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NEUTRINO MASSES MEASUREMENT IN FUTURETRITIUM BETA DECAY EXPERIMENT� ��Joanna Studnik and Marek ZraªekInstitute of Physi
s, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
e, Poland(Re
eived O
tober 30, 2001)The end of the ele
tron energy distribution dNdE in � de
ays of nu-
lei depends on neutrino masses and mixing angles. Various approximateparametrization of the dNdE , proposed in literature, and the de�nition of ef-fe
tive neutrino masses m� are investigated. Bounds or future measuredvalues of m� together with the os
illation parameters are a sour
e of infor-mation about the mass of the lightest neutrino.PACS numbers: 14.60.Pq, 26.65.+t, 95.85.Ry1. Introdu
tionAmong various pro
esses, whi
h give information about absolute valuesof neutrino masses, the tritium � de
ay plays parti
ular role. Currently,measurements of the end of the ele
tron energy distribution dNdE in 31H-de
ayare the only known sour
e of information about s
ale of neutrino masses,whi
h are independent of their nature. There are future plans to measuremu
h more pre
isely the end of energy spe
trum [1℄ whi
h 
ould result in�nding the e�e
tive neutrino mass m� or new better bound on it.The state of produ
ed �e neutrino in weak �+ de
ay is the 
oherent
ombination of various neutrino mass states j�iij�ei = NXi=1 Uei j�ii ; (1)� Presented by J. Studnik at the XXV International S
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3814 J. Studnik, M. Zraªekwhere Uei are the elements of the mixing matrix. Then dNdE depends on thelight neutrinos massesmi and on the mixings Uei. The existen
e of tree lightneutrinos (N = 3) is experimentally 
on�rmed. If we 
ombine the LSNDexperiment data and the solar and atmospheri
 neutrino anomalies, we arefor
ed to introdu
e larger number of light neutrinos (N > 3) [2℄. As theresults of the re
ent experiment wait for 
on�rmation, we now 
onsider N=3
ase only. Then dNdE depends on �ve neutrino parameters whi
h is too manyto spe
ify them all from �+ de
ay. One parameter, the e�e
tive ele
tronneutrino mass m� is usually introdu
ed asm� = f(jUeij;mi) ; (2)but there is no agreement how m� should depend on mi and Uei. In thisarti
le we 
onsider two de�nitions of m� and try to de
ide whi
h is themore appropriate one. Then having experimentally measured m� we 
he
khow pre
isely we are able to determine neutrino spe
trum. In the nextSe
tion, we brie�y des
ribe ele
tron energy distribution from tritium � de
aytogether with re
ent experimental determination of m�. Then in Se
tion 3,two parametrization of m� (whi
h 
an be found in literature) are presented.In Se
tion 4, problem of neutrino mass determination is dis
ussed and �nallywe give 
on
lusions.2. Brief des
ription of beta de
ay experimentWe 
onsider the transition between tritium and helium 31H!32He+e�+��e.The energy distribution of outgoing ele
tron, known as a Curie plot, is al-most paraboli
-shaped with deviation at the end. This deviation refers tonon- zero neutrino mass. In this 
ase, energy distribution is given by [3℄:�dNdE � = R(E)(E0 �E)q(E0 �E)2 �m2� ; (3)where E = Etot �me � p22me is ele
tron kineti
 energy, andR(E) = G2Fm5e 
os �
2�3 jM j2F (E)p2meE(E +me) ; (4)where GF � Fermi 
onstant, �
 � Cabibbo angle, M � nu
lear matrixelement. F (E) is neutrino mass independent, smooth fun
tion of E whi
hdes
ribes the intera
tion of the produ
ed ele
tron in the �nal state and theradiative 
orre
tions. The tritium � de
ay pro
ess is very 
onvenient toanalysis sin
e:
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 energy of ele
tron in 
ase where neutrinohas zero mass (E0 = M(31H) �M(32He) �me � 18572:1 eV) is quitesmall,� life time of tritium is short,� nu
lear stru
ture of tritium and atomi
 
orre
tions are not very 
om-pli
ated and in prin
iple 
al
ulable.Measurements of the e�e
tive neutrino mass m� have a very long tradition.First experiment was performed in 1940s [4℄. Later, the problem with nega-tive m2� has appeared [5℄. Currently, the best value of m� has been obtainedin two experiments:? Mainz [6℄m� < 2:2 eV m2� = �1:6 � 2:5stat: � 2:1syst: eV2 ;m� < 2:8 eV m2� = 0:6 � 2:8stat: � 2:5syst: eV2 : (5)? Troisk [7℄m� < 2:5 eV m2� = �1:0� 3:0stat: � 2:1syst: eV2 : (6)As we 
an see the problem of negative m2� still exists, but it is not as severeas it was before. The next experiment KATRIN [1℄ proposes:m� < 0:3� 0:35 eV : (7)3. E�e
tive neutrino mass approximation [8℄Ele
tron neutrino state is the 
ombination of massive states (Eq. (1)),then the energy distribution is given by:�dNdE �0 = R(E)(E0 �E) 3Xi=1 jUeij2q(E0 �E)2 �m2i��(E0 �E �mi) ; (8)where �(E0�E�mi) is a step fun
tion. E�e
tive neutrino massm� (2) mustbe de�ned in su
h a way, so that the distribution (3) 
orre
tly approximatesthe full one (8). Two possible approximations 
an be found in literature.The most popular one [9℄:m(1)� =vuut 3Xi=1 jUeij2m2i ; (9)



3816 J. Studnik, M. Zraªekand lately found in [10℄ m(2)� = 3Xi=1 jUeij2mi : (10)In what way both approximations have been obtained is des
ribed in [9,10℄.Now we analyze, whi
h one is more appropriate to parti
ular experiment.Let us de�ne following fun
tion:fi(E) � 1R(E0 �m1) �dNdE �i (11)whi
h for i=0 is 
onne
ted with full energy distribution (see Eq. (8))f0 � (E0 �E) 3Xi=1 jUeij2q(E0 �E)2 �m2i ; (12)and for i = 1; 2 with distribution ( 3) for m(1)� and m(2)� respe
tively, sof1 � (E0 �E)q(E0 �E)2 � (m(1)� )2 ;f2 � (E0 �E)q(E0 �E)2 � (m(2)� )2: (13)Our results does not qualitatively depend on os
illation parameters un
er-tainties and the mass s
heme. We take into a

ount the LMA MSW solutionof the solar neutrino anomaly [11℄, sojUe1j2 = 0:55 ; jUe2j2 = 0:43 ; jUe3j2 = 0:02 ; Æm2solar = 3:5� 10�5 eV2(14)and from atmospheri
 neutrinos we obtainÆm2atm = 3:1� 10�3 eV2 : (15)The so 
alled normal mass s
heme is usedm2 = qm21 + Æm2solar ;m3 = qm21 + Æm2solar + Æm2atm (16)where m1 is minimal neutrino mass. In order to 
ompare full energy distri-bution with e�e
tive one, ratiog(E) = jf0(E) � f2(E)jjf0(E) � f1(E)j (17)



Neutrino Masses Measurement in Future Tritium Beta : : : 3817have to be de�ned. It 
an be plotted as an energy fun
tion for spe
i�edminimal neutrino mass (Fig. 1). If g(E) > 1 then m(1)� approximation ismore appropriate, if g(E) < 1, m(2)� should be 
hosen. Fig. 1 shows that for
ertain range of E, the ratio is greater then 1, and for other it is smaller.Thus, we 
an see that it is di�
ult to de
ide whi
h approximation is moresuitable in parti
ular experiment.
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Fig. 1. g(E) as a fun
tion of ele
tron energy E for minimal neutrino mass.



3818 J. Studnik, M. ZraªekThere is another possibility for above analysis [8, 10℄, whi
h does notdepend on energy value but only on spe
trometer sensitivity. Let us assumethat �E is the smallest energy interval whi
h 
an be probed by the dete
tor.Then the number of observed events in the last energy bin(E0 �m1 ��E;E0 �m1)is given by Ni(�E) = E0�m1ZE0�m1��E �dNdE �i dE : (18)For small interval �E, the R(E) smooth fun
tion of E 
an be approximatedby R(E) � R(E0 �m1) : (19)Then for our purpose we 
an use s
aled energy distributionni(�E) = 1R(E0 �m1)Ni(�E) = E0�m1ZE0�m1��E fi(E) : (20)So expli
itlyn0(�E) = 13R(E0 �m1)fjUe1j2B3=2+jUe2j2 �B � Æm2solar�3=2�(�E � (m2 �m1)) (21)+jUe3j2 �B � Æm2solar � Æm2atm�3=2�(�E � (m3 �m1))g ;and ni(�E) = �B � (m(i)� )2�3=2���E � (m(i)� �m1)� ; (22)with B = �E(�E + 2m1)are found. Analogously to the 
ase whi
h have been dis
ussed before, thefollowing ratio is 
onsideredh(�E) = jn0(�E)� n2(�E)jjn0(�E)� n1(�E)j : (23)



Neutrino Masses Measurement in Future Tritium Beta : : : 3819This fun
tion is depi
ted in Fig. 2. We 
an see that independently ofthe lightest neutrino mass for �E > 0:1 eV we obtain h(�E) > 0. It meansthat m(1)� approximation is better and should be used in the future KATRINexperiment data analysis. In this experiment the spe
trometer sensitivity isestimate to be of about 1 eV.
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Fig. 2. h(�E) as a fun
tion of �E for minimal neutrino mass.



3820 J. Studnik, M. Zraªek4. Tritium � de
ay and neutrino mass determination [12℄Now, let us dis
uss how future bound on m� or measured value of thisparameter are able to determine the neutrino masses. First of all, it isobvious that tritium � de
ay alone is not able to give us full information. Itis easy to prove that (m�)min < m� < (m�)max ; (24)from whi
h it follows that the minimal neutrino mass is smaller then futurebound or measured of m�. Mu
h more 
an be inferred if results of tritium� de
ay are taken together with neutrino os
illation data. Then we 
an �nd(when m� = m(1)� ) m2� = (m�)2min + 
 ; (25)and (m�)2max = m2� + � ; (26)where the 
 and � are quantities fully determined from os
illation exper-iments and the neutrino mass s
heme. For normal mass hierar
hy s
hemethey are 
 = (1� jUe1j2)Æm2solar + jUe3j2Æm2atm ;� = jUe1j2Æm2solar + (1� jUe3j2)Æm2atm : (27)Taking the present value of os
illation parameters for LMA MSW (seeTable I) we get 
 = 0:9� 10�4 eV2 ;� = 30� 10�4 eV2 : (28)Even now the os
illation data gives relatively small error of the 
 quantity�
 = 0:3� 10�3eV2 : (29)In su
h 
ase, we 
an see that the e�e
tive neutrino mass m�, measuredin tritium � de
ay together with 
 (or �) parameters 
al
ulated from os-
illation experiments, determine the neutrino masses. For larger (m�)minun
ertainties of 
 are negligible and error of (m�)min 
omes merely from�m� �(m�)min � m�(m�)min�m� : (30)



Neutrino Masses Measurement in Future Tritium Beta : : : 3821TABLE IThe allowed ranges of neutrino parameters from global analysis [11℄.min. best �t max.tan2�13 0 0.005 0.055Æm232 [�103 eV2℄ 1.4 3.1 6.1tan2�23 0.39 1.4 3.0LMA �105 � 1:6 3.3 � 20Æm221 [eV2℄ LOW �108 � 0:08 9.6 � 30SMA �106 � 4 5.1 � 9LMA 0.2 0.36 � 1tan2�12 LOW-QVO 0:2 0.58 3SMA � 10�4 6:8� 10�4 � 2� 10�35. Con
lusionWe have dis
ussed and 
ompared two parametrization of the ele
tron en-ergy distribution for tritium � de
ay used in literature. We have found thatfor energy resolution �E of future dete
tor whi
h is larger thenjm3 �m1j, the e�e
tive neutrino mass m�m(1)� =vuut 3Xi=1 jUeij2m2ishould be used. If energy resolution is smaller then jm3 �m1j, the otherparametrization m(2)� = 3Xi=1 jUeij2mibetter approximates the ele
tron energy distribution.For almost degenerated neutrino masses s
heme m1 � m2 � m3, thedi�eren
es between both parametrizations are negligible andm(1)� = m(2)� = m� : (31)The value of m� if it is measured in future � de
ay experiment, taken intoa

ount together with Æm2solar; Æm2atm and jUeij2 quantities determined fromthe os
illation experiments, have a 
han
e to �nd more pre
ise neutrinomasses.
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