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ABSOLUTE NEUTRINO MASSES�M. ZraªekDepartment of Field Theory and Partile PhysisInstitute of Physis, University of SilesiaUniwersyteka 4, 40-007 Katowie, Poland(Reeived Otober 11, 2001)Sine the reent onvining evidene for massive neutrinos in osillationexperiments, the next task is to determine the absolute masses of neutri-nos. A unique pattern of neutrino masses will be hopefully �xed in thefuture superbeam experiments and neutrino fatories. However, the deter-mination of the exat sale is more ompliated and depends on the massof the lightest neutrino (m�)min. If (m�)min & 0:35 eV, the future tritium� deay experiments (e.g. KATRIN) will have a hane to establish abso-lute neutrino masses. For smaller masses, 0.004 eV� (m�)min � 0:35 eV, ifneutrinos are Majorana partiles, an additional information an be derivedfrom the neutrinoless double � deay (��)0� of nulei and again the abso-lute neutrino masses an be �xed. If, however, (m�)min � 0:004 eV, noneof the present and foreseeable future experiments is known to be able to �xthe mass sale.PACS numbers: 14.60.Pq, 26.65.+t, 95.85.Ry1. IntrodutionThe problem of the neutrino mass spetrum is the most important issuein the leptoni part of the Standard Model. It is expeted that the knowledgeof the absolute values of neutrino masses and their mixing pattern will putsome light on the sale of new physis and the problem of partile massesin general. In astrophysis it will be possible to verify models of supernovaexplosion or, maybe, interpret the GZK uto� [1,2℄. Massive neutrinos mayonstitute the hot dark matter and an help to understand the problem oflarge sale struture formation in osmology.� Presented at the XLI Craow Shool of Theoretial Physis, Zakopane, Poland,June 2�11, 2001. (4169)



4170 M. ZraªekThe last years were very fruitful to neutrino physis. The behavior ofatmospheri [3℄ and solar [4℄ neutrinos provides a rather strong evidene thatneutrinos are massive partiles. There are trials of alternative understandingof the observations whih do not require massive neutrinos [5℄, but they usemuh more sophistiated assumptions and, more importantly, give poorer�ts to the data [6℄. We are, therefore, left with no other hoie than toassume that neutrinos are massive partiles. However, the problem of theirabsolute masses and mixing pattern remains unsolved. The osillation phe-nomena are not able to determine their masses. Only the di�erene of masssquares, Æm2ab = m2a�m2b is �xed by this theory. Where do neutrino masseshave a hane to be measured? Unfortunately, all present neutrino experi-ments are onsistent with the Standard Model where three �avour neutrinos�e; �� and �� are massless partiles and both the family L� (� = e; �; �)and the total (L = Le + L� + L� ) lepton numbers are onserved. However,there is some hane that two kinds of experiments are �just around theorner� to determine the neutrino masses. Both are known for years �the beta deay and the neutrinoless double beta deay of nulei. AlreadyFermi [7℄ in 1934 and Furry [8℄ in 1939 realized, that both proesses are im-portant for the neutrino mass determination. Astrophysis and osmologywith their model-dependent assumptions are also potential soures of infor-mation about neutrino masses. However, we do not disuss here boundson neutrino masses whih follow from suh extraterrestrial experiments (seee.g. [2℄ for these issues).In this talk we would like to shed some light on the present knowledgeon neutrino masses and of their mixing pattern. We will also try to an-swer the question when and how preisely the absolute neutrino masses anbe determined in future. Presently, the solar and atmospheri anomaliesgive muh better �ts for the ase of ative neutrino osillations. The onlyexperiment whih needs an additional sterile neutrino, LSND [9℄ is still wait-ing for on�rmation. That is the reason why three neutrino senarios areonsidered here.2. Neutrino masses in the light of present experimental dataFits to solar and atmospheri anomalies give estimates on Æm2's andmixing matrix elements Uei. Two di�erent Æm2's are obtainedÆm2solar � 10�4 eV2 [4℄ (1)and Æm2atm > 10�3 eV2 [3℄; (2)



Absolute Neutrino Masses 4171whih indiates that two patterns of neutrino masses are possible. The �rstis known as normal mass hierarhy sheme (A3) with Æm2solar = Æm221 �Æm232 = Æm2atm. The seond one is so-alled inverse mass hierarhy sheme(Ainv3 ) with Æm2solar = Æm221 � �Æm231 = Æm2atm (see Fig. 1).
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A   scheme A   schemeFig. 1. Two possible mass spetra whih an desribe the osillation data. Thesheme A3, normal mass hierarhy, has a small gap between m1 and m2 to explainthe osillation of solar neutrinos and a larger gap for the atmospheri neutrinos(Æm2sol = Æm221 � Æm232 ' Æm2atm; m1 < m2 � m3). In the inverse mass hierarhysheme Ainv3 , m3 � m1 < m2 and Æm2atm ' �Æm232 � Æm221 ' Æm2sol.In both shemes the mass sale is determined by the mass of the lightestof neutrinos (m�)min (= m1 in A3 and = m3 in Ainv3 ). So, together withÆm2solar and Æm2atm two more data must be known to solve the problem ofthe neutrino mass spetrum(i) the sheme A3 or Ainv3 and(ii) the mass of the lightest neutrino (m�)min.Up to now the preision of experimental data is not good enough to givesatisfatory answers to both of these questions. The shemes A3 and Ainv3are not distinguishable by present experiments. Osillations in vauum de-pend on sin2 �(Æm2L)=(4E)� and the sign of Æm2 is irrelevant. Fortunately,the osillation probabilities for neutrino transitions involving �e or �� aremodi�ed if neutrinos propagate through matter and the modi�ation de-pends upon the sign of Æm232. In the leading approximation the probabilityof �� ! �e neutrino osillations in matter of onstant density depends onthe e�etive mixing angle �e� [10, 11℄sin2 2�e� = sin2 2�va� AÆm232 � os 2�va�2 + sin2 2�va : (3)



4172 M. ZraªekA is the matter amplitude [10℄ and �va is the vauum mixing an-gle. For antineutrino osillations the sign of A is reversed. Comparisonof transitions involving neutrinos and antineutrinos disriminates betweenthe two signs of Æm232. Unfortunately, the present atmospheri neutrinodata does not distinguish between neutrino and antineutrino osillationsand the sign of Æm232 is not measured. A global analysis of the solar, at-mospheri and reator neutrino data determines �ve parameters: three mix-ing angles ��12; �13; �23 �0 < �ij < �2 �� and two mass square di�erenes�Æm2atm and Æm2solar� [11℄. Before the SNO data [12℄ four solutions whereaeptable at the 95% CL [13℄. However, the omparison of Solar NeutrinoSignals in SNO and SuperKamiokande strongly disfavors the Small MixingAngle (SMA MSW) and the Vauum Osillation (VO) solutions. Therefore,only two solutions remain [14℄(i) LMA MSW withÆm2solar � (1:6 � 20)�10�5; �Æm2solar�best�t � 3:3�10�5eV2; (4)and tan2�solar � (0:2� 1) ; �tan2�solar�best�t � 0:36 ; (5)(ii) LOW MSW withÆm2solar ' (0:08 � 30)�10�8; �Æm2solar�best�t � 9:6�10�8eV2; (6)and tan2�solar ' (0:2� 3) ; �tan2�solar�best�t � 0:58: (7)The �13 mixing angle was also determined and is known to be small [15℄tan2�13 ' (0� 0:055) and �tan2�13�best�t � 0:005: (8)Future experiments will measure the osillation parameters muh morepreisely [16℄ j�(�13)j � 10�4; �(Æm2atm) � 1%;�(Æm2solar) � 10%; �(sin2 2�solar) � 0:1: (9)As we an see, in neutrino osillation experiments, only di�erenes ofsquares of neutrino masses are determined. As mentioned, muh more anbe ahieved with the tritium � and (��)0� deays.



Absolute Neutrino Masses 4173In the tritium � deay 31H! 32He + e� + ��e (10)the kinemati eletron energy spetrum (E=Etot�me � p22me ; E0=M �31H��M �32He��me � 18572:1 eV)dNdE = R(E)(E0 �E) 3Xi=1 jUeijq(E0 �E)2�mi2 � (E0 �E �mi) ; (11)an be approximated by [17℄dNdE = R (E0 �m1) (E0 �E)q(E0 �E)2 �m2� : (12)For present and future detetors with energy resolution �E > jm3 �m1j �0:08 eV the e�etive neutrino mass m� is given bym� =vuut 3Xl=1 jUeij2m2i : (13)Two experiments in Mainz [18℄ and Troitsk [19℄ have reently found a fol-lowing bound on m�m� < 2:2 eV [18℄ ; m� < 2:5 eV [19℄ : (14)There are plans to improve the existing limits by a fator of ten, so within6�7 years m� at a level of 0.3 eV is a probable perspetive [20℄.Many experiments were onduted in order to �nd neutrinoless double� deay of some even�even nulei [21℄. Up to now suh a deay has not beenfound giving the upper limit on the deay lifetime of nulei. The most strin-gent bound was obtained by the 76Ge Heildelberg�Mosow experiment [22℄T1=2 �76Ge� > 5:7 � 1025 yr ; (15)whih was translated as a bound on the e�etive Majorana neutrino mass [22℄hm�i � ����� 3Xi=1 U2eimi����� < 0:2 eV: (16)There are also plans to reah a muh better sensitivity in future [23℄, evenup to hm�i ' 0:006 eV: (17)



4174 M. ZraªekIt is a well known fat that the neutrinoless double beta deay an onlytake plae if neutrinos are Majorana partiles [21℄. For Dira neutrinos thee�etive mass hm�i = 0 [24℄, for any mi.So, what an we say about neutrino masses in the light of present exper-imental data?From osillations we havejmi �mjj <q�Æm2atm + Æm2solar�max < 0:08 eV; (18)(m�)max >q�Æm2atm + Æm2solar�min > 0:04 eV: (19)Using the bound on m2� we get an upper limit on the mass of any of theneutrinos mi <qÆm2atm + (2:2)2 � 2:2 eV : (20)With this bound, we an �ndm�� =qX jU�ij2m2i < 2:2 eV; (21)m�� =qX jU�ij2m2i < 2:2 eV; (22)whih imposes a muh better restrition than the diretly measured boundsin �+ and �� and deays [25℄m� < 170 keV and m� < 18:2 MeV: (23)The onditions (18)�(20) are valid independently of the neutrinos' nature. Ifthey are Majorana partiles additional restrition (Eq. (16)) an be applied.Unfortunately, the present knowledge of mixing matrix elements Uei doesnot allow to �nd better bounds on Majorana neutrino masses. In future, aswe will desribe in the next setion, the neutrinoless double � deay withthe better knowledge of the osillation parameters an be a powerful tool ofinformation about Majorana neutrino masses.3. Future perspetivesThe pattern of neutrino masses should be relatively easy to �nd in thefuture superbeam experiments [26℄ or neutrino fatories [27℄. In Fig. 2 (takenfrom [28℄) the ratio R� (N (��e ! ���) =N (�e ! ��)) of wrong sign muonevents is shown as a funtion of the baseline for 20GeV neutrino fatories.



Absolute Neutrino Masses 4175

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC

CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC

2000 4000 6000 8000

100

10

1

0.1

0.01

Baseline   (km)

N
(ν

e 
−>

 ν
µ)

 / 
N

(ν
e 

−>
 ν

µ)
sin 2 2θ13 = 0.004

|∆m2
32| = 0.0035 eV 2

∆m2
32 < 0

∆m2
32 > 0

|∆m2
21| = 5 x 10−5 eV 2

Fig. 2. The lower and upper bands for Æm232 > 0 and Æm232 < 0, whih orrespond tothe shemes A3 and Ainv3 in Fig. 1, respetively, (taken from [28℄). Ratios have beenalulated for a 20GeV neutrino fatory. The widths of the shaded bands desribehow preditions vary with the CP phase Æ. The thik lines give the results for Æ=0.The �gure shows two bounds. The upper and lower orrespond toÆm232 < 0 and Æm232 > 0, respetively, within these bounds the CP phaseis varying. At large distanes matter e�ets enhane R if Æm232 < 0 andredue R if Æm2 > 0, so the bands diverge. For L exeeding about 2000 kmthe matter e�ets hange the bands signi�antly enough in order to see thedi�erene. For more details onerning statistial errors and dependene onother neutrino parameters, espeially sin2 2�13, see [29℄.The problem of establishing the sale of neutrino masses i.e. the valueof (m�)min is more ompliated and depends on how large (m�)min is.If (m�)min > 0:3 eV, then the planed KATRIN experiments should pro-vide the answer. m2� (Eq. (14)) depends on (m�)min in the following waym2� = (m�)2min +
sheme (24)where 
sheme is a sheme dependent quantity and for the A3 sheme is givenby [30℄ 
 (A3) = �1� jUeij2� Æm2solar + jUe3j2 Æm2atm: (25)



4176 M. ZraªekThe measurement of m� and 
sheme gives the value of (m�)min. Therelative error of (m�)min is� (m�)min(m�)min = m�(m�)2min�m� + 12 (m�)2min� (
sheme) : (26)Already now �(
sheme) whih omes from the unertainties of neutrinoparameters is small, e.g. for A3 sheme� (
A3) � 3:4� 10�4 eV2; (27)and, for (m�)min & 0:3 eV is negligible in Eq. (26). We an see that theerror of (m�)min omes merely from �m�� (m�)min � m�(m�)min�m� ; (28)and future 31H deay experiments should �x the sale of light neutrinos.Up to now there are no ideas on how to �nd neutrino masses in a diretkinemati way (so regardless their nature) for (m�)min < 0:3 eV. In thissituation the only way to establish smaller values of (m�)min seems to bethrough neutrinoless double � deay experiments. Already now the probingvalues of e�etive neutrino masses hm�i � 0:2 eV are one order of magnitudebetter than m� ' 2:2 eV, and there are plans to reah muh smaller valueshm�i � 0:006 eV.If we look at the de�nition of hm�i we an see that the phases of mixingmatrix elements Uei are important. Two new Majorana �1and �2 phasesmust be taken into aount andhm�i = ����os2�13�os2�12 (m�)min + sin2�12q(m�)2min + Æm2solar ei2�1�+ sin2�13q(m�)2min + Æm2solar + Æm2atm ei2�2 ���� ; (29)where we use the standard parametrization of the mixing matrix [31℄. AsMajorana �i phases are unknown we are not able to predit values of hm�ieven if (m�)min is spei�ed. We an, however, �nd the largest (hm�imax)and smallest (hm�imin) values of hm�i for a given (m�)min.The value of hm�imax is simplehm�imax = �os2�12m1 + sin2�12m2� os2�13 +m3 sin2�13; (30)but hm�imin, where two Majorana phases play a role, is more ompliated.For (m�)min >qÆm2solar � 0:08 eV, where the spetrum is almost degener-ate (m1 � m2 � m3) we an �nd



Absolute Neutrino Masses 4177
hm�imin = 8<: (m�)min �" os2�13 � sin2�13� ; if " > tan2�12;0 otherwise; (31)where the new parameter " has been introdued as" =p1� sin2 2�12 : (32)For (m�)min � pÆm2atm, hm�imin is more ompliated and is given inFig. 3 where hm�imax and hm�imin is presented for a full range of (m�)min.For a given value of (m�)min the osillation data determine the range ofpossible hm�i and, opposite, the knowledge of hm�i gives some informationon (m�)min. The interdependene between hm�i and (m�)min is desribed bythe osillation parameters (espeially the ") and the experimental error bars.In Fig. 3 we onsider the entral value of tan2�solar given by the presentLMA MSW solution of the solar anomaly (" = 0:47) and the antiipatederror bars for the osillation parameters in future experiments (Eq. (9)).If (m�) > 0:02 eV and the neutrinos are Majorana partiles, the future(��)0� experiments should �nd hm�i = ���� ( 6= 0) : In suh a ase thevalue of (m�)min must belong to the interval(m�)min 2 �����; (�+��) 1"� : (33)We an see that the preision of (m�)min determination depends on un-ertainties of � (��) and the mixing angle for solar neutrino ("). Preisionis better for larger " (smaller sin2 2�solar ). The method beomes useless for"! 0 (sin2 2�solar ! 1). The other problem is to determine �� whih anhave large systemati errors (e.g. oming from problems with determina-tion of nulear transition amplitudes or other than light Majorana neutrinoexhange mehanisms e�ets on transition rates).For (m�)min 2 (0:004 � 0:02) eV there is some hane that future (��)0�experiments will �nd hm�i 6= 0 and as a result a better interval for (m�)minan be determined.For (m�)min� 0:004 eV and sin2�13= 0:02, the largest values of hm�imax' (0:003 � 0:006) eV and planed (��)0� experiments will not resolve theproblem of neutrino mass sale. New ideas for the mass measurements areneeded in suh a ase.
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Absolute Neutrino Masses 41794. ConlusionsThe hypothesis that neutrinos are massive partiles has now a very strongsupport. It is almost sure that anomalies observed in solar and atmospheriexperiments are due to neutrino osillations. These experiments determinethe so-alled osillation parameters: elements of the mixing matrix jU�ij andtwo di�erenes of square masses Æm2solar and Æm2atm. Reonstrution of thefull mass spetrum requires to determine the lightest neutrino mass and themass sheme.From present data we are unable to �nd whih of two mass shemes�A3; Ainv3 � is orret. About values of light neutrino masses we an say onlythat they are smaller than 2.2 eV.Future neutrino osillation experiments will be able to determine withmuh better preision the neutrino mass parameters. Moreover, a uniquemass sheme an be found. Two other experiments, tritium � deay andneutrinoless double � deay of some even�even nulei an say somethingabout the mass sale � the value of the lightest neutrino mass.The future projet KATRIN has a hane to determine (m�)min if(m�)min & 0:35 eV. For smaller masses there is an additional possibility,the (��)0� deay whih in future an searh for e�etive Majorana neutrinomasses as small as hm�i ' 0:006 eV.If the Majorana neutrinos have a mass (m�)min � 0:02 eV then the future(��)0� experiments will be able to �nd more preisely the possible intervalof (m�)min : For (m�)min 2 (0:004 � 0:02) eV the future (��)0� measurementan give (but not neessarily will give) hm�i 6= 0. Then better interval for(m�)minan be spei�ed.There is no way to say anything about (m�)min . 0:004 eV, at least inthe light of planed experiments.The author would like to thank J. Gluza and M. Czakon for disussionsand help in the paper preparation. This work was supported by the PolishState Committee for Sienti� Researh (KBN) under grant no. 2P03B05418and partly by EU Network under grant HPRN-CT-2000-00149.REFERENCES[1℄ T.J. Weiler, Astropart. Phys. 11, 303 (1999); D. Fargion, B. Mele, A. Salis,Astrophys. J. 517, 725 (1999); T. Weiler, Phys. Rev. Lett. 49, 234 (1982).[2℄ H. Pas, T.J. Weiler, Phys. Rev. D63, 113015 (2001).
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