1t can hard1y 
6e u5ed a5 a dec151ve ar9ument  f0r 0r a9a1n5t a 5pe- 
c1f1c dark  mat ter  cand1date. 

Any un61a5ed 065erver wh0 ha5 n0t 6een ••6ra1n- 
wa5hed•• 6y recent 5pecu1at10n5 c0ncern1n9 5uper- 
5ymmetry,  ax10n5 0r 9a1axy f0rmat10n w0u1d 
und0u6ted1y c0nc1ude that  the 1ead1n9 ••5u5pect•• 1n 
the dark mat ter  pu221e mu5t 6e the 119ht neutr1n0, the 
0n1y cand1date actua11y kn0wn t0 ex15t 1n nature.  
Am0n9 the three kn0wn neutr1n05, the tau neutr1n0 
v~, 15 the m05t 11ke1y cand1date. 1t 15, theref0re, ex- 
treme1y 1mp0rtant t0 5earch f0r neutr1n05 1n 9enera1, 
and tau neutr1n05 1n part1cu1ar, at the re1evant ma55 
ran9e 0f 15-65 eV. 

1n th15 n0te we c0n51der the phen0men01091ca1 51t- 
uat10n re1ated t0 th15 pr061em. We ar9ue that  a c0n- 
ceptua11y 51mp1e neutr1n0 05c111at10n exper1ment can 
p1ay a cruc1a1 r01e 1n e5ta6115h1n9 the tau neutr1n0 a5 
the dark mat te r  0f  the un1ver5e. A p051t1ve re5u1t w111 
501ve the c05m01091ca1 dark matter pr061em[ A ne9a- 
t1ve re5u1t 1n 5uch an exper1ment, w111 make the 119ht- 
neutr1n0 dark-mat te r  hyp0the515 extreme1y un11ke1y. 

We f1r5t n0te that  the t0ta1 ener9y den51ty 0f  the 
un1ver5e can 6e wr1tten a5 

3H 2 keV 
P0 -= £2P~. =£2 ~ = ~2h 2" 11 --cm 3 

where h 15 def1ned 6y H = h . 1 0 0  km 5 -~ /Mpc .  7he  
accepted 065ervat10na1 60und5 [4]  0n £2 and h are 
£2 < 2 and • < h < 1. H0wever,  £2 and h are re1ated t0 
the pre5ent a9e 0f  the un1ver5e t0. F0r  1n5tance, f0r 
£2<2 and t0> 10 ~° yr, we 06ta1n h < 0 . 5 7  and £2h2< 
0.65. F0r  £2= 1 (the preferred the0ret1ca1 va1ue) and 
t0= 1.5 X 10 m yr 1n a mat ter-d0m1nated un1ver5e, we 
06ta1n £2h 2 = 0.2. We can 5afe1y a55ume 

0.15 ...< £2h 2 -..< 0.65. 

7he  num6er  den51ty n,. 0f any f1av0r 0f 119ht 5ta61e 
neutr1n05 15 re1ated t0 the kn0wn num6er  den51ty 0f  
ph0t0n5 n v 6y 

n v = 3 n v ~  110Cm -3. 

HenCe, 1f P0 15 ent1re1y d0m1nated 6y 0ne f1av0r 0f  
119ht neutr1n05, we mU5t have [ 5 ] 

m v = 100£2h 2 eV. 

F0r  £2 = 2 and t0 > 10 ~° yr we 06ta1n the m05t C0n5erv- 

at1ve upper  11m1t m,,< 65 eV. F0r  the ••fav0red•• va1- 
ue5 0f£2= 1, t0= 1 .5×10  ~° yr we 06ta1n m v = 2 0  eV. 
F0r  0ther rea50na61e va1ue5 0f  £2, h and t0 we a1way5 
06ta1n ma55e5 ar0und 15-65 eV. 

Wh1ch 0f  the three kn0wn neutr1n05 m19ht have a 
ma55 a r0und  15-65 eV• 7he  upper  11m1t5 0n m(v~),  
06ta1ned fr0m d1rect mea5urement5 and fr0m 
5N1987A are ar0und 10-20 eV. 7he  tw0 0ther neu- 
tr1n05, v~ and v~, c0u1d 6e heav1er than 65 eV 0n1y 1f 
they decayed fa5t en0u9h. 7here  are very 900d rea- 
50n5 t0 6e11eve that  th15 15 n0t the ca5e ~3. We there- 
f0re a55ume here that  m ( v , )  < 65 eV, m ( v 0  < 65 eV. 

1t 15 pr06a61e that  m ( v 0  >> m ( v , )  >> m(v~). 7h15 
w0u1d 6e the ca5e 1n m05t m0de15 [6 ] and part1cu- 
1ar1y 1n a1m05t any the0ry 1n wh1ch neutr1n0 ma55e5 
are 06ta1ned v1a the ••5ee-5aw•• mechan15m [7] .  We 
theref0re a55ume here that  v~ 15 much 119hter than v~. 
7he  m05t 11ke1y rat10 1n a ••5ee-5aw•• mechan15m 15 

m ( v , ) / m ( v ~ ) ~  [m(9)/m(~012~3.5×10 3, 

and we may pr06a61y 5afe1y a55ume [6] that  the 
a60ve ma55 rat10 15 50mewhere 6etween 10-~ and 
10-3. H0wever,  a5 10n9 a5 1t 15 we11 6e10w 0ne, 0ur 
ar9ument5 are e55ent1a11y 1ndependent 0f  the prec15e 
rat10. 

1f 60th v~ and v~ are 119hter than 65 eV and 1f 
m (v~) >> m (v , ) ,  the tau neutr1n0 6ec0me5 the 1ead- 
1n9 dark matter cand1date. 

We are d15cu551n9 here a v~ ma55 va1ue wh1ch 15 51x 
0rder5 0f  ma9n1tude 6e10w the 6e5t d1rect 11m1t [8] 
m(v~) < 3 5  MeV. 7he  0n1y way t0 pr06e th15 ma55 
re910n are neutr1n0 05c111at10n5 1nv01v1n9 v7. 1f v~,, v,,  
v~ have n0nvan15h1n9 ma55e5, 1t 15 e55ent1a11y 1nev1- 
ta61e that  neutr1n0 05c111at10n5 0ccur. 5uch 05c111a- 
t10n5 6etween tw0 5pec1e5 v1 and vj depend  0n1y 0n 
Am2= m2 - m ~  and 0n 51n220. where m,, mj are the 
ma55e5 and 0,:j 15 the m1x1n9 an91e. 51nce we a55umed 
that  m (v~) >> m (v~) >> m (ve), and we are 1ntere5ted 
1n the ran9e 15 eV ~< m (v~) ~< 65 eV, we mu5t c0n51der 
0n1y v~-v. and v~-v¢ 05c111at10n5 and we kn0w that, t0 
a 900d appr0x1mat10n, Am2~ [ m ( v 0 1 2 ~  ( 2 0 0 -  
4500) eV 2. 

What  can we 5ay a60ut the v~-v~ and the v~-v~ m1x- 
1n9 an91e5 0:~ and 0 ~  7he  an91e 0~ m1xe5 n0n-adja-  
cent 9enerat10n5. 1t 15 ana1090u5 t0 01~ ) 1n the 4uark 

~3 F0r a recent ana1y515 and ear11er reference5, 5ee ref. [6]. 
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5ect0r, wh1ch 15 kn0wn t0 6e 5ma11er (6ut pr06a61y 
n0t much 5ma11er) than 10 -2. 1f0¢0~0~ ) we expect 
51n220¢e ~< 4 × 10 -4. 7he  6e5t v¢-v~ 05c111at10n data ~4 
(a5 we11 a5 the 6e5t v~ ••d15appearance•• data) reach 
0n1y much 1ar9er va1ue5 0f  51n220¢,. and theref0re te11 
u5 n0th1n9 a60ut m ( v 0 .  

7h151eave5 u5 w1th v~-v~ 05c111at10n5 a5 the 1a5t re- 
50rt. 7he  an91e 0¢~ m1xe5 adjacent 9enerat10n5. 1t 15 
ana1090u5 t0 0 ~  ) 1n the 4uark 5ect0r. Exper1men- 
ta11y, 51n ~23~4~ ---0.043_+0.008.1fwe had 0~, =~23~¢4~ we 
w0u1d expect 51n220¢,~0.005-0.010. 1n the 4uark 
5ect0r, we have an0ther m1x1n9 an91e wh1ch c0nnect5 
ne19h60ur1n9 9enerat10n5: the 0r191na1 Ca61660 an- 
91e. 06ey1n9 51n v~2A~4) =0.22 0r 51n~2 014)=0.18. We d0 
n0t rea11y kn0w why ~,~2A ~4 ) >> 0 ~  ). We a150 d0 n0t kn0w 
the actua1 va1ue 0f  0¢~, 6ut 0n the 6a515 0f  the a60ve 
ana109y t0 the 4uark 5ect0r, 1t m19ht 6e anywhere, 5ay, 
6etween 0.03 and 0.22. 7he  pattern 0f  the char9ed 
1ept0n ma55 rat105 15 n0t very d1fferent fr0m that 0f  
the 4uark ma55 rat105. M05t the0ret1ca1 m0de15 ex- 
pect m1x1n9 an91e5 t0 6e 50meh0w re1ated t0 ferm10n 
ma55 rat105. We may theref0re ••9ue55•• that the 0¢, 15 
n0t far fr0m the a60ve ran9e, p055161y 6e10w 1t, 6ut 
n0t t00 far 6e10w. 51nce 01~ ~ 15 pr06a61y near 0.01, 
and the m1x1n9 0f  ••d15tant•• 9enerat10n5 15 expected 
t0 6e 5ma11er, we pr0p05e a very c0n5ervat1ve 10wer 
60und 0¢,>~0.01. 7h15 w0u1d mean 51n220¢,>~4× 
10 -4. 7h15 60und 5eem5 5afe a1th0u9h, 1n pr1nc1p1e, 
ar61trar11y 5ma11 va1ue5 0f 0¢, cann0t 6e exc1uded. 
What we need 15, theref0re, a v¢-v, 05c111at10n exper- 
1ment pr061n9 the re910n 0f  Am 2 6etween 200 and 
4500 eV 2 and reach1n9 51n-~20~1, va1ue5 wh1ch are at 
1ea5t a5 10w a5 4X  10 -4, prefera61y even 10wer. 

7he re1evant ran9e 1n Am 2 15 ea511y acce55161e. H0w 
far can we 90 1n the 0ther cruc1a1 var1a61e, 51n220~ 
7he 6e5t v~ ••d15appearance•• exper1ment5 reach 0n1y 
[9 ] 51n220,, ~ 0.05, far a60ve the re4u1red ran9e. 8y  
far the 6e5t v~-v¢ data c0me5 fr0m [ 10] Ferm11a6 ex- 
per1ment E531, u51n9 a hy6r1d c0m61nat10n 0f  an 
emu1510n and a 5pectr0meter. 7h15 exper1ment, at the 
90% c0nf1dence 1eve1, reached 51n220¢, ~ 4 × 10 3,ju5t 
en0u9h t0 exc1ude 0~ = 0~  ). What we n0w need 15 an 
1mpr0ved exper1ment that can reach at 1ea5t d0wn t0 
51n220¢~4× 10 -4, h0pefu11y 6e10w 1t. 5uch an ex- 
per1ment w111 pr0v1de u5 w1th an exce11ent pr06e 0f  

~4 F0r a recent reV1eW 0f neutr1n0 05C111at10n5, 5ee e.9. ref. [ 9 ]. 

the p05516111ty that the c05m01091ca1 dark matter 15 
due t0 tau-neutr1n05. 

7he  E531 exper1ment [10] wa5 n0t 0r191na11y de- 
519ned t0 5earch f0r v¢ 05c111at10n5. 1t wa5 a 6y-pr0d- 
uct 0f  a charm 11fet1me exper1ment. 1t 5t111 ach1eved, 
6y far, the 6e5t v~-v~ 05c111at10n data. 1n that exper1- 
ment, appr0x1mate1y 4000 neutr1n0 1nteract10n5 were 
detected. A 2 cand1date wa5 def1ned a5 an event w1th 
a k1nk (hav1n9P7> 125 MeV) 0r a three-pr0n9 5ec- 
0ndary vertex, n0 pr0mpt mu0n (t0 e11m1nate 5tan- 
dard v , - ~ t  event5), a ne9at1ve char9ed track (t0 
e11m1nate charm event5) and a m1n1mum m0men- 
tum f0r the ~ (p¢~ 2.5 6eV,  t0 av01d c0nfu510n w1th 
0ther 6ack9r0und).  W1th the5e cut5, m05t 2 event5 
5h0u1d 5urv1ve, 6ut n0 cand1date event5 were f0und. 
7he  exper1ment, w1th the5e cut5, had n0 6ack9r0und 
at a11.0n the 6a515 0f  2er0 2 cand1date5 and 1870 0r- 
d1nary char9ed current event5 w1th an 1dent1f1ed ~, 
the ran9e 0f  51n220¢, ~< 4 × 10 -3 wa5 06ta1ned. 

1mpr0v1n9 the 60und 6y at 1ea5t an 0rder 0f  ma9- 
n1tude w0u1d re4u1re a new ded1cated exper194ent u5- 
1n9 51m11ar techn14ue5.7he emu1510n 5eem5 nece55ary 
1n 0rder t0 065erve 2 track5 w1th a typ1ca11en9th 0f  a 
few hundred m1cr0n5.7he 5pectr0meter 15 needed 1n 
0rder t0 p01nt t0ward5 the 5u5pected vertex. C0ncep- 
tua11y, the 51mp1e5t meth0d w0u1d 6e t0 repeat the 
e55ent1a1 feature5 0f  exper1ment E531 w1th a 1ar9er 
num6er  0f  even t5 .0ne  need5 at 1ea5t 20 000 char9ed 
current neutr1n0 1nteract10n5 w1th 1dent1f1ed mu0n5, 
prefera61y m0re. Depend1n9 0n the eff1c1ency and the 
acceptance f0r mu0n 1dent1f1cat10n, th15 w0u1d re- 
4u1re a t0ta1 0f  at 1ea5t 30000 and pr06a61y 40000 
neutr1n0 1nteract10n5. 

7h15 can 6e ach1eved 6y any c0m61nat10n 0f  m0re 
emu1510n, h19her 6eam 1nten51ty and 10n9er runn1n9 
t1me. A55um1n9 that the tran5ver5e 512e 0 f the  detec- 
t0r c0ver5 m05t 0f the w1dth 0f  the neutr1n0 6eam, 
the num6er  0f neutr1n0 1nteract10n5 can 6e r0u9h1y 
e5t1mated 6y the f0110w1n9 crude f0rmu1a: 

Nv~c~ ent5 Ep np Mtar8et 
1000 = 4 1 0 0 6 e V 1 0  ~ 1t0n • 

where Ep and n v are, re5pect1ve1y, the ener9y and the 
num6er  0f  pr0t0n5 0n tar9et and M~n~9,.~ 15 the act1ve 
tar9et ma55. 7he  c0eff1c1ent 4 15 a1way5 0f  0rder 0ne 
and 1t c0nta1n5 a11 the deta115 0f  the 6eam, detect0r, 
etc. 1n a 5amp1e 0f CERN and Ferm11a6 exper1ment5 
0ver the 1a5t few year5, 4-va1ue5 6etween 0.6 and 3.5 
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are 06ta1ned. F0r 0ur purp05e5, we need t0 9enerate 
a fact0r 0f 40 0n the 1eft-hand 51de 0f 0ur e4uat10n. 

F0r a 51n91e rea115t1c run at Ferm11a6 w1th 800 6eV 
pr0t0n5 and 10 ~8 pr0t0n5 0n tar9et, we theref0re have 

Nv-evem5 Mtar9et 
1000 --84 1t0n 

F0r ~/= 1 we theref0re need, 5ay, tW0 run5 W1th at 1ea5t 
2.5 t0n5 0f emU1510n. 7he 51tUat10n f0r the CERN 5P5 
15 50meWhat 6etter. 8eCaU5e 0f the h19her 6eam 1n- 
ten51ty and the h19her repet1t10n rate 0fthe mach1ne, 
and 1n 5p1te 0fthe 10wer ener9y, 0ne 06ta1n5 f0r a typ- 
1Ca1 rea115t1c r u n  Ep = 400 6eV, np = 6 × 1015, y1e1d1n9 

Nv-e,.cm5 M1ar9et 
1000 - 2 4 4  ~ t ~ n  " 

W1th 4= 1, tw0 5uch run5 w1th 800 k9 (0r 200 ~) 0f 
emu1510n w0u1d d0 the j06.50me 0f the a60ve num- 
6er5 c0u1d 6e m0d1f1ed 6y fact0r5 0f tw0, depend1n9 
0n the 4ua11ty 0fthe neutr1n0 6eam, the 1en9th 0fthe 
run, the percenta9e 0fmach1ne pr0t0n5 ded1cated t0 
the exper1ment, the d15tance 0f the detect0r, the 
acceptance and eff1c1ency, etc. 1n fact, we 6e11eve that 
6y 0pt1m121n9 a11 0f the5e parameter5, 1t may 6e p05- 
5161e t0 06ta1n the re4u1red 5en51t1v1ty w1th a 50me- 
what 5ma11er am0unt 0f emu1510n, p055161y 6e10w 100 
~. F0r ~/~ 3 (a va1ue wh1ch ha5 6een ach1eved 1n pa5t 
exper1ment5), 0ne need5 appr0x1mate1y 70 ~. 

W1th 50 many event5, 5cann1n9 the emu1510n 6e- 
c0me5 a d1ff1cu1t and 1en9thy pr0cedure. A1m05t a11 
5canned event5 w0u1d 1nv01ve a mu0n wh1ch 15 de- 
tected 6y the 5pectr0meter and traced 6ack t0 a pr1- 
mary vertex 1n the emu1510n. Reject1n9 the5e event5 
15 a fa1r1y rap1d pr0cedure. 5e1ect1n9 the 5er10u5 can- 
d1date5 and 5cann1n9 them 15 the heart 0f the exper1- 
ment. A ded1cated v¢ exper1ment wh1ch 15 n0t a 6y- 
pr0duct 0f 50meth1n9 e15e, may a110w a m0re eff1c1ent 
pr0cedure 0f 5e1ect1n9 cand1date event5 6ef0re the 
cut5. 

1t may 6e w0rthwh11e t0 c0ncentrate 0n 5pec1f1c de- 
cay m0de5 0 f t  (e.9. 51n91e hadr0n 0r three pr0n95 0r 
e1ectr0n) and 1n th15 way c0n51dera61y reduce the 
nece55ary am0unt 0f 5cann1n9. 7he pr1ce pa1d w0u1d, 
0f c0ur5e, 6e the nece551ty 0f hav1n9 a h19her t0ta1 
num6er 0f event5 and theref0re a pr0p0rt10nate1y 
1ar9er am0unt 0f emu1510n. 

1t 5eem5 that the 6e5t meth0d w0u1d 6e t0 c0ncen- 
trate 0n event5 c0nta1n1n9 an ener9et1c ne9at1ve e1ec- 

tr0n and n0 mu0n. 5uch event5 w0u1d 1nc1ude 17% 
0fa112-1ept0n5, nece551tat1n9 a t0ta1 num6er 0fevent5 
wh1ch 15 51x t1me5 1ar9er, 1.e. a t0ta1 0f 250000 neu- 
tr1n0 1nteract10n5. H0wever, 5uch a pr0cedure w0u1d 
e11m1nate a11 n0rma1 char9ed current event5 and a1- 
m05t a11 neutra1 current event5. 7he ma1n phy51c5 
6ack9r0und here w0u1d c0me fr0m ve c0ntam1nat10n 
1n the neutr1n0 6eam, u5ua11y e5t1mated at 1%. 7h15 
w0u1d y1e1d appr0x1mate1y 1500 vc-1n1t1ated char9ed 
current event5. M05t 0f the 5canned event5 w0u1d 6e 
0f th15 type. 1f the e1ectr0n c0me5 fr0m the pr1mary 
vertex 1n the emu1510n, the event 5h0u1d 6e rejected. 
1fa k1nk 15 065erved f0r an e-  1t 15 a 7- cand1date. 1n 
5p1te 0f the 51xf01d 1ncrea5e 1n the t0ta1 num6er 0f 
neutr1n0 1nteract10n5, the a6501ute num6er 0f 5canned 
event5 w111 6e reduced 6y m0re than an 0rder 0fma9- 
n1tude, re1at1ve t0 the ca5e 1n wh1ch 0ne 5earche5 f0r 
a11 ~ decay m0de5. 

7he t0ta1 am0unt 0f emu1510n needed f0r perf0rm- 
1n9 th15 ver510n 0fthe exper1ment at CERN w111 have 
t0 6e 0f the 0rder 0f 500 ~ (a55um1n9 4 ~ 3 ). 7he typ- 
1ca1 effect1ve tran5ver5e area 0f the neutr1n0 6eam at 
a d15tance 0f 1 km 15 a few 54uared meter5 (5ay, 3 
m2), 1ead1n9 t0 a t0ta1 emu1510n th1ckne55 0f the 0r- 
der 0f 15 cm 0r f1ve rad1at10n 1en9th5. 1n 0rder t0 
0verc0me 5h0wer5, c0nver510n5 and 0ther fact5 0f 11fe, 
1t w0u1d 6e advanta9e0u5 t0 u5e 5evera1 1ayer5 0f 
emu1510n (5ay, each w1th a depth 0f 1 cm) 5eparated 
6y track1n9 cham6er5 wh1ch can he1p 1dent1fy the 
e1ectr0n5 and d15t1n9u15h them fr0m var10u5 type5 0f 
6ack9r0und. 7he c0m61ned e1ectr0n1c 1nf0rmat10n 
fr0m the detect0r 6eh1nd the emu1510n and the cham- 
6er5 6etween the emu1510n p1ate5 c0u1d he1p 1dent1fy 
true e1ectr0n event5, reduc1n9 the t0ta1 num6er 0f 
5canned event5 t0 a few th0u5and5, a num6er 51m11ar 
t0 that 0f exper1ment E531.5cann1n9 w111 c0n515t 0f 
5earch1n9 f0r the re1at1ve1y 51mp1e 519nature 0fa k1nk 
1nv01v1n9 a 5h0rt track 0fa few hundred m1cr0n5 f01- 
10wed 6y a 51n91e ne9at1ve e1ectr0n. 

1t 15 c0nce1va61e that the exper1ment can a150 6e 
perf0rmed w1th 0ther detect0r5 c0nta1n1n9 a track- 
5en51t1ve tar9et. 1t m19ht 6e 1ntere5t1n9 t0 pur5ue th15 
p05516111ty. H0wever, the re4u1rement 0fhundred5 0f 
k1109ram5 0f act1ve tar9et and the nece551ty 0f 065erv- 
1n9 2-track5 0f a few hundred m1cr0n5 are n0t ea511y 
rec0nc11ed 1n 0ther meth0d5. A part1cu1ar1y attract1ve 
p05516111ty a10n9 the5e f1ne5 15 the 1dea 0f u51n9 5c1n- 
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t111at1n9 0pt1ca1 f16re5 1n 0rder t0 detect 2-track5 1n a 
neutr1n0 6eam [ 1 1 ]. 

1t 15, 1n pr1nc1p1e, a150 p055161e t0 detect 2-1ept0n5 
w1th0ut exp11c1t1y 065erv1n9 the1r track5, u51n9 much 
1ar9er act1ve tar9et5 and h19her event rate5. H0wever, 
at the 1eve1 0f  5en51t1v1ty re4u1red here, 6ack9r0und 
6ec0me5 an extreme1y 5er10u5 pr061em 1n 5uch 
exper1ment5. 

1f r event5 are d15c0vered, we mu5t 6e certa1n that 
they c0me fr0m v~5 wh1ch 05c111ated 1nt0 v~5 rather 
than fr0m a v~-c0ntam1nat10n wh1ch ex15t5 1n the 
neutr1n0 6eam a5 a re5u1t 0f  d1rect hadr0n1c decay5. 
7he  pr1me cand1date f0r 5uch decay5 15 the c9 me50n, 
kn0wn a5 F 0r D~. 7he  decay 0f  F 15 the d0m1nant 
mechan15m f0r pr0duc1n9 v~ 1n 6eam dump exper1- 
ment5. H0wever, f0r the type 0f  exper1ment d15- 
cu55ed here, at a d15tance 0f, 5ay, 1 km, the num6er  
0f7  event5 0r91nat1n9 fr0m F-decay 15 expected t0 6e 
ne9119161e. 1t may 6ec0me the 11m1t1n9 fact0r 1f the 
v~-v~ 05c111at10n exper1ment 15 ever pu5hed t0 even 
10wer va1ue5 0f  51n220~,. 7he  6ack9r0und due t0 ••d1- 
rect v ~  can, 1n pr1nc1p1e, 6e mea5ured 6y turn1n9 
d0wn, rem0v1n9 0r d1vert1n9 the f0cu5ed neutr1n0 
6eam. At 10wer ener91e5 (5uch a5 at CERN) ,  the F 
6ack9r0und 15 5ma11er than at h19her ener91e5 (5uch 
a5 at Ferm11a6). 

We c0nc1ude that the pr0p05ed exper1ment 15 d1f- 
f1cu1t, 6ut n0t 1mp055161e. 7he  p0tent1a1 reward 15, 1n 
0ur 0p1n10n, extreme1y 519n1f1cant. 

1fthe exper1ment 15 perf0rmed and 05c111at10n5 are 
f0und, 1t w111 pr0v1de u5 w1th 1nf0rmat10n 0n m (v~). 
A prec15e determ1nat10n 0f  m(v~) may re4u1re add1- 
t10na1, m0re c0mp11cated, exper1ment5 at d1fferent 
d15tance5 and /0 r  ener91e5. H0wever, the ex15tence 0f  
any v,-v~ 05c111at10n5 1n an exper1ment 0f  the type 
d15cu55ed here, w0u1d 1nd1cate that m (v~) 15 at 1ea5t 
a few eV•5, mak1n9 1t a very 11ke1y cand1date f0r the 
dark matter. 1f m(u0 15 f0und t0 6e 1n the appr0pr1ate 
ma55 ran9e, 1t 15 pr06a61y the c05m01091ca1 dark mat- 
ter Qf the un1ver5e and 1t 6ec0me5 the d0m1nant c0n- 
tr16ut0r t0 1t5 ener9y• 

1f the re5u1t 15 ne9at1ve d0wn t0 51n220~, ~ 4 × 10-4 
and 1f, 11ke E531, the exper1ment 15 5en51t1ve t0 m (v0  
va1ue5 a5 10w a5 a few eV, we face tw0 p05516111t1e5: 
7he m05t 11ke1y 0ne 15 that m(v~) 15 at, 0r 6e10w, few 
eV and 1t d0e5 n0t f0rm the c05m01091ca1 dark matter 
0 f the  un1ver5e. 1n that ca5e, m ( v , )  15 m05t 11ke1y t0 
6e at, 0r 6e10w, 10 -2 eV, ju5t the ran9e re4u1red f0r 

exp1a1n1n9 the 501ar neutr1n0 pu221e 6y v~-ve 05c111a- 
t10n5 [ 12 ]. 7he  dark matter c0u1d then 6e a f0urth 
119ht neutr1n0 v~ 1n the 15-65 eV ma55 ran9e 0r, m0re 
11ke1y, an ax10n 0r a W1MP. 

7he 5ec0nd p05516111ty (1n the ca5e 0f  a ne9at1ve 
re5u1t) 15 that v~ 15 5t111 ar0und 15-65 eV, 6ut f0r 50me 
pecu11ar rea50n 0~, < 0.01, we11 6e10w the ana1090u5 
4uark an91e5 and p055161y even 6e10w the an91e 0[~ ~ . 
7h15 w0u1d 6e a very 5ma11 an91e and 1t 15 n0t 5u9- 
9e5ted 6y any kn0wn m0de1. H0wever, 5uch a 51tua- 
t10n cann0t 6e ru1ed 0ut and the 0n1y way t0 c0pe 
w1th 1t w0u1d 6e t0 pu5h the exper1ment even further, 
t0 10wer va1ue5 0f  51n220~. 

1f m(v~) 15 1n the 15-65 eV ran9e, m(v~) 15 11ke1y 
t0 6e appr0x1mate1y ar0und 0.1 eV. 1n 5uch a ca5e, 
v~-ve 05c111at10n5 at A m 2 ~  10 -2  eV 2 6ec0me re1e- 
vant. 5uch exper1ment5 are 6e1n9 n0w c0ntemp1ated. 
H0wever, even 1f v~-v~ 05c111at10n5 are d15c0vered at 
m ( v , )  ~0.1 eV, we 5t111 cann0t 6e 5ure that v~ 15 the 
c05m01091ca1 dark matter. 0n1y a d1rect 065ervat10n 
0fv~-v,  05c111at10n5 w111 6e c0nv1nc1n9. 

Need1e55 t0 5ay, the purp05e 0f  th15 n0te 15 n0t t0 
de519n an exper1ment. Any exper1menta1 meth0d 
wh1ch w0u1d 1ead t0 the nece55ary va1ue5 0f 51n220~, 
and t0 the d15c0very 0f  v~ at the dark-matter ma55 
ran9e, w111 6e we1c0me. 7he  a60ve d15cu5510n 5erve5 
0n1y t0 empha512e the 9reat 1mp0rtance 0f the pr0- 
p05ed mea5urement and t0 1nd1cate that the exper1- 
ment appear5 t0 6e fea5161e. 

We 5ummar12e: am0n9 a11 dark matter the0r1e5, 
0n1y the 119ht neutr1n0 p05516111ty 15 6a5ed 0n a par- 
t1c1e wh1ch 15 kn0wn t0 ex15t; the m05t 11ke1y 119ht 
neutr1n0 a5 a dark matter cand1date 15 vd 1f v~ 15 the 
c05m01091ca1 dark matter, we mu5t have m(v~) ~ 15- 
65 eV; the 0n1y pract1ca1 way t0 pr06e th15 ma55 15 t0 
5earch f0r v~-v~ 05c111at10n5 at 200 < A m  2 < 4500 eV 2 
d0wn t0 10w va1ue5 0f 51n220~; a c0n5ervat1ve e5t1- 
mate re4u1re5 0:~>~0.01 0r 51n220,,~>4× 10-4; th15 
ca115 f0r an 1mpr0vement 0f  the 6e5t ex15t1n9 exper1- 
ment 6y at 1ea5t 0ne 0rder 0f  ma9n1tude; a ded1cated 
acce1erat0r exper1ment w1th an emu1510n f0110wed 6y 
a 5pectr0meter, detect1n9 at 1ea5t 40000 neutr1n0 1n- 
teract10n5, 5h0u1d 5ett1e the 155ue; 5uch an exper1- 
ment d0e5 n0t 5eem 1mp055161e. 

We ur9e exper1menta115t5 t0 perf0rm th15 cruc1a1 
exper1ment, h0p1n9 that 1t can pr0ve that the c05- 
m01091ca1 dark matter 0f the  un1ver5e c0n515t5 0f tau-  
neutr1n05. A p051t1ve re5u1t w111, 0fc0ur5e, a150 6e the 
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f1r5t exper1menta1  065erva t10n  0 f  a v~, t he  f1r5t 065er-  

va t10n  0 f  neu t r1n0  05c111at10n5 a n d  t he  f1r5t ev1dence  

f0r  n0n-van15h1n9  n e u t r 1 n 0  ma55e5. 1t 5h0u1d 6e  ex- 

c1t1n9 t0  6e  the  f1r5t t0  065erve  a n e w  part1c1e and ,  a t  

t he  5ame t1me, t0  5h0w t h a t  1t d0m1na te5  t he  ma55 0 f  

the  un1ver5e• 

1 h a v e  6enef1 t t ed  f r 0 m  m a n y  d15cu5510n5 w1th ex- 

per1menta1  c011ea9ue5, c0nce rn1n9  t he  fea516111ty 0 f  

th15 expe r1men t .  1 t h a n k  R. 8ern5te1n,  J .D.  8 j 0 r k e n ,  

Yu.  E15en6er9, D.  J0van0v1c ,  5 . K u r a m a t a ,  L. 

L e d e r m a n ,  6 .  M1ken6er9 ,  7 .  M u r p h y ,  A. Pa ra ,  W. 

Reay,  F. Vannucc1,  K. W1nte r  a n d  7 .  Y a m a n 0 u c 6 1  f0r  

he1pfu1 d15cu5510n5. 
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