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DESY 08-051Lepton-
avour violationin the light of leptogenesis and muon g � 2Motoi Endo and Tetsuo ShindouDeuts
hes Elektronen Syn
hrotron DESY,Notkestrasse 85, 22607 Hamburg, GermanyAbstra
tA dis
repan
y between the experimental and theoreti
al results was reported for the anomalousmagneti
 moment of the muon. In leptogenesis s
enarios whi
h are due to a de
ay of right-handed neutrinos, this anomaly leads to large violations of lepton 
avour within the frameworkof supersymmetri
 see-saw models. It is shown that for a hierar
hi
al right-handed neutrino massspe
trum, we generi
ally expe
t to observe �! e
 in the near future experiment.
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I. INTRODUCTIONThe experiments have measured the neutrino os
illations and established a mass of neu-trinos. This 
annot be explained in the Standard Model (SM) framework and thus is aneviden
e of physi
s beyond SM. From the 
osmologi
al side, one of the most 
hallengingmysteries of the universe is the sour
e of the asymmetry of the baryon number density.Sin
e it is quite diÆ
ult to explain the asymmetry in SM, we are required to introdu
e newme
hanism to generate it.Re
ently, the anomalous magneti
 moment (g�2) of the muon suggested a 
ontribution ofthe new physi
s. The E821 experiment at Brookhaven measured it at the extremely pre
iselevel[1℄, and the results have been 
ompared with the SM predi
tion. A

ording to the latestupdate of the hadroni
 
ontribution to the SM value[2℄, whi
h is based on the e+e� 
ollisiondata, a di�eren
e was reported between these two results as (see [3℄ and referen
es thereinfor details) a�(exp:)� a�(SM) = 302(88)� 10�11; (1)whi
h means 3.4� deviation. One may expe
t that this dis
repan
y is explained by hadroni
un
ertainties in the SM predi
tion. However, too large 
orre
tions are then required to �x(1) in the hadron se
tor[3℄. Instead of pursuing this idea, we 
onsider new 
ontributionsfrom physi
s beyond SM.These features are easily a
hieved by the supersymmetri
 (SUSY) see-saw s
enarios.In the SUSY models, all the SM parti
les are a

ompanied by their superpartners, andthese new parti
les a�e
t low-s
ale phenomena through radiative 
orre
tions. In fa
t, thedis
repan
y of the muon g�2 
an be saturated due to a tan � enhan
ement[4℄. On the otherhand, the neutrino os
illations are realized by the Type I see-saw me
hanism, introdu
ingthe right-handed se
tor[5℄. Furthermore, against the mystery of the baryon asymmetry, thesee-saw me
hanism provides an elegant solution. By produ
ing the right-handed neutrinosat an early stage of the universe, the lepton asymmetry would be generated at the de
ayof those neutrinos, and then leads to the baryon asymmetry of Universe (BAU) via thesphaleron e�e
t.As a predi
tion of the SUSY see-saw s
enarios, the lepton 
avours are violated at theweak s
ale. These violations are tightly 
orrelated with the leptogenesis and muon g � 2.2



The measurements of the neutrino os
illations indi
ate 
avour-violations in the neutrinose
tor. Su
h violations are naturally transmitted into the 
harged-lepton se
tor via therenormalization group evolutions. At the weak s
ale, the lepton-
avour violating pro
essesare indu
ed by superparti
les. Those superparti
les 
ontribute as well to the predi
tion ofthe muon g � 2. Thus, they 
annot be arbitrary heavy in order to explain the muon g � 2anomaly (1). On the other hand, the right-handed neutrino mass s
ale is required to belarge for the leptogenesis to work su

essfully. Su
h a large s
ale enhan
es the neutrinoYukawa 
oupling in
luding the 
avour-violating e�e
ts. Consequently, in the leptogenesiss
enarios, it is 
onsidered that the lepton-
avour violating pro
esses tend to be sizable inthe light of the anomaly of the muon g�2. In this letter, we will show that for a hierar
hi
alright-handed neutrino mass spe
trum, �! e
 is generi
ally expe
ted to be observed in thenear future experiment.II. CORRELATIONS AMONG OBSERVABLESWe �rst brie
y review the muon g � 2. The SUSY 
ontributions 
onsist of the two dia-grams; those mediated by the 
harginos and neutralinos. Considering the 
oupling strength,the former usually dominates the SUSY 
ontributions. The result is approximately obtainedas [4℄ Æa� ' 5�248� m2�m2SUSY sign(M2�H) tan� ; (2)where M2 is a wino mass, �H is a Higgsino mass and tan � = hHui=hHdi is a ratio of twova
uum expe
tation values of Higgses. In this expression, we have set all soft masses to beequal for simpli
ity. In the letter, we 
hoose a sign of (M2�H) to be positive to explain (1),whi
h is irrelevant for the following two observables.The se
ond observable is Br(� ! e
). The SM 
ontribution is known to be highlysuppressed, and the SUSY e�e
ts determines the bran
hing ratio. The SUSY diagrams arethe same as those of the muon g � 2 ex
ept for the 
avour dependen
e. Let us 
onsiderthat the soft breaking slepton masses are 
avour universal at the 
uto� s
ale, �X , whi
his assumed to be larger than the right-handed neutrino mass s
ale, �R. Even with this
avour-universal 
ondition, in SUSY see-saw models, neutrino Yukawa 
ouplings indu
e theleft-handed slepton mixing through the renormalization running from �X down to �R. Thus3



we expe
t signi�
ant SUSY 
ontributions to Br(� ! e
). With the universal slepton massboundary 
ondition, the bran
hing ratio is represented as[6℄Br(�! e
) � �3G2F ���(Y yNYN)12 ln (�R=�X)���2m4SUSY tan2 � ; (3)up to a numeri
al fa
tor, where YN is a neutrino Yukawa 
oupling matrix in the basis ofdiagonal 
harge lepton Yukawa 
ouplings and right-handed neutrino mass matrix. Here,all the soft SUSY breaking parameters in
luding those during the renormalization runningwere simply set to be equal. Comparing with Eq. (2), a naive relation between Æa� andBr(�! e
) is found as Br(�! e
) / (Æa�)2 for �xed YN [7℄.It should be mentioned that we showed Eqs. (2) and (3) to 
larify the dependen
e onthe model parameters, while for the following numeri
al analysis, we do not rely on thesesimpli�
ations. Namely, we will evaluate Æa� and Br(� ! e
) 
ompletely up to the one-loop level after solving a set of renormalization group equations and diagonalizing the massmatrix in the next se
tion.The produ
tion of the right-handed neutrino leads to the generation of the lepton asym-metry. In leptogenesis s
enarios su
h as the thermal and non-thermal ones, the leptonasymmetry is proportional to CP asymmetry in a de
ay of a lightest right-handed neutrino,N1, into lepton doublet, L, and Higgs, Hu. The CP asymmetry parameter �1 is (see [8℄ fora review) �1 � �(N1 ! L+Hu)� �(N1 ! L
 +H
u)�(N1 ! L+Hu) + �(N1 ! L
 +H
u)= 18�(YNY yN)11 Xi 6=1 Im h(YNY yN)2i1f(M2i =M21 )i ; (4)where Mi's are masses of the right-handed neutrinos and a loop fun
tion f(x) is given asf(x) = px ln�1 + 1x�� 2pxx� 1 : (5)Here and in the following analysis, we ignore 
avour-dependent e�e
ts on the leptogenesis[20℄be
ause they are generi
ally negligible. The above expression is valid for a hierar
hi
al right-handed neutrino mass spe
trum, i.e., jM2;3 �M1j � �2;3 + �1, where �i is the de
ay widthof the ith right-handed neutrino and estimated at the tree level as�i = (YNY yN)ii8� Mi : (6)4



WhenM2 be
omes very 
lose toM1, the resonant e�e
ts 
ontribute to the lepton asymmetry.This topi
 will be dis
ussed in the �nal se
tion. In the following analysis, we will fo
us onthe hierar
hi
al (o�-resonant) 
ase, M1 �M2<�M3.The neutrino Yukawa 
oupling matrix and the right-handed neutrino mass matrix are
onne
ted to the light neutrino mass matrix, m� through the see-saw relation,(YN)ki 1Mk (YN)kjhHui2 = (m�)ij = U�ikmkU�jk ; (7)where mi is mass eigenvalues of the light neutrinos and U is Ponte
orvo{Maki{Nakagawa{Sakata (PMNS) matrix[11℄. From data of neutrino os
illation experiments, parameters in Uand the squared mass di�eren
es are determined as[12℄j�m2atmj � jm23 �m21j � 2:5� 10�3eV2 ; sin2 2�atm = 4jU223j(1� jU223j) � 1:0 ;�m2� � m22 �m21 � 8:0� 10�5eV2 ; tan2 �� ' jU212jjU211j � 0:4 ; (8)jU13j <� 0:2 :In order to in
orporate the relation Eq. (7) in the analysis, it is useful to use the followingparametrization[13℄, (YN)ij = 1hHuiqMiRikpmkU�jk ; (9)with Rij satisfying PkRikRjk = Æij. Rij has six real parameters.In a lot of leptogenesis s
enarios, the lepton asymmetry is favored to be as large aspossible. With the above parametrization, it is easily shown that a size of the CP asymmetryparameter �1 has an upper bound whi
h is mu
h less than one. With M1=M2;3 � 1 andmax(jRijj) < O(M2;3=M1) (see [17℄), one gets[14℄j�1j ' 18�(YNY yN)11 ������Xi 6=1 Im�(YNY yN)2i1M1Mi ������� = M18�hHui2 �����Pi Im(m2iR21i)PimijR21ij ������ M18�hHui2 �m2atmm1 +m3 : (10)One 
an �nd that j�1j is maximized when R12 = 0 and jRe(R13)j = jIm(R13)j are satis�ed.For a given maximal �1 � �max1 , the right-handed neutrino mass is estimated asM1 ' 1:5� 1010GeV j�max1 j10�6 ! hHui174GeV!2  �m2atm2:5� 10�3eV2!�1 �m1 +m30:05eV � : (11)We expe
t that a large asymmetry of the lepton number density leads to a sizable bran
h-ing ratio of � ! e
[15, 16℄. From Eq. (10), j�1j is proportional to M1, and thus the CP5



asymmetry, i.e, the lepton asymmetry, is enhan
ed for heavier M1. Then, by satisfyingthe relation M1 � M2<�M3, heavier M1 leads to larger elements of YN . As was shown inEq. (3), large YN enhan
es Br(� ! e
). Thus, for leptogenesis s
enarios to su

essfullywork, Br(�! e
) tends to be large.One may 
onsider that the SUSY 
ontributions to the �! e
 amplitude are suppressedby heavy superparti
les. However, the anomaly of the muon g � 2, Eq. (1), prohibits theparti
les to be de
oupled as long as it is explained by the SUSY 
ontributions. Espe
iallysin
e the bran
hing ratio of �! e
, Eq. (3), is tightly 
orrelated with the SUSY 
ontributionto the muon g � 2, Eq. (2), it is very hard to suppress Br(� ! e
) with keeping both Æa�and �1 large.We should mention spe
i�
 
ases in whi
h Br(� ! e
) is suppressed. First of all, the
avour stru
ture of the Yukawa 
oupling potentially 
auses a 
an
ellation in the de
ay ampli-tude. A
tually, the amplitude is proportional to (Y yNYN)12 = (YN)�11(YN)12+(YN)�21(YN)22+(YN)�31(YN)32. Thus, an a

idental 
an
ellation may happen among these 
omplex numberswith Æa� and �1 �xed. We might also obtain 
an
ellations between the 
hargino and neu-tralino 
ontributions, or by taking into a

ount the initial 
avour-
hanging 
omponents ofthe soft SUSY breaking parameters. These 
ases will be 
ommented in the �nal se
tion.In any 
ase, the 
an
ellations are 
onsidered to be a

idental in general and thus regardedas a �ne-tuning. As the se
ond 
ase, let us 
onsider texture stru
tures of the right-handedYukawa 
oupling. Assigning texture zeros properly for the Yukawa 
oupling, Br(� ! e
)
an be suppressed[16℄. Then, instead of � ! e
, it is likely to observe other lepton 
avourviolating pro
esses, e.g., � ! �(e)
. Note that, sin
e the light-neutrino mass spe
trum ispredi
ted to be spe
i�
 in this framework, it is expe
ted to identify su
h a 
ase in future.In the following study, we will dis
uss a lower bound of Br(� ! e
) in generi
 
onditions.Namely, we will assume no �ne-tunings in the neutrino se
tor, and not in
lude the spe
i�
texture setup.
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III. ANALYSISLower bounds of the predi
ted Br(� ! e
) are displayed in Fig. 1 as a fun
tion of �1for �xed Æa�. Here, we s
anned the SUSY parameters a and the neutrino Yukawa 
ouplingssatisfying the experimental data (9). In the analysis, we set �X to be the grand-uni�
ation(GUT) s
ale and imposed the following assumptions; negle
ting resonant e�e
ts of the lepto-genesis and generi
 stru
ture for the lepton se
tor. In parti
ular, as for the latter assumption,we assumed no �ne-tunings in the right-handed neutrino Yukawa 
oupling and sought theparameter points whi
h minimize j(YN)�11(YN)12j+ j(YN)�21(YN)22j+ j(YN)�31(YN)32j for �xed�1. This means that j(Y yNYN)12j is minimized without an a

idental 
an
ellation among threedi�erent terms in the summation on the lines.It 
an be said that the lower bounds in Fig. 1 are 
onservative under the above assump-tions. We 
an 
he
k that on the lines,m1 = 0 and U13 = 0 are satis�ed, and j�1j is maximizedby satisfying R12 = 0 and arg(R13) = �=4. When we in
rease the lightest neutrino mass,a

ording to Eq. (10) the maximal value of �1 is suppressed by �m2atm=(m1 +m3). Namely,with �1 �xed, M1 in
reases for larger m1, and thus, the lower bound of Br(� ! e
) goesup. In addition, Br(� ! e
) is minimized when both m1 = 0 and U13 = 0 are satis�ed.This is be
ause (YN)11 be
omes naturally small. From (9), if either m1 or U13 is �nite, thebran
hing ratio of �! e
 re
eives an additional 
ontribution from (YN)�11(YN)12. Also, theCP violation phases in the PMNS matrix are taken to be zero, otherwise Br(� ! e
) be-
omes larger. Although we assumed that the slepton mass matrix is universal at the 
uto�s
ale, introdu
ing the o�-diagonal 
omponents is just additive to the bran
hing ratio. In
on
lusion, the lower bounds in Fig. 1 are 
onservative.It is stressed that the lower bound of Br(�! e
) depends on M2=M1 but is independentof M3. It is be
ause on the lines of the lower bound, Rij still has enough degrees of freedomto give the same minimal value of Br(�! e
) for di�erent values ofM3=M2. In other words,the minimum of Br(�! e
) has a 
at dire
tion in the parameter spa
e. It is obtained thatas long as M2=M1 is larger than 10, the lower bound is propotional to M2=M1.While forsmaller M2=M1, the lower bound of Br(�! e
) is not a linear fun
tion of M2=M1, be
ause
ontributions from the next leading order in loop fun
tion f(M2i =M21 ) whi
h is a term ofa In the analysis, we set the soft mass of the sele
tron to be degenerate with that of the smuon. When thesele
ton is mu
h heavier than the smuon, Br(�! e
) 
an be suppressed for �xed Æa�.7



orderM31 =M32 are non-negligeble. On the other hand, the lower bound is almost independentof tan �. This is simply be
ause Br(�! e
) is proportional to (Æa�)2. Thus, the bran
hingratio remains the same for �xed Æa�.From Fig. 1, in order to obtain Æa� > 2:1�10�9 (1�), the leptogenesis s
enarios with �1 >10�5 provide the generi
 lower bound of Br(�! e
) > 10�13 for the hierar
hy M2=M1 > 10with M1>� 1:5 � 1011GeV. This is the sensitivity at whi
h we expe
t to observe � ! e
 innear future su
h as in the MEG experiment[18℄. For smaller �1 = 10�6 with M2=M1 = 10,there is the parameter region where we will not dete
t �! e
, while for larger M2=M1 su
has = 100, the lower bound ex
eeds the experimental sensitivity with Æa� > 2:1� 10�9. Onthe other hand, for a smaller hierar
hy 
ase, M2=M1 = 3, the lower bound of Br(� ! e
)rea
hes O(10�13) when �1 is larger than 10�4, whi
h 
orresponds to M1>� 1012GeV. As aresult, sin
e a lot of leptogenesis models pra
ti
ally require large CP asymmetry, we expe
tto observe the lepton-
avour violating muon de
ay in near future in the light of the muong � 2 anomaly when M2=M1 is hierar
hi
al.IV. CONCLUSIONS AND DISCUSSIONThe reported dis
repan
y of the muon g � 2 has impa
ts on low-energy phenomena. Inthis letter, we fo
used on the lepton 
avour violation. We showed that in the light of thisanomaly, su

essful leptogenesis s
enarios prefere a sizable bran
hing ratio of the lepton-
avour violating muon de
ay. Sin
e the muon g� 2 anomaly favors superparti
les to stay inrather low-energy regime, e.g., <� 1TeV, the SUSY 
ontributions to the muon g � 2 
an be
he
ked dire
tly by probing the those parti
les in the forth
oming Large Hadron Collider.When the SUSY 
ontributions will be 
on�rmed in the experiment, negle
ting resonantleptogenesis and setting �X > �R, we found that leptogenesis s
enarios generi
ally predi
tBr(�! e
) to be
ome larger than O(10�13) in wide parameter regions. Thus, we expe
t todete
t �! e
 in the near future experiment.In the analysis, we have fo
used on the CP asymmetry parameter, �1, to dis
uss lep-togenesis. The lepton asymmetry depends on the thermal history of the universe as well,parti
ularly on the produ
tion 
hannels of the right-handed neutrinos. As a natural 
hannel,they are produ
ed in the thermal bath e�e
tively when the reheating temperature ex
eedsthe right-handed neutrino s
ale. In this thermal leptogenesis s
enarios, the lepton asymme-8
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) (d)FIG. 1: Generi
 lower bound on the predi
tion of Br(�! e
) for �xed Æa� and �1. Here, �X is setto be the GUT s
ale. In the analysis, we assumed no �ne-tunings and did not take spe
i�
 texturestru
tures so that we avoid a

idental suppression of Br(� ! e
). We also negle
t the resonante�e
ts for the leptogenesis, whi
h be
ome signi�
ant when M2 is very 
lose to M1. In the graphs,the ratio M2=M1 is taken as (a) M2=M1 = 3, (b) = 10, (
) = 30, and = 100 with M1 varied. Thehorizontal line at Br(�! e
) = 10�13 represents the sensitivity of the near future experiment.try is roughly estimated as YL � 10�2��1, where � is the eÆ
ient fa
tor whi
h is determinedby the initial abundan
e of the right-handed neutrino and the wash-out e�e
ts (see [8℄).In the absen
e of the initial right-handed neutrinos, � 
an be as large as O(10�1), andthus �1>� 10�6 is needed to explain the present measurements of BAU. This maximal � isa
hieved when a washout mass parameter, ~m1 = (YN)1i(Mi)�1(Y �N)1ihHui2, is tuned to beabout 0.001eV. We 
he
ked that this 
ondition 
an be realized on the lines of the lowerbound of Br(�! e
). On the other hand, sin
e the eÆ
ien
y fa
tor de
reases very qui
kly9



when ~m1 di�ers from the maximal eÆ
ien
y value, the eÆ
ien
y fa
tor easily takes smallervalue. In pra
ti
e, we need �1>� 2 � 10�6[8℄, and then the lower bound of Br(� ! e
) isobtained to be larger than O(10�13) for M2=M1 > 30 with Æa� > 2:1 � 10�9 b. In thisparameter region, we expe
t to measure the 
avour-
hanging de
ay of the muon in nearfuture. In another s
enario, the right-handed neutrino may be produ
ed non-thermally. Inthis 
ase, the resultant lepton asymmetry strongly depends on physi
s in high-energy s
ale.Even in this 
ase, the lepton asymmetry is proportional to the CP asymmetry parameter,�1, and we obtain the lower bound of Br(�! e
).If the lapton-
avour violations will not be observed in the future experiments, the absen
eof signals does not always ex
lude the leptogenesis s
enarios as a sour
e of BAU. In this let-ter, we imposed several 
onditions to obtain the lower bound. First of all, we assumed noa

idental 
an
ellations in the de
ay amplitude of the lepton-
avour violation. However, itis possible to suppress the pro
ess in some spe
i�
 
ases. A
tually, Br(�! e
) 
an be lowerthan the bounds in Fig. 1 when the right-handed neutrinos have a spe
ial 
avour stru
turewhi
h suppresses j(Y yNYN)12j. Another 
an
ellation may happen between the 
hargino andneutralino 
ontributions, at some spots in the parameter spa
e. Also, taking into a

ountinitial 
avour-
hanging 
omponents of the soft SUSY breaking parameters at the mediations
ale, 
an
ellations may also happen be
ause their 
ontribution 
an destru
tively interferewith those from the right-handed neutrino Yukawa 
oupling. The se
ond possibility isobtained by 
on
erning the assumption of �X > �R. The 
harged-lepton se
tor re
eivesthe 
avour-
hanging 
orre
tions through the renormalization evolutions only when the softSUSY breaking e�e
ts are mediated before the right-handed neutrinos de
ouple. We haveassumed that the mediation takes pla
e at the GUT s
ale, while the gauge-mediated SUSYbreaking s
enarios generally have lower �X . The s
ale dependen
e is just logarithmi
 andvery weak when the messenger s
ale is far from the right-handed neutrino mass s
ale. How-ever, if the messenger s
ale approa
hes very 
lose to the right-handed neutrino s
ale, thelepton-
avour violating pro
esses be
ome suppressed[19℄. In those 
ases, the lepton-
avourviolations will not be measured in near future even in leptogenesis s
enarios with the muong � 2 anomaly.b Sin
e lager �1 
orresponds to heavier M1, a higher reheating temperature is required, and thus the
osmologi
al problem of the thermal gravitino produ
tion tends to be severer.10



The lepton asymmetry may be enhan
ed 
ompared with the evaluation in this letter.A
tually, the right-handed neutrinos 
an have a (quite) degenerate mass spe
trum. In the
ase of the hierar
hi
al spe
trum, the lepton asymmetry is obtained only from the de
ayof the lightest right-handed neutrino, while when the heavier right-handed neutrino massbe
omes 
lose to the lightest one, i.e.,M2 !M1, CP asymmetri
 de
ay of N2 simultaneously
ontributes to the lepton asymmetry[9, 10℄. A
tually, Eq. (4) diverges for M2 ! M1,and taking into a

ount �2 in addition to �1, the CP asymmetry is enhan
ed and be
omesmaximized when jM2 � M1j � �2;3 + �1[9℄. As an another possibility, the 
avour e�e
tmight a�e
t the leptogenesis. This e�e
t 
an modify the estimation of the CP asymmetryof the right-handed neutrino de
ay. For instan
e, even if the total CP asymmetry, �1, is
an
eled, suÆ
ient CP asymmetry is potentially produ
ed by 
avour e�e
ts[21℄. Anyway,all of these possibilities restri
t the right-handed neutrino stru
ture. Thus, we may observedistin
t signatures, e.g., � ! �
 and � ! e
, in future experiments in the light of the muong � 2 anomaly. We will dis
uss these 
ontents in future works.A
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