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 DECAY VERSUS THE �! eee BOUND AND LEPTONFLAVOR VIOLATING PROCESSES IN SUPERNOVAO. V. Ly
hkovskiy *, M. I. VysotskyInstitute for Theoreti
al and Experimental Physi
s117218, Mos
ow, RussiaRe
eived June 8, 2011Even tiny lepton �avor violation (LFV) due to some New Physi
s is able to alter the 
onditions inside a 
ol-lapsing supernova 
ore and probably to fa
ilitate the explosion. LFV emerges naturally in a see-saw type-IImodel of neutrino mass generation. Experimentally, the LFV beyond the Standard Model is 
onstrained by rarelepton de
ay sear
hes. In parti
ular, strong bounds are imposed on the � ! eee bran
hing ratio and on the��e 
onversion in muoni
 gold. Currently, the �! e
 is under investigation in the MEG experiment that aimsat a dramati
 in
rease in sensitivity in the next three years. We seek a see-saw type-II LFV pattern that �tsall the experimental 
onstraints, leads to Br(�! e
) & Br(�! eee), and ensures a rate of LFV pro
esses insupernova high enough to modify the supernova physi
s. These requirements are su�
ient to eliminate almostall freedom in the model. In parti
ular, they lead to the predi
tion 0:4 �10�12 . Br(�! e
) . 6 �10�12, whi
hwill be testable by MEG in the nearest future. The 
onsidered s
enario also 
onstrains the neutrino mass-mixingpattern and provides lower and upper bounds on � -lepton LFV de
ays. We also brie�y dis
uss a model with asingle bilepton in whi
h the �! eee de
ay is absent at the tree level.1. INTRODUCTIONTheoreti
al des
ription of the 
ollapse-driven super-nova explosion is an important unsolved problem in as-trophysi
s. Modern 
omputer simulations of the explo-sion have already rea
hed a high level of sophisti
ation.Nevertheless, they 
annot self-
onsistently explain theeje
tion of the supernova envelope in the whole rangeof the relevant presupernova masses and metalli
ities.The Standard Model (SM) is typi
ally used as a mi-
rophysi
al input in the simulations. But lepton �avorviolation (LFV) due to some New Physi
s at a � 1 TeVs
ale 
an substantially alter the 
onditions inside the
ollapsing 
ore [1�5℄ .In parti
ular, LFV tends to an in
rease in the neu-trino luminosity, thus fa
ilitating the explosion andmodifying the expe
ted neutrino signal [5�7℄. There-fore, if the true underlying theory beyond the StandardModel violates lepton �avor at a 
ertain level, then LFVpro
esses should be in
luded in the supernova simula-tions in order to obtain reliable results1).*E-mail: ly
hkovskiy�itep.ru1) In this paper, we 
onsider LFV pro
esses other than neu-trino os
illations. These last do not o

ur below the neutrinosphere be
ause of the high matter density of the supernova 
ore.Therefore, they do not a�e
t the neutrino transport below theneutrino sphere.

One of the appealing SM extensions is the see-sawtype-II model of neutrino mass generation [6; 7℄. In ourprevious papers in 
ollaboration with Blinnikov [5, 7℄,we have shown that under 
ertain 
onditions, thismodel predi
ts the rates of LFV pro
esses in super-nova high enough to alter the supernova physi
s. Here,we 
ontinue to explore the see-saw type-II model.LFV is 
onstrained by experiments sear
hing forrare pro
esses with 
harged leptons. Currently, onlyupper limits on the 
orresponding transition probabil-ities are reported. But a dramati
 in
rease in statis-ti
s in su
h experiments is expe
ted. In parti
ular,the MEG 
ollaboration [9℄ plans to rea
h the sensi-tivity of few � 10�13 for Br(� ! e
) in the next fewyears. The preliminary result of the year 2009 run isBr(� ! e
) < 1:5 � 10�11 at 90% CL [10℄, whi
h isalready 
lose to the best previous result due to theMEGA experiment [11℄:Br(�! e
) < 1:2 � 10�11; 90%CL: (1)In this paper, we 
onsider a s
enario in whi
h the� ! e
 de
ay probability is large enough to be mea-sured by MEG in the nearest future, i. e.,Br(�! e
) = x � 10�12; (2)437
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hkovskiy, M. I. Vysotsky ÆÝÒÔ, òîì 141, âûï. 3, 2012where x is of the order of 1. In 
onsidering this s
e-nario, the strong experimental bound on the � ! eeede
ay put by SINDRUM 
ollaboration [12℄Br(�! eee) < 1:0 � 10�12; 90%CL; (3)must be taken into a

ount.Generi
ally in the see-saw type-II model, the� ! eee de
ay pro
eeds at the tree level, and the� ! e
 de
ay � through one loop. Therefore, gener-i
ally, Br(� ! e
) � Br(� ! eee) and the above s
e-nario with Br(�! e
) � 10�12 is not feasible. But for
ertain values of the model parameters, the � ! eeede
ay is suppressed at the tree level and the 
onsidereds
enario 
an be realized [13; 14℄. Is it possible to satisfythe additional requirement of a su�
iently large (i. e.,relevant for neutrino transport) LFV rate in supernova?The goal of this paper is to explore this question. Theresult is as follows: we �nd a region in the parameterspa
e of the model in whi
h the answer is a�rmative.We 
all this region the �Golden Domain� of the see-sawtype-II model. Roughly speaking, this Golden Domain
orresponds to the normal neutrino mass hierar
hy and�13 > 2Æ; in this domain, the rates of LFV pro
essesin supernova are high enough to alter the SN physi
swhenever Br(�! e
) & 0:4 � 10�12. The upper boundBr(� ! e
) . 6 � 10�12 is derived in our model fromthe experimental upper bound on the ��e 
onversionin a muoni
 Au atom.The rest of the paper is organized as follows. InSe
. 2, the see-saw type-II model is reviewed. In Se
. 3,the 
riterion is derived that ensures that the LFV pro-
esses in supernova alter the supernova physi
s signi�-
antly. In Se
. 4, the LFV 
harged lepton de
ays and��e 
onversion are dis
ussed. In Se
. 5, interrelationsbetween various bounds and restri
tions are establishedand the Golden Domain of the parameter spa
e of thesee-saw type-II model is presented. In Se
. 6, we 
om-pare our results to what may be expe
ted in other mod-els, namely, in a model with a single 
harged bileptonand in the MSSM. In Se
. 7, we summarize our results.2. SEE-SAW TYPE-II MODELIn the see-saw type-II model [8℄, a heavy s
alartriplet � is introdu
ed that is responsible for the gen-eration of Majorana neutrino masses. The triplet is
oupled to leptons and to the SM Higgs boson, thelatter 
oupling produ
ing a va
uum expe
tation valuefor the neutral 
omponent of the triplet. The neutrinomasses are proportional to this vev.The see-saw type-II Lagrangian 
ontains two majoringredients, a s
alar�lepton intera
tion,

Lll� =Xl;l0 �ll0L
l i�2�Ll0 +H.
.; (4)and a s
alar potential, whi
h in its minimal form isgiven byV = �M2HHyH + f(HyH)2 +M2�Tr(�y�) ++ 1p2(~�HT i�2�yH +H.
.): (5)Here, � ���=p2 =  �+=p2 �++�0 ��+=p2! ; (6)Ll �  (�l)LlL !is a doublet of left-handed leptons of a �avor l = e; �; � ,H is a Higgs doublet, and ~� is a parameter with thedimension of mass.We note that due to the anti
ommutation of thefermion �elds, the 3� 3 matrix � � jj�ll0 jj is symmet-ri
, �T = �: (7)The vev of the neutral 
omponent of the triplet isgiven by h�0i = ~�v22p2M2� ; (8)where v � p2hH0i = 246 GeV. Due to the triplet vev,neutrinos a
quire the Majorana mass a

ording tom = 2h�0i�; (9)where m � jjmll0 jj is the neutrino mass matrix inthe �avor basis. It follows that in the see-saw type-IImodel, the neutrino mass matrix m is proportional tothe 
oupling matrix �.The neutrino mass matrix in the �avor basis is ob-tained from the diagonal mass matrix by the transfor-mation [15℄ m = U�diag(m1;m2;m3)U y; (10)with U � jjUlijj (l = e; �; �; i = 1; 2; 3) being a PMNSneutrino mixing matrix,U = 0B� 1 0 00 
23 s230 �s23 
23 1CA0B� 
13 0 s13e�iÆ0 1 0�s13eiÆ 0 
13 1CA��0B� 
12 s12 0�s12 
12 00 0 1 1CAdiag(ei�1=2; ei�2=2; 1): (11)438
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 de
ay versus the �! eee bound : : :The expli
it expressions for the entries of m are [16℄mee = a
213 + s213m3e2iÆ ;m�� = m1e�i�1(s12
23 + s13e�iÆ
12s23)2 ++m2e�i�2(
12
23 � s13e�iÆs12s23)2 +m3
213s223;m�� = m1e�i�1(s12s23 � s13e�iÆ
12
23)2 ++m2e�i�2(
12s23 + s13e�iÆs12
23)2 +m3
213
223;me� = 
13[ds12
12
23+s13eiÆs23(m3�ae�2iÆ)℄;me� = 
13[�ds12
12s23+s13eiÆ
23(m3�ae�2iÆ)℄;m�� = s23
23(�b+ 
213m3)� s13de�iÆ ��s12
12(
223 � s223) + s213ae�2iÆs23
23:
(12)

We here de�ne the parameters with the dimension ofmass: a � m1e�i�1
212 +m2e�i�2s212;b � m1e�i�1s212 +m2e�i�2
212;d � m2e�i�2 �m1e�i�1 : (13)The best experimental bound on the mass of thedoubly 
harged s
alar ��� (whi
h we are mainly in-terested in) is reported by the D0 
ollaboration [17℄:M��� > 150 GeV; 95% CL: (14)A slightly weaker bound was earlier reported by theCDF 
ollaboration [18℄. Prospe
ts for ��� sear
heson the LHC are dis
ussed in a re
ent paper [19℄.3. LFV PROCESSES IN SUPERNOVAThe see-saw type-II model gives rise to the following�avor-
hanging rea
tions in supernova [5℄2):e�e� ! ����;e��e ! ���e;�;� ;e��e ! e���;� ;�e�e ! �l�l; l = �; �;�e�e ! �l�l0 ; l; l0 = e; �; �; l 6= l0: (15)All the above pro
esses are des
ribed by a tree diagramwith � in the s-
hannel. For example, the �rst pro
essis des
ribed by the diagram in Fig. 1.2) It was argued in [5℄ that only rea
tions with j�Lej, j�L�j,j�L� j = 0; 2 are relevant be
ause non-diagonal matrix elementsof � should be small in order to suppress the yet unobserved LFVde
ays of 
harged leptons. This 
on
lusion is valid generi
ally;but in the present paper, we 
onsider a spe
ial domain in themodel parameter spa
e in whi
h the �! e
 de
ay probability is
lose to its experimental bound. Therefore, we should 
onsiderall LFV rea
tions.

e� �����e� ��Fig. 1. ee! �� LFV transition mediated by the doubly
harged s
alar ���Negle
ting the ele
tron mass, we obtain the follow-ing 
ross se
tions:�(ee! ��) = j�eej2j���j2M4� �� 1� m2�2E2!r1� m2�E2 E22� ;�(e�e ! ��l) = j�eej2j��lj2M4� �� 1� m2�4E2!2 E22� ; l = e; �; �;�(e�e ! e�l) = j�eej2j�elj2M4� E22� ; l = �; �;�(�e�e ! �l�l) = 2 j�eej2j�llj2M4� E2� ; l = �; �;�(�e�e ! �l�l0) = 4 j�eej2j�ll0 j2M4� E2� ;l; l0 = e; �; �; l 6= l0;
(16)

where E is the energy of the initial ele
tron or neutrinoin the 
enter-of-momentum frame3).The rate of 
onversion of ele
tron �avor to �- and� -�avors inside the proto-neutron star 
an be estimatedasRLFV � n2e2 �(ee! ��)+nen�eXf;f 0 �(e�e ! ff 0)++ n2�e2 Xf;f 0 �(�e�e ! ff 0); (17)where f and f 0 denote various �nal neutrinos and
harged leptons (see Eq. (15)). If this rate is 
ompara-ble with the rate of de
rease of the total lepton numberdue to neutrino di�usion out of the proto-neutron star,3) These 
ross se
tions were 
al
ulated in [5℄; however, unfor-tunately, some numeri
al fa
tors in [5℄ are in
orre
t. Namely,�(e�e ! ��l) and �(�e�e ! �l�l) in [5℄ respe
tively have erro-neous extra fa
tors 1=2 and 1=4.439
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hkovskiy, M. I. Vysotsky ÆÝÒÔ, òîì 141, âûï. 3, 2012Table 1. Lepton �avor-violating pro
esses: experimental 
onstraints [22, 23℄ and predi
ted values. The latter 
orrespondto the three sele
ted points from the Golden Domain of the see-saw type-II model (see Table 2) and are normalized tox � Br(�! e
)=10�12. The �.� symbol is used whenever the probability of the pro
ess vanishes at the tree level and isgiven by higher-order loop diagrams. The �bran
hing ratio� for the ��e 
onversion on Au is de�ned as �Au(�! e)=�
apt,where �
apt = 13:07 � 106 s�1 [24℄ is the muon 
apture rate in muoni
 goldPro
ess Experimentalupper bound on Br Br(pro
ess)=xI II III�! e
 1:2 � 10�11 10�12�� ! e+e�e� 1:0 � 10�12 . 10�13 4:1 � 10�13 3:3 � 10�13� Au! e Au (M� = 150 GeV) 7 � 10�13 1:2 � 10�13 1:9 � 10�13 1:7 � 10�13� Au! e Au (M� = 1 TeV) 3:1 � 10�13 4:2 � 10�13 3:8 � 10�13�� ! �+���� 3:2 � 10�8 1:1 � 10�9 3:5 � 10�10 9:1 � 10�10�� ! e+���� 2:3 � 10�8 7:4 � 10�11 3:9 � 10�11 6:1 � 10�11�� ! e+e�e� 3:6 � 10�8 9:1 � 10�13 9:3 � 10�13 6:7 � 10�13�� ! �+e�e� 2:0 � 10�8 1:3 � 10�11 8:4 � 10�12 1:0 � 10�11�� ! e+e��� 2:7 � 10�8 . 10�11 3:8 � 10�13 4:2 � 10�13�� ! �+e��� 3:7 � 10�8 . 10�13 3:4 � 10�12 6:3 � 10�12� ! �
 3:3 � 10�8 1:6 � 10�11 5:4 � 10�12 1:4 � 10�11� ! e
 4:4 � 10�8 3:4 � 10�13 2:7 � 10�13 3:0 � 10�13Rdiff , then the physi
s of the 
ollapse is substantiallyaltered 
ompared to the SM 
ase. In parti
ular, theneutrino signal is modi�ed and the explosion is proba-bly fa
ilitated [5; 7℄. To be spe
i�
, we demand thatRLFV > Rdiff � 4 � 1036 
m�3 � s�1: (18)This numeri
al value is based on the supernova sim-ulations in Ref. [20℄. Matter in the 
enter of super-nova after the 
ore boun
e is 
hara
terized by nB �� 2 � 1038 
m�3, Ye � ne=nB � 0:28, Y�e �� n�e=nB � 0:07, �e � (240�280) MeV, and ��e �� (160�220) MeV (these values 
an be obtained, e. g.,from paper [20℄ or using the open-
ode programmBOOM des
ribed in [21℄). For the numeri
al estimates,we 
onservatively take E = 160MeV. We use the abovenumeri
al values to establish the relation between the�! e
 de
ay probability, RLFV , and Rdiff in Se
. 5.4. RARE LEPTON DECAYSThe present experimental 
onstraints on so-
alled�rare� (in fa
t, still unobserved) LFV lepton pro
esses

are summarized in the se
ond 
olumn of Table 1. Adetailed analysis of LFV 
harged lepton de
ays medi-ated by a s
alar triplet is given in [25℄. Three-leptonrare de
ays normally pro
eed at the tree level and theirwidths are given by�(�� ! e+e�e�) = m5�768�3M4� j�e��eej2; (19)�(�� ! l+l0�l0�) = m5�768�3M4� j�l��l0l0 j2; (20)�(�� ! l+l0�l00�) = m5�384�3M4� j�l��l0l00 j2;l0 6= l00: (21)We note that the de
ays with two identi
al leptons ofequal sign in the �nal state (see Eqs. (19) and (20))have an additional fa
tor 1=2 
ompared to de
ay (21)with di�erent leptons of equal sign in the �nal state.Radiative l ! l0
 de
ays are des
ribed by penguindiagrams, and therefore their widths 
ontain an addi-tional fa
tor � � [13℄:440



ÆÝÒÔ, òîì 141, âûï. 3, 2012 �! e
 de
ay versus the �! eee bound : : :�(l ! l0
) = 2716 �4� m5l192�3M4� �� j�le��el0 + �l����l0 + �l����l0 j2: (22)One 
ould therefore expe
t that generi
allyBr(l1 ! l2
)� Br(l1 ! l2l3l4):This relation implies that Br(�! e
)� 10�12 due tothe strong � ! eee experimental bound, whi
h makesthe � ! e
 de
ay unobservable in the MEG exper-iment. But be
ause the matrix � is related to theneutrino masses and mixing, we 
an expe
t a hierar-
hy of 
ouplings and therefore of de
ay rates. Indeed,we show in the next se
tion that the above-mentioned
ontradi
tion may be avoided for a 
ertain 
hoi
e of� (allowed by the experimental data). It is 
lear thatthis 
hoi
e should lead to the suppression of the tree�! eee de
ay amplitude.Another strong bound on LFV is imposed by theresults of the SINDRUM II 
ollaboration on the ��e
onversion on gold [26℄. This experiment investigatedthe fate of muoni
 atoms with heavy nu
lei. The mostprobable event is the 
apture of a muon by the nu-
leus with a muon neutrino emission. An LFV modeis the ��e transition that results in a monoenergeti
ele
tron emission. This pro
ess was �rst theoreti
allyexplored in Ref. [27℄. An approximate expression forthe width of the ��e 
onversion 
an be written in amodel-independent way as [13℄�(A;Z)(�! e) = 4�5m5�Z4effZjFp(q2)j2 �� (jAL1 +AR2 j2 + jAR1 +AL2 j2); (23)where Zeff is an e�e
tive 
harge felt by a muon boundin the atom, Fp(q2) is a form-fa
tor related to the pro-ton density in the nu
leus, and q2 � m2� and AL;R1;2 arethe model-dependent form-fa
tors that enter the e�e
-tive low-energy LFV violating ele
tromagneti
 
urrentj� = e[q2
�(AL1 PL +AR1 PR) ++m�i���q�(AL2 PL +AR2 PR)℄�: (24)Formula (23) demonstrates how the ��e 
onversion ratedepends on the quantities involved; however, it stronglydepends on the quantities Zeff and Fp(q2), whi
h 
an-not be expressed analyti
ally. A thorough analysis ofthe ��e transition rate is presented in Refs. [28, 29℄.We use their results, whi
h are reprodu
ed if we takeZeff = 33:5, Fp(q2) = 0:16 for gold [29℄.The form-fa
tors AL1 and AR2 for the see-saw type-IImodel are given by [13℄AL1 =Xl fl ��el�l�12�2M2� ; AR2 =Xl 3��el�l�32�2M2� ; (25)

while AR1 and AL2 vanish due to the ele
tron 
hirality
onservation. Here,fl = ln m2lM2� + 4m2ljq2j +�1� 2m2ljq2j���s1 + 4m2ljq2j lnpjq2j+ 4m2l +pjq2jpjq2j+ 4m2l �pjq2j ; (26)where jq2j � m2�. This general expression is simpli�edfor spe
i�
 �avors:fe � ln jq2jM2� = �18:3;f� � ln m2�M2� + 4�p5 ln 3 +p52 ! = �16:5;f� � ln m2�M2� + 53 = �11:0; (27)
where the numeri
al values are given for M� = 1 TeV.Large logarithmi
 fa
tors in fl appear due to the dia-gram in whi
h the photon 
ouples to a 
harged fermionin the loop. Contra
ting the propagator of the �-bosonin this diagram yields the photon polarization opera-tor, whi
h 
ontains this famous logarithm responsiblefor the running of the ele
tromagneti
 
oupling �. Dueto the large logarithmi
 fa
tor, AL1 dominates over AR2in the probability of the ��e 
onversion.We note that all rare de
ay probabilities have thesame �M�4� dependen
e on the s
alar mass. If we �xthe 
oupling matrix � up to a 
ommon fa
tor � andintrodu
e an e�e
tive four-fermion 
onstant GLFV == �2=M2�, then all rare de
ay probabilities depend onlyon GLFV but not separately on M� and �. Therefore,the values of the rare de
ay widths in the third 
ol-umn of Table 1 do not expli
itly depend on M�. By
ontrast, the ��e 
onversion probability has an addi-tional logarithmi
 dependen
e on M�, and we there-fore quote two di�erent values for it in Table 1, whi
h
orrespond to two di�erent values ofM� (our referen
evalue M� = 1 TeV and the experimental lower boundM� = 150 GeV).5. GOLDEN DOMAIN OF THE SEE-SAWTYPE-II MODELWe now 
onsider the �Golden Domain� of thesee-saw type-II model in whi
h:1) all the experimental 
onstraints from neutrinoos
illations, ��e 
onversion, and rare lepton de
ays aresatis�ed,441
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hkovskiy, M. I. Vysotsky ÆÝÒÔ, òîì 141, âûï. 3, 20122) Br(� ! e
) � 10�12 (as explained above, thisimplies the suppression of the tree-level amplitude forthe �! eee de
ay),3) the rate of LFV in supernova is high enough toa�e
t the neutrino transport (see Eq. (18)).A natural and 
onvenient way to parameterize the
oupling matrix � (up to an overall fa
tor) of the see-saw type-II model is to use the neutrino masses, mixingangles, and phases as parameters. This natural param-eterization involves �ve 
ontinuous parameters and onedis
rete ambiguity that are not �xed (but possibly re-stri
ted) by neutrino os
illation experiments. They are:the absolute s
ale of neutrino masses, the angle �13,the phases Æ, �1, and �2 (
ontinuous) and the masshierar
hy (dis
rete). In what follows, we use this natu-ral parameterization to explore the experimentally al-lowed part of the parameter spa
e of the see-saw type-IImodel. The ranges of mixing angles and phases are 
ho-sen a

ording to the generally a

epted 
onvention [30℄:�12; �23; �13 2 [0; �=2℄, Æ 2 (��; �℄, and �1;2 2 [0; �℄4).To suppress the � ! eee de
ay, we should 
hoose[13; 14℄ �e� � 0: (28)Another possible way to suppress the � ! eee de
aywould be to set �ee � 0; but this would also suppressthe LFV pro
esses in supernova (15), and is thereforenot a

eptable.Condition (28) implies that me� should vanish. Tosee how this 
an o

ur, we 
onsider the 
ase wherem1 � m2 � m3. From Eq. (12), we then obtainme� � e�i�2 
os �23 ���12 sin 2�12m2 + tg �23 sin �13ei(Æ+�2)m3� : (29)If jÆ + �2j � �, then the 
an
elation of two terms inEq. (29) o

urs for �13 � 5Æ [13℄. Thus we are able to �t
ondition (28) by 
hoosing an experimentally allowedmass-mixing pattern.To obtain the general pi
ture, we numeri
ally s
anthe parameter spa
e of the see-saw type-II model. As a4) It is argued in [30℄ that in the presen
e of nonstandard neu-trino intera
tions, one should in general extend these ranges, e. g.,take �12; �23 2 [��=2; �=2℄. But it is straightforward to verifythat in the see-saw type-II model, the transformation �12 ! ��12is equivalent to the transformation Æ ! ��Æ, L� ! �L�, �R !! ��R, L� ! �L� , �R ! ��R (in the sense that the 
ouplingmatrix � is 
hanged in the same way under these two transforma-tions), and �23 ! ��23 � to Æ ! �� Æ, Le ! �Le, eR ! �eR,L� ! �L�, �R ! ��R. Therefore, there is no need to extendthe ranges of �12 and �23 in the 
ase under 
onsideration.

result, we �nd a single Golden Domain of the parameterspa
e that satis�es all the imposed requirements. Someof the 2D proje
tions of this domain are presented inFig. 2. The main features of this domain are as follows.1. The normal mass hierar
hy with m1 < m2 �� m3. Neutrino masses 
an take the following values:0 < m1 . 0:021 eV;0:009 eV . m2 . 0:023 eV; m3 � 0:05 eV: (30)Moreover, as follows from Fig. 2, the 
ase of quaside-generate m1 and m2 (with m1 & 0:005) is onlymarginally allowed; on the 
ontrary, substantially hi-erar
hi
al values m1 � m2 o

upy the major part ofthe Golden Domain.2. The value of �13 
an vary in a broad range, but
annot be too small:2Æ . �13 . 12Æ: (31)3. The 
ombination of phases jÆ + �2j does not de-viate too mu
h from 180Æ:jjÆ + �2j � 180Æj . 40Æ: (32)4. The value of �1 
an vary in a broad range, es-pe
ially if m1 � m2. This is easy to understand be-
ause �1 enters the mixing matrix only in the expres-sionm1ei�1=2, whi
h may be disregarded when m1 van-ishes.In Table 1, we show the predi
tions for the proba-bilities of LFV pro
esses for three sele
ted points in theparameter spa
e. These points are de�ned in Table 2,and the 
orresponding 
oupling matri
es are given inTable 3. Finally, the rates of LFV pro
esses in su-pernova are 2:6xRdiff , 1:8xRdiff , and 2xRdiff for therespe
tive points I, II, and III.It 
an be seen that as soon as the � ! eee exper-imental 
onstraint is made harmless, the most press-ing 
urrent experimental bound stems from the SIN-DRUM II experiment on ��e 
onversion, whi
h boundsBr(� ! e
) from above. On the other hand, 
ondi-tion (18) leads to the lower bound on Br(�! e
). Asa results, we obtain 0:4 . x . 6: (33)We note that for vanishing �e�, the � ! e
 de
ayand the ��e 
onversion on nu
lei pro
eed only throughthe virtual � or �� in the loop. We also note thatthe tree 
ontributions to the � ! eee, �� ! e+e���,and �� ! �+e��� de
ays then vanish, and the de
ayspro
eed through the ex
hange of a virtual photon. Thewidth of the �� ! e�
� ! e�e+e� pro
ess, 
ompared442
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δFig. 2. Proje
tions of the Golden Domain of the see-saw type-II model. The Golden Domain 
onsists of the points in theneutrino mass-mixing parameter spa
e that provide Br(�! e
) = x � 10�12 and �t all the experimental 
onstraints in theframework of the see-saw type-II model. x = 3 for the upper right plot and x = 1 for the other three plots. For all plots,the mass hierar
hy is normal, with the masses m2 and m3 related to m1 through the well-known mass-squared di�eren
es,�m221 = 0:76 � 10�4 eV2 and �m231 = 24:3 � 10�4 eV2 [31℄. The remaining experimentally undetermined parameters are�xed as follows: two upper plots 
orrespond to Æ = �1 = �2 = 0, the lower left plot to m1 = 0, �13 = 5Æ, �1 = 0, and thelower right plot to �13 = 5Æ, Æ = �2 = 0Table 2. Neutrino mass-mixing parameters for three sele
ted points in the Golden Domain. These referen
e points areused in Table 1m1 m2 m3 �12 �23 �13 Æ �1; �2I 0 0:9 � 10�2 eV 5 � 10�2 eV 34Æ 45Æ 5Æ 180Æ 0II 0:1 � 10�2 eV 0:9 � 10�2 eV 5 � 10�2 eV 34Æ 45Æ 8Æ 180Æ 0III 0 0:9 � 10�2 eV 5 � 10�2 eV 34Æ 45Æ 5Æ 150Æ 0to the �! e
 de
ay, is suppressed by � and by the ra-tio �3=�2 � 1=4� of the three-parti
le to two-parti
lephase volumes, but is enhan
ed by a square of the largelogarithm (lnm2�=M2�)2:Br(�! eee) � �4� �ln m2�M2��2 Br(�! e
) .. 10�1Br(�! e
): (34)
Analogous estimates are valid for the �� ! e+e���and �� ! �+e��� de
ay probabilities. We use theseestimates in Table 1.It follows from Table 3 that �ll0=M�[TeV℄ < 0:05.This allows estimating the 
ontribution of the news
alar �eld to the anomalous muon magneti
 moment:Æa � m2�AR2 < 2�10�13. This is well beyond the presentexperimental sensitivity.443
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hkovskiy, M. I. Vysotsky ÆÝÒÔ, òîì 141, âûï. 3, 2012Table 3. Coupling matri
es 
orresponding to three sele
ted points in the Golden Domain (see Table 2). Ea
h matrixshould be multiplied by x1=4M�=(1 TeV)I II0B� 0:0053 0 �0:0990 0:048 0:037�0:099 0:037 0:047 1CA 0B� 0:0057 �0:0026 �0:0093�0:0026 0:037 0:028�0:0093 0:028 0:036 1CAIII0B� 0:0048� 0:0005i 0:0006+ 0:0027i �0:0089+ 0:0027i0:0006+ 0:0027i 0:046+ 0:0003i 0:036 + 0:00001i�0:0089+ 0:0027i 0:036+ 0:00001i 0:045� 0:00028i 1CA
6. COMPARISON WITH OTHER MODELS6.1. Singlet bilepton modelAs is 
lear from the above dis
ussion, the strongexperimental bounds on the � ! eee de
ay and ��e
onversion on Au 
reate a 
ertain pressure on the al-lowed range of the probability of the � ! e
 de
ayin the see-saw type-II model. It is interesting to notethat there exists a �
lose relative� of the see-saw type-IImodel in whi
h this pressure is 
ompletely absent. Thisis a simple model that extends the Standard Model byone 
harged heavy bilepton (i. e., s
alar with the leptonnumber 2) 
oupled to leptons as follows [32℄:Lll ~� =Xl;l0 ~�ll0L
l i�2Ll0 ~� +H.
. (35)Su
h a s
alar also appears in more sophisti
ated ex-tensions of the Standard Model, e. g., in the Zee�Babumodel of loop neutrino mass generation [33℄. The dif-feren
e from Eq. (4) is that ~� is a singlet and � is atriplet (see [34℄ for a systemati
al 
lassi�
ation of bilep-tons). An important feature of the above 
oupling isthat the 
oupling matrix jj~�ll0 jj is antisymmetri
, in
ontrast to a symmetri
 
oupling matrix in the see-sawtype-II model. As a 
onsequen
e, the � ! eee de
ayis forbidden at the tree level (as are the � -lepton de-
ays with two identi
al leptons in the �nal state). Asregards the ��e 
onversion, its probability does not ob-tain a large ln2 enhan
ement be
ause only neutrinos(not 
harged leptons) enter the loop of the 
orrespond-ing penguin diagram. At the same time, the � ! e
de
ay probability is of the same order as in the see-sawtype-II model. The LFV pro
esses in supernova 
annotpro
eed at the tree level be
ause the 
orresponding treeamplitudes would be proportional to �ee. However, eor �e may 
hange �avor while s
attering on a 
harged

parti
le through the ex
hange of a virtual photon inthe t-
hannel. An example of su
h a pro
ess is�ep! ��p: (36)We note that in the 
ase of neutrino s
attering, a
harged lepton enters the loop of the penguin diagram,and the 
ross se
tion a
quires the ln2 enhan
ement. Adetailed study of LFV in this singlet bilepton modelwill be 
arried out elsewhere.6.2. MSSMIn the MSSM, all LFV pro
esses pro
eed throughloop diagrams. The radiative de
ays pro
eed throughpenguin diagrams, while the three-lepton de
ays of �and � , through the box diagrams and (for some de
ays)through the penguin diagrams with a virtual photonde
aying into the lepton�antilepton pair. Therefore,generi
ally Br(� ! eee) � g2Br(� ! e
). Moreover,heavy sleptons (not light 
harged leptons) enter loopdiagrams, and therefore there is no ln2 enhan
ementof the ��e 
onversion probability. Hen
e, the above-mentioned pressure of strong experimental bounds onthe �! eee and ��e 
onversion probabilities is absentin the MSSM. But the absen
e of the tree-level LFVpro
esses and of a logarithmi
 enhan
ement of the 
�emission amplitude generi
ally severely suppresses theLFV rate in supernova.We note that in the MSSM, the verti
es in theabove-mentioned penguin and box diagrams 
ontainthe elements of the unitary PMNS matrix U . There-fore, if all sleptons are degenerate, then all the LFVprobabilities are zero due to the GIM me
hanism. By
ontrast, in the above dis
ussed models with bileptons,jj�ll0 jj and jj~�ll0 jj are not unitary matri
es and thereforethe GIM me
hanism does not work.444
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 de
ay versus the �! eee bound : : :The degenera
y of sleptons is removed by the heavy� -lepton. Therefore, the amplitudes of LFV pro
essesin the MSSM are proportional to sin �13 (see, e. g., are
ent paper [35℄ and the referen
es therein). In theGolden Domain of the see-saw type-II model, �13 also
annot be too small (see Eq. (31)), but this similaritybetween the see-saw type-II and MSSM is a

idental.7. SUMMARY AND CONCLUSIONSWe have dis
ussed a number of requirements on thelepton �avor violation in the see-saw type-II model.Apart from the mandatory requirement of satisfying allthe experimental bounds, we impose two supplemen-tary requirements that severely 
onstraint the param-eter spa
e of the model. The �rst one was previouslydis
ussed in the literature [13; 14℄: the bran
hing ratioof the � ! e
 de
ay is of the order of 10�12 (whi
hensures its soon dis
overy at MEG), i. e., 
lose to theexperimental upper bound on the bran
hing ratio ofthe � ! eee de
ay. This is possible only if the treeamplitude of the � ! eee de
ay is suppressed by avanishing (or very small) 
oupling 
onstant, either �eeor �e�. The se
ond requirement is that the rates ofLFV pro
esses in supernova are high enough to alterthe supernova physi
s (su
h alteration may fa
ilitatethe explosion). This is possible in some region of theparameter spa
e [5; 7℄, in parti
ular, where �e� � 0,but not where �ee � 0. As a 
onsequen
e of the im-posed requirements, we obtain a �Golden Domain� inthe neutrino mass-mixing parameter spa
e.In the Golden Domain, the experimental results onthe ��e 
onversion on gold [26℄ impose the most re-stri
tive upper bound on Br(� ! e
), as is 
lear fromTable 1. On the other hand, 
ondition (18) on the LFVrates in supernova provides a lower bound. In total,the imposed 
onstraints appear to be strong enough tofor
e Br(�! e
) to lie in a narrow window,0:4 � 10�12 . Br(�! e
) . 6 � 10�12 (37)(see Eq. (33)). We should take into a

ount that theupper bound 
orresponds to the minimal experimen-tally allowed s
alar mass 150 GeV; this bound be
omestighter if the mass is in
reased.The bran
hing ratios of the LFV � de
ays in theGolden Domain of the see-saw type-II model are pre-sented in Table 1. Evidently, the most promising de
ayis � ! ���. In the Golden Domain, we have1:4 � 10�10 . Br(� ! ���) . 7 � 10�9; (38)

whi
h is not too far from the 
urrent experimentalbound.A ni
e feature of the see-saw type-II model is thatthe 
oupling matrix determines the mass-mixing pat-tern of neutrinos. In the Golden Domain, the neu-trino mass hierar
hy is normal, the angle �13 is mod-erately large (2Æ�12Æ), the phases Æ and �2 satisfyjjÆ + �2j � 180Æj . 40Æ, and �1 is loosely bounded.To 
on
lude, we have 
onsidered a s
enario of lepton�avor violation in the see-saw type-II model leading toalteration of supernova dynami
s and manifesting it-self in a variety of phenomenologi
al 
onsequen
es ob-servable in the 
urrent and forth
oming experiments,in
luding � ! e
 sear
hes at MEG, ��� sear
hes atthe LHC, � ! ��� sear
hes at super-B fa
tories, ��e
onversion sear
hes at Mu2e (Fermilab) and COMET(J-PARC), and �13 sear
hes in short-base rea
tor disap-pearan
e and a

elerator �e-appearan
e experiments.On the other hand, in the 
onsidered s
enario, a dire
tneutrino mass measurement (the KATRIN experiment)and 2�0� dete
tion will be una

essible in the near fu-ture due to low neutrino masses.We have also brie�y outlined a s
enario of lepton�avor violation in the singlet-bilepton model, whi
hdemonstrates drasti
ally di�erent signatures, whi
h
an nevertheless be probed in the future experiments.Our interest to the � ! e
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