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Hopeh ag to

We show that the recent WM AP data can impose a genem zs upper bound on ² e etree´ ¯ ma--es d eleet on , muon andAbgÜact

tau neuM m e dd ned in the kinemati c measum menta :

( h r a = eí , Ó) . m en CEment neuut no m illsuon data m taken m amount - we obtain ´ '" µe´ 0 .M eV M ´ mµ®" ´ wzµÓ´

0 .24eV . × EUS there is no hope Ø kinemati cally detmt ´ Fn µÌ and ´ mµTm azzy real ið e ezperm enu -

Key wor ds eEective neuutno maa-es , neu»izzo oeciHations

'n M EEk s to t h e m cen t Super - k am i ok an d eLI ] , 142 K [ZU

SNO [3] and k amL A N D [4; ex ped m nü , we am now COZEV-

i need that th e d ea d d at m oepher ic h neu t ri nos an d the

defl c i t of so l ar Í e neut r inos am both d ue to neu t r i no oec i l .

l ati 0228 ¤ Ä e o@c i l l at ion of neu t r inoe i s a qu m t um phenom -

enon wh i c h c m natum lI y hap pen i f neu t ri noe am massi ve

an d l ep ton E avom are mi xed . Cur ren t exper i m ental da ta

i nd icate t hat sol ar m d at Enosphed c neutd no oec i l l at ions

ar e domi n ated Ó sp ecti vel y by h ú Í Ì an d b ú h t ra nsi --

t ions . 111e neut r i no mass- squ ï ü d d iE eø nces am oc iated

wt th sol ar and atm oep her ie neutd n o oec i l l at i ons am th us

d d ned Ä

AmL E |m; - mi |,
AnzLEE |m: - m; |, (1)

whem m i ( fo r i = 1 , 2 , 3 ) d enote th e ph ys i cal masse s of

t hm e neu tm oe . A l th ough a stm ng hi em Eæhy between

A Ð m and A m L h as been ob@en ed , th e abso l u te val ues

of m v m z É 1d FFZ3 m mai n unk n own . Th e k i neBlau e l i m i t s

on t he eE ect i ve ma88es of el ec tm n , m uon an d t au neu tr i -

no@cm k obtai ned f m m th e td t i u m ø d ec ay i H ú : H e +

e - + h , th e õ ú / + Í Ì dec ay and th e r + 5 7T + h ( or Ó

ú 3 7r + h ) decay , m sp ect ivel y . T oday ' s m gu ts × Ø[5]

´ mµ. ´ 3 eV,
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, or ´ mµ. ´ 0.71eV{ ¤ ¨ ?+ ´ , µ: + ´ mµ! ' "'? + mi + ± ´ 0.sev

´ m µÌ ´ 0 . 19 MeV ,

´ m µÓ ´ 18 2 MeV . ( 2 )

One cm m that the exped mental sensit i vi ty for ´ m µÌ is

more than four Od ers of mae Ei tude smal ler than É a EOr

´ m µe, and the experimental sensit ivi ty for ´ m µr i s two

od em d map zi tude lower than thó for ´ m b . h them

m y hope to dd ed ´ m b and ´ m µÓor tO COM M EE them

to a meaninå I level d sensiti vi ty? Ø e answer Ø thi s

questi on ± ies m how smalI ´ m µ" m d ´ m µÓam .

'ITEe mai n puzp oee of thi s paper i 8 to cal cul ate

´ m µ. , ´ m b and ´ m µr wiÉ the help d the mcent

W MAP dataM and neutd no osci l l at ion data - Whil e b FO e

has been extensively studied i n the l i temtUEü ²7] , a de-

tai led anal ysis d ´ m µÌ and ´ m µy has not been done - I t

is therefore wOEt hwhi le to wOEt out the upper bounds on

´ m µFa and ´ m µÓfmm eurm tl y avai l able data , such that

one may deh i tely m swer the afore- rai sed question . I nde-

pendent of the neutri no o@ci l lati on data , a genemus upper

li mit ´ m X + ´ m µ: + ´ m µ? = mi + mj + m: ´ 0 .5 ev z

cm be achieved fmm the WM AP observ d on . Hence

´ m µ. ´ 0 .7 1 eV hol ds EOr Á = e , Ì or Ó. Such m upper

bound for ´ m µe m l l be mdEICed by a factor of tim e , if

cum nt neutd no oeci l lati on data am taken into account . In

841- u s
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pa t ied ® , ´ '" µ® ú ´ m µÓ i s a good appmd maSi on and k ATR m u perimeat -u whoæ æ æ vity i s expected Ø

both d them am insem iHõ ô the Di me CP-vi d a ing be about 0 . 3 eV .

phase of the lepton b vor IZUÔag mú ² - We concl ude H CUI-mat data on neutrino oeci l lsHens am taken i nto

that thm h no hope to k inematical ly detect the d ecu ve accom h however , m m std ngent upper l imi ts em k ob -

m sees d m on m d ô neutri noe . taimed for h d ed ive m td no masses ´ m µe, ´ m µF and

DiE÷ t neuut no ma88 measurements m based on the ´ m µÓ¤

anal ysis d th k i nemati cs d charged parti cles prodm ed To see how ´ m µ, m y be m lated Ø the pm md m

together wi ª m xtm o navor ei genstates | Í . µ ( for a = e , d neutr i no oeci l l at ions , ½ make use d Eq . ( 1 )  ¥ '

Ì , Ó) , which m m peµ ´ ti¾ d nmm o mass Þ n¤ pm s m m d m2 in tem d m3, A m:. azzd A mL - h

Æ ee h t µ ( for i z l , 2 , 3 ) : m ul ts m(11(̧ h hvh) mzÙ Ð Ð
Í | = V Ì V Ñ V , | | ù | . ( 3 )

| i | | m 2 = J m : + p A m L , ( 8 )

h j v d v d v d j Éù j, , ¢ , . wheze p = Á 1 mzd q = ¢ l stand for four poesib le pat -

¡ Ee uni tazy mat ix V is j ua the lepbmnl fIavor
t em s of th e neu t r i no mam spec tm m . For examp le , p = q

tr ix . × 1e eEecti ve masses d el ee« wn , m uon azzd tau neu -
= + 1 cor m sp onds Ø m , µ m 2 µ FFh , mzd so on . TTm

td noe m the k i n emat i c mea- EEm m ents cm th en h de¤
p m ± n t s o t a r n e u t r i n o o , c i ll a t i o n d a t a f a v o r q = - 1 0 r FFB E

S n e d ,
´ m µ: = | Ô , | 2m? + | ñ 2 | 2mi + | ¸ | 2mi , ( 4 ) ´ nh W] , but d¯ Þ d p M M been axed - Sú ú tut -

ine h . ( 8 ) into h . ( Ý , we obtai n
for a = e , Ì and Ó. 11Ze m itari ty d V leads SErg e ztfor -
warÀ y Ø a simple sum mle between ´ m µ: and Ð : ´ FFZµ. = J mi + PO - | ¸ | 2)A mL + q | ¸ | 2A m: . .

´ m X + ´ m µ: + ´ m µ! = m? + m: + m: . ( 5 ) ( 9 )
T a k i n g a c c o u n t d | V e | 2 ´ 1 [ 10 ] a n d A m L ´ A m L m

N o t e t h a t t h i s s u m m l e a l l m ¼ ½ t o d e d v e m u p p e r b o u n d

m ´ m µ: independent d m y netM mo oeci l lation data - m ve a the fol lm ng m m m ô º r ´ m µ. :

Ò 1is poi nt cm ch at ty be m n h m the inequal i ty ´ m µ. - J m; + PA mL . ( 10 )

mi + m: + m: ´ ( m t + mz + mz) 2 , ( 6 ) Taki ng m cm t d tlze ¤ m d ( ned y ) mm mal m i ns

when the sum d thme neutd no masses has wd l k con ¤ factor of atEZEe- phed e neuu im oeci l lati om [1] , whi ch Ê

m nd b7tbemmnt WMAP daaMUmI +¨ ¨ equivalent Ø | Vpa| ¤ | vd| - M ¤ | Ve|´ 1,m

0 . 7 1 ev a the 95 % cons den£e l evel . Ê mm h m , oMai n

´ FFBµ: + ´ m µ; + ´ FFO i ´ 0 5O N . ( 7 ) ´ m µù J mi + Å A mL ,

Ä i s gem m zs upper bound ië l i es É ó ´ m µ: ´ 0 . 5O eV Z Y &

or ´ m µ. ´ 0 7 1 ¨ olds for u h 1A m d Ó- h m - ´ ' ð , J " ? + f A mL

menu a ÊE then i n OM er .

1 . Ä e eoeEEBol og eal upper bound d ´ m µ" i s m m

thm a ve OM ers d magni tude smal ler than i ts k i nemati c

upper bound e ven in Eq . ( 2 ) . h eompad s© , the upper

li mi t d ´ FFO r , et b7 the WMA P data is m m than Ø vm

OEd em of maF i tude SEnd l er than iu kinemati c upper l i m-

it . It seem hopeless M i mpmw the m m iHvity of the k i -

nematic measEm menu Ø the level d 0 . 7 1 eV .

2 . U e coemolog eai upp er bound d ´ m µ. ¤ ú £ut

four Umes smd ler than its ki nemati c upper bound e ven in

Eq . ( 2 ) . TEe fom er m y h aece¹ ² le in the h tum

(12)

One cm m ô ´ m µÌ é ´ m µÓiu natu ral m sequence

of curmnt neuut no om il l ati on data . h addi tion , Eqs .

( 10 ) m d ( 11 ) tell us that ´ m Ë is sli d uly laIÃer than

´ m µÌ and ´ m µÓ for p = + 1 or m2 µ WZ3 ; and it is

sli d Etly smal ler than ´ m µFa and ´ m µÓfor p = - l or m

´ FFE3 ¤

h general , one may m alm the corm l ati on bew een

´ m µ. and m by m d Eq . ( 9 ) , onl y ¤ | Vu | and

| ¸ 3| m almady meaSUEd - Sim the mixing anglÊ of
ed ® , atmoephed c and CHOOZ ( or Pal o VeEd e ) m ¤
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actor [10] neutEt no osci l l at ions red as

m z2 6.. 2 4 | v .1 | z l v a ¬ ,

si é £ " = 4 | VÑ i z ( 1 - | h | × ,

8i zA Oeh = 4 | Ve |2( 1 þ | Ve ! ' ) , u ´ I 27

we mvemely obtmn[U]

|¸ |=ÚJd oa+Jd ea- d zaM

|h |=÷

| Ve h m ods,

= 8 i n o a Ô ,

| v d | = J c 0 82 0 ch - M EM . -¤ ¤ EL ( 1 3 }

Æ Ee o t h e r f o u r m a t d x e l e m e n t s d V ( i . e . ,

| VÑ | , | vd | and | vd | ) m unable to be determined

h o m t h e a f o r e - B Ee n H o n e d n e u t r i n o o e e i l I a H o n e x p e d B Ee n t s -

U e y c m k d e r i v e d f EÉBEEt E q . ( 1 3 ) , h o w e v e r , ¤ t h e m -

m c C P - v i o l a H n g p h a s e i n t h e s t a n d a d p a r a m e t r i z a u o n o f

v { Ð Ê t a k e n i n t o a e e o u n t . 1 1!Ee e x p l i c i t e x p m s s i o n s d

| VF1| , | h | , | vd | and | VG| m even in Appen-

d i x . w e m ÷ ´ m µ Ì a ZEd ´ m µ Ó d e p e n d © t h e D i m

p h a m s i n t h e e h o e e n p a m m e t r iZ a m az d V . H o w e v e r ,

t h e m m i t i v i t y d ´ m µ Ì o r ´ m µ Ó Ø S i s n e g l i g i b l y w e a l E .

Ä m m a s o n i s s i m p l y ú ´ t h e e o n t d b u t i o n o f c o s S Ø

| vpd | ( or | VÓ1| ) is suppm -ed b7 | v-z | or m oev

a n d t h e cØo nÍ t rú iØb u t m d | V² Ì 1 | ( £Ñr | v² d | )  Ḉ FnØ'

́ m µË̈ ÓJ ) iñ8 fMuØ Î¾ }hôEØôe¢ r 8Ðuµ p pm mm s¹ÇÐï±e d bw 7 A m : . - h i s t h e zÉ ø

h o p e l e s s Ø p m b e t h e C P - v i o l a t i n g p h a s e s , e v e n ¤ ´ m µ ø

a n d ´ m µ T c o u l d b e m e a s tzm d .

T o n u m e r i c a l l y d e t e r m i n e t h e u p p e r b o u n d d ´ m µ . ,

w e n e e d a M o f d W OE-k o u t t h e u p p e r l i n × t o f m Ê t b y

t h e W M A P a n d n e u t d n o o s c i l l a t i o n d a t a - h F I g - L w e

s h o w t h e d e p e n d e n e e o f m 1 + m z + FFh m m , w h e m t h e

b e st - E t v a l u e s A m L = 7 . 3 Á 1 0 . , e V a n d A m L = 2 . 5

Á 1 0 ¤ 3 e V 2 [ 9] h a v e t y p i c a l l y b e e n i n p u t . N o t e t h a t o n l y

t h e m l ´ FFZz c a s e , w h i c h m s u p P OEt e d b y CU E-zm z t s o l a r

n e u t d n o o e c i l l d o n d a t a , i s t a k e n i ImØ a c c o u n t . F o r t h e

FFh ´ Ð c a m , m h a s m l o w e r b o u n d m 3 2 ²

J A m L + A m : . ú 0 . £ ± 1 e V E M t ¤ t h e m 2 µ

c a s e , e v e n wE3 = O i s a l l o w e d ( i n v e n e d h i e r a zæ h y ) .

se e t h a t t h e s e t w o c a s e s b e c o m e i n d i s t i n g u i s h a b l e f o r m 3

2 2 0 . 2 e V , i m p l y i n g t h e n e a r d e g e n e r a c y d t h m e n e u t d n o

| VÑ |

843ä » É ½ â Ô

masses . Once the W MAP l imi t m 1 + FFZ2 + FFZ3 ´ 0 .7 1 eV

is i ncluded , we i mmedi ately get m ´ 0 .7A eV . m en we

have FFEt ´ 0 .24 eV for i = 1 , 2 0r 3 . ì zi s resul t i s appz -

entl y consistent wi th tho-e Obã ined bd om L13j .

1OB . . . . . . . ..,    ¤E¤ ¤L;þä '

µ ½ + m w ¡ , h m d T / ' 1 4
4E T F V T

S i / 1 1 i1

+ t JF E »
S i / 7 4 T J j

t l " 2µ " 3 4 / / / l l
$ 10 - 1 ! " l f l 4

I J Hhå" , I 1

30 - ¨ & &4A . JJ 4 ¤ J -l E

10 - 3 10 - 2 104 10'

" , /eV
Fig. 1. Hhmt asive dependenee d m1+ Ð + Ð ï Ú' ä -

TK WMAlP m d t sets m µ pm lin- t on m z i .e. , m, ´ 0.MeV

for both ms µ nz2 and m, ´ nz2case- -

Next we evaluate ´ m µe by usi ng the best-Et val ues

où ù 330 and ou - 45£[' l in addi t ion to tak ing Oeh - 50

'

| V¨ Ê ¢

" a typ ica» input , which is compati bl e wi th siE122 0² ´

0 . 1 extracted fmm the CHOOZ mactor neutzino
experi ment[10] ( note that Oeh - 50 is d so favomd in a

mm² er of phenomenolog eal models of lepton mass

10'

µ
.

¢ h
, ¤ ¢

.

.
¢ ,
¢ . ,

10'
, ,, /eV

Il lusã ative dependence of ´ m µ. ( ç a = e , Ì ,Re.2.
FFE3

We
£ ¸ ' ù, .

Cum az ´ mh × × '" ' ´ ¢ 24 CUE'" b: ´ FFZL ¤ ´ , . µTMth

" ' ´ m23 Cm e et ´ ,,£ " Ð ,,, µÓì ú ,,,, µ ô21 M Cm - dt

u u . ì ú ¬ µ Ð ¤1¢e WMAP m uIt h ds Ø ´ mµ. ´ O-MeV.
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matä esM ] ) . Our numeri cal mSUIts for ´ m µ. , ´ m µp and

´ ,,zµT Chang EEg wi th m3 m shown i n Fig .2 . Once aÁ i zh

i t i s i mpoesibl e to disHÖ ui sh between the m2 ´ FFB3 case

and the mz µ FFZ3 case for FFE3220 2 eV . We and tha the

dependence d ´ FFBµ. © ,FB3 is veÇ si mi lar Ø the depen-

denee of FFEI + mz + m3 on nz3 ¤ As expected in Eq s .

( 10 ) and ( 11) , ´ m µe µ ´ m h - ´ m µÓhol ds for FFZ3 ´

mz( CUIv es a and b in R g . 2 ) z and ´ m k ¶ m b -

´ m µÓhol ds for rFZ3 µ FFZz ( cmves c and d in Fig . 2 ) . h

vi ew of the upper l i n- t m3Ë 0 2 4eV obtained above , we

ant ve at ´ m µe g 0 .24eV for Á = e , Ì or Ó. Ç ,is upper

bound is suppmesed by a fact or of thEª e , compazed to the

upper bound obtained fmm Eq . ( 7 ) which is independent

of the neutr ino oeci lIati on data .
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h Ç UCit µ ,..mmd | v, | , | v, | . | ² | ó | vd | ¨ am d 8. , ea-- K M SÄ ô h oMaind bm Eq. (13) ±
Eq. (A1) t

| Va l s

l v, l ¤

f anae-- + ¤id ea- 4¤id 8. ( 1+ at e- ) ¤ ¤ ' 26.|vdh l - ¢" et e--- mz28. -
t 2 s.d ¤-

ad e- -Aae m e£ " 8 1"
" - J ed h - d e. l

eo- e. . a

f d k + m 2 6 . . 4É 2 6 . ( 1 + -At e - ) - ¤i n22 6 . .
| Ve | = l + J e- - - o a - a EF2 6 . +

t 2 Se- -e-

u m results m uô ² l for a mumm ed aa-Aysis d v by Øe d eÄ " t a pm meatd data on netautno m iHd of- - U S is d ie-,, d Õ , a y h m

0 ¤¤ t

Muon ë Tau Ð ¢ Ó Ä Ë ¯ § Ð § Ê ¿ ° ä » É ½ â Ô Å
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