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Leptogenesis with single right-handed neutrino dominance
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We make an analytic and numerical study of leptogenesis in the framework (@ujpersymmetricstandard
model plus the seesaw mechanism with @) family symmetry and single right-handed neutrino dominance.
In presenting our analytic and numerical results we make a clear distinction between the theoretically clean
asymmetry parametar; and the baryon asymmetiyg. In calculatingYg we propose and use a fit to the
solutions to the Boltzmann equations which gives substantially more reliable results than parametrizations
previously used in the literature. Our results show that there is a decoupling between the low energy neutrino
observables and the leptogenesis predictions, but that nevertheless leptogenesis is capable of resolving ambi-
guities within classes of models which would otherwise lead to similar neutrino observables. For example we
show that models where the dominant right-handed neutrino is the heaviest are preferred to models where it is
the lightest and study an explicit example of a unified model of this type.
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[. INTRODUCTION complex domain, and present new analytic results for the
leptogenesis asymmetry parametgr and discuss the in-
Leptogenesis is an interesting mechanism which has beesights which this leads to. We then introduc®& 1) family
proposed to generate the observed baryon asymmetry of tlymmetry[13] and discuss our numerical approach to mod-
Universe(BAU) [1,2]. The mechanism involves the out-of- els of this kind. Our analytic results above are supported by
equilibrium decay of a heavy right-handed neutrig. The  the detailed numerical analysis of various texture models.
net lepton numbeL produced in the decay is then repro- Texture models involve unknown coefficients multiplying
cessed into baryon numbBrby anomalousB+L) violating ~ the expansion parameters, which implies some level of un-
sphaleron interactions, which otherwise consere-() certainty in the predictions. In order to quantify this we per-
[3]. form a numerical scan over the unknown coefficients, to ob-
The advantage of this mechanism is that the same physidain distributions for predictions of neutrino masses, mixing
that allows the right-handed neutrinos to decay into lightangles as well as the predictions fgrand the baryon asym-
leptons is also responsible for a seesaw neutrino mass matriretry Yg, for different classes of models. In presenting our
[4]. This point of view has been strengthened by the latesanalytic and numerical results we make a clear distinction
experimental data on the solar neutrino problem by N[O between the theoretically clean asymmetry parametemd
and Super-Kamiokand@6] which, when combined, now the baryon asymmetryg. In calculatingYg we propose and
seems to confirm the existence of a solar neutrino mass scalgse a fit to the solutions to the Boltzmann equations which
and suggests active neutrino oscillations based on either thgives substantially more reliable results than parametriza-
large mixing anglgLMA) or the low mass, low probability tions previously used in the literature. Using the numerical
(LOW) solution[7]. This in turn gives impetus to the seesaw approach, supported by the analytic estimates, we then dis-
mechanism. Combining the see-saw mechanism with the excuss two important aspects of leptogenesis, namely leptoge-
perimental datd5,6] seems to favor scales for right-handed nesis decoupling and leptogenesis discrimination.
neutrino masseMl in the range 10-10' GeV. There have We demonstrate explicitly that there isdacouplingbe-
been many studies of leptogenesis, all based on differerttveen leptogenesis and the experimentally measurable neu-
models, for example left-right symmetry, 8l0), and so on trino parameters. Although such a result may be inferred by
[8]. comparing the results from different individual models
In this paper we study leptogenesis in the framework ofwhich have been proposed in the literature, the present paper
the (supersymmetricstandard model plus the seesaw mechafepresents the first attempt to systematically demonstrate this
nism with single right-handed neutrino dominail&&RHND)  within a framework(SRHND) which can be plausibly ap-
[9,10]. SRHND is useful for both the LMA and the LOW plied to many different models. To support the decoupling
solution[10] since it leads to a natural neutrino mass hierarclaim we present examples of classes of models which give
chy in the presence of large mixing angles, and gives resultdhie same measurable neutrino parameters but have very dif-
which are stable under radiative correctiqdd]. This pro-  ferent values for th€ P asymmetrye,. Leptogenesis decou-
vides a relatively model independent approach which appliepling implies that there is no relation for example between
to a large class of models with a natural hierarchy of neutrindhe size of the solar neutrino angle or MNS phase and the
masses[12]. Indeed in the case of the LOW solution, baryon asymmetry predicted by leptogenesis.
SRHND is almost inevitable in order to maintain the large On the other hand, we show that leptogenesis is capable
neutrino mass hierarchy present in this case. of discriminating between different models and thereby re-
Within the SRHND framework we generalize previously solving ambiguities within classes of models giving the same
presented analytic estimates for the mixing angles to théow energy predictions. For example leptogenesis may re-
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solve the ambiguity as to whether the dominant right-handed . . 1
neutrino (the one chiefly responsible for the atmospheric Lyu=Ev1Y® Eg+N_v,Y” NR+§NEM§RNR+ H.c.
neutrino mass in hierarchical modeis the heaviest or the
\ . ; L ()
lightest of the right-handed neutrinos. We show that within a
standqrd hot big bang universe the mo_dels where the d0m|f is convenient to work in the diagonal charged lepton basis
nant right-handed neutrino is the heaviest are preferred and
are more consistent with the gravitino constraint on the re- ) Ser it
heat temperatur&z=<10° GeV [15]. diagme,m,,m;)=Ve v,Y" Veg 4

In Sec. Il we introduce our conventions, especially the use
of the diagonal charged lepton and right-handed neutrino baand the diagonal right-handed neutrino basis
sis, the seesaw mechanism and the MNS matrix in this basis,
and the standard model leptogenesis formulas in this basis. diagM;, My, Mg)=V, M* VT (5)
In calculating the baryon asymmettyg in Sec. IIC we R R
present and use a new fit formula based on a Boltzmann ) ) ) )
analysis. In Sec. Ill we give our analytic results based onVheréVer,Ver,V,, are unitary transformations. In this basis
SRHND for the Maki-Nakagawa-SakatMNS) parameters the neutrino Yukawa couplings are given by
and leptogenesis, which give important insights into the nu-
merical results which follow. In Sec. IV we discuss our nu- yvzveL?v*VI (6)
merical approach t&J(1) family symmetry models. Section R
V is a discussion of the decoupling feature of leptogenesis L .
based on the calculation of the asymmetry parametetn ~ @nd the Lagrangian in this basis is
Sec. VI we discuss the calculation ofy for the models o
where the dominant right-handed neutrino is the lightest, and ﬁyuk=(eL,quL)diag(me,mM,mT)(eR,uRTR)T
show that such models are not consistent with a standard hot

big bang scenario. In Sec. VII we then discuss models where +(VeLVu¥7) Y0 2(NRiNroNRs) T
the dominant right-handed neutrino is the heaviest and show : T
. . +(NriNroN iag M{,M5,M3)(Nr;Ngr>N
that such models can lead to successful leptogenesis. Section (NriNroNgs) diag My, M2, Ms) (Nr;NroNrs)
VIl concludes the paper. +H.c. (7)
Il. CONVENTIONS B. The seesaw mechanism and the MNS matrix in this basis
A. The diagonal charged lepton The light effective left-handed Majorana neutrino mass
and right-handed neutrino basis matrix in the above basis is

To fix the notation we consider the Yukawa terms with
two Higgs doublets augmented by 3 right-handed neutrinos,
which, ignoring the quarks, are given by

m, =v3Y’diagM; *,M, 1, Mz YT, )

Having constructed the complex symmetric light Majorana
~ ~ 1. mass matrix it must then be diagonalized by,
Lyu= €ap) Vi HELTE] = VI HILPNS + SV RRSNPNF |+ H.c. ? Y

(1) V,my V] =diag | my| | myl | mg|) (9)

where €= — €pa, €12=1, and the remaining notation is whereV,, is a unitary transformation and the neutrino mass
standard except that the 3 right-handed neutriNgshave  eigenvalues are real and positive. The leptonic analogue of
been replaced by the€ P conjugates\{ and we have intro- the Cabibbo-Kobayashi-Maskaw@KM) matrix is the MNS
duced a singlet fiel® whose vacuum expectation value matrix defined a§14]
(VEV) induces a heavy complex symmetric Majorana matrix
Mgrr=(2)Yrr. When the two Higgs doublets get their Upmns=Vel V], (10)
VEVs (H2)=v,, (H})=v, we find the terms
where in the diagonal charged lepton ba¥ig will only

~ ~ 1. consist of a diagonal matrix of phasas,, = P, correspond-

Lyw=v1Y]] EiEf+U2YiyiNiNJC+§MHRNiCNJC+ H.e. (2) ing to the chargged lepton phasg freggaoLm, ¢ P

ReplacingCP conjugate fields we can write in a matrix no- e e
tation ) —Pe| & (11
T L,R T L,R

!In the case of the standard model we must replace one of the two
Higgs doublets by the charge conjugate of the othgr=H? . where
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e 0 0 1 0 0
) —is
p= 0 €% O (12) Up=| O Gz S8 "% (14)
0 0 e’ 0 —s5,%3  Cpy
C13 0 s %3
These transformations leave the charged lepton masses real 0 1 0
and positive, and enable three phases to be removed from the U= . (15
unitary matrixV,, , so thatUyys can be parametrized in —5,5£%13 0 Ci3
terms of three mixing angleg;; and three complex phases
ij,» by regarding it as a product of three complex Euler Ci spe %2 0
rotations, 515 0
U= S12€ C12 (16)
0 0 1
Umns=U23U13U12 (13
wherec;; = cos#; ands;; =sin ¢; . The resulting MNS matrix
where is
C1C13 1y 012 Spe 01
— S17C298' 12— C18555130' (713792 €505~ 515558198 (7081013701 s 0 010 | (17
S12573€' (923" 210 — €1 1035196/ 13— C155738' 92— 51,C 35,48/ (P13 212 C23C13

The Dirac phase which enters t@d> odd part of neutrino M,
oscillation probabilities is given by €~ Im YIYV 72 <_> 21
. 16W(YVYV)MI¢1 (YD ) @D
0= 613~ 023~ 1. (18

In the supersymmetric SM the result fey is twice as large
as in Eq.(21) due to the extra SUSY degrees of freedom in
the diagrams.

CP violation in the decay of the lightest right-handed  The lepton asymmetry of the universe created by this
neutrinoNg,; comes from the interference between the treemechanism can be written as

level and one-loop amplitud¢®,8,16,17. The CP asymme-
tries given by the interference with the one-loop vertex am- €
plitude are in the SM2,8]: YL:dg_* (22

C. Leptogenesis in this basis

t t
:F(Nm_ﬂ‘i+H2)_F(NR1_>L1T+H2) where €; has been defined abovg* counts the effective
I'(Ngi—Lj+Hy)+ r(N;1_> L]—T+ H;) number of degrees of freedom, for the $¥1=106.75 while
5 ) for the supersymmetric SN* =228.75[20] and d is the
B S QY'Y 1 M1 M1 dilution factor which takes into account the washout effect
- 8m(Y'y = v v/l 2 2 produced by inverse decay and lepton number violating scat-
vy ! : tering. To calculatel one has to solve, in principle, the full
(19  Boltzman equations, which can be done numericg2iy g].
However, many authorgfor examples, se¢20]), have

where used simple approximated solutions to the Boltzman equa-
S D 14+x ) & . tions expressed 420]
(X)=Vx 1=(1+x)In /I Q(X)—m7 (20) 0.2
d=—"—, 10sk=<10° (23
where f(x) arises from the interference between the tree k(Ink)
level decay and the vertex correction, whijéx) is due to 1
the mterference Wltr_\ the_ab_sorptlve part of the o_ne—loop self- d=—. 1<k=10 (24)
energy, which can in principle be much larger if the right- 2k
handed neutrinos are almost degenefa®&17. Assuming
thatM ;<M ,<Mj, we have approximately18], d=1, 0sks<1. (25
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FIG. 1. The logarithm of the dilution functiodg_, versus the
logarithm of r~nl for different values of the lightest right-handed
neutrino masM, =10, 10'°, 10" GeV (from right to lef). The
thick line is the solution to Eq$26),(27). The dashed, medium full,
dotted curves represemtz_, for M;=1C8, 10'° 10'? GeV ex-

tracted from Fig. 6 of19], based on an exact numerical solution of
the Boltzman equation. The thin solid curves with plateau region

are the approximately fitted values d_, following Egs. (30)—
(32.

Recently, Nielson and Takanisf21] suggested a slight
modification of Eqs(23)—(25), namely,
0.3

d=———, 10<k=1Cf 26
k(Ink)35 9

1
d= ————, k=<10. 27)

C2kZt9’
Here the parametdcis given by

e Mo (MYu
1.7x8mg* My

whereM is the Planck mass. Physically- 1 represents the

(28)
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FIG. 2. The approximate solutions of the fit function fiy_
from Egs. (30—(32) for (from right to lefy M,
=10°,10",10" 10" GeV. For further discussion see caption in Fig.

%ion apparent in the full treatment using the Boltzmann equa-

tions. For larger values &1 orm;>10"2 eV (and larger
values ofM,) the approximation formulas are also clearly
not valid since they do not take into account the steep sup-
pression due to the out-of-equilibrium condition being vio-
lated which is again apparent in the full treatment using the
Boltzmann equations. From Fig. 1 it is obvious that in this
case the analytic approximation seriously underestimates the
suppression ofl by orders of magnitude.

For this reason we have devised a purely empirical fit
formula for the exact solution to the Boltzman equations,
which can be written as

(a) log;o(dg_,)=0.8*log;o(m;)+1.7+0.05*log,o( M %)
(30)

(b) logyo(dg_()=—1.2—0.05*log,o(M19), (31)

desirable region where the couplings of the right-handed _
neutrinos are sufficiently strong for them to be copiously (¢) log;o(dg_)=—[3.8+10gyo( M) 1*[logyo(my) + 2]
produced from particles in the thermal bath, but sufficiently 5

weak for them to decay satisfying the out-of-equilibrium

condition.
We have compared EQq$26),(27) to the full numerical

2 3
~|5.4-3*l0g1d M) | — 5 (32

solution to the Boltzman equations as plotted in Fig. 6 ofwhereM1°=M,/10'°GeV, m, is in units of[eV]. In imple-

[19]. Buchmiller and Plumacher{19] use as a variable

- YY)
m1=v2(M—ll:1.lX 10 3k eV. (29
1

menting this fit it is always the smallest @)—(c) which is
taken? The results of this fit are superimposed onto the exact
curves taken fronf19] in Fig. 1.

Obviously Eqs(30)—(32) reproduce the exact results con-
siderably better than Eq$26),(27). However, in[19] the

The result of this comparison is shown in Fig. 1. As onegythors assumed that right-handed neutrinos are hierarchical.

can see, the approximate formulas, E@$),(27), are a valid
approximation for values ok~1 and for small values of

M;<10GeV. For smaller values ofk<1l or m;

Also we have to assume that for small valuespthe dilu-

<102 eV the approximation formulas are clearly not valid 2we fit dg_, since authors of19] plot Yg_, , wheredg_, is
since they do not take into account the production suppregelated tod via d=(1—a)dg_, , wherea is defined in Eq(34).
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tion function does not depend an. Thus, Eqs.(30)—(32) I. ANALYTIC ESTIMATES
are still approximate, and may not be valid if these condi-
tions are violated. Moreover, for large values Mdf;, say
M~ 10", we have to rely on an extrapolation beyond values [N the basis used in this paper where the charged leptons
of M, used in the fit(See Fig. 2. are diagonal, a_nd the nght-handed neutrinos are diagonal, we
Note also that since in the SUSY SM bathandg* are  Write the neutrino Yukawa matrix as
twice as large as in the SM, the two effects tend to cancel in a a d
the estimate ofY| . Also the approximations fod over the )
above range o, are valid for either the SM or the SUSY Y,=| b" b e (39
SM [20]. Therefore the results we present are approximately ¢ ¢ f
valid for either the SM or the SUSY SM, although for defi-
niteness we consider the SM from now on.
Due to sphaleron effectg, finally is related toYg ap-
proximately via[22]

A. MNS parameters from SRHND

where the LR notation means that the second and third col-
umns ofY,, correspond to the second and third right-handed

neutrinos. We use the phase freedom of the charged lepton
masses in Eq(11) to make the couplings to the third right-

a handed neutrino d,e,f real and positive, leaving
Ye=_ 7ML (33  a,b,c,a’,b’,c’ complex.
We write the diagonalreal, positiveé Majorana masses in
where this basis as
~ 8Ng+4Ny a4 X" 0 O
T 2N+ 13N, (349 Mgr=| O X 0. (36)
0O 0 Y

Here Ng is the number of families antll; the number of
Higgs doublets. In the SMy=1/3. ExperimentallyYg is  Then using the seesaw formula for the light effective Majo-
expected to be in the rang¥gz=(ng—ng)/s~(0.5-1) rana mass matrimLszgYVMF;éYVT (valid for complex

x1071078,17. couplingg we find the symmetric matrix,
|
a’2+a2+d2 a’b’+ab+de a’c’ ac df
X X Y x X Y x X Y
b’2+b2+e2 b’c’+bc+ef .
M= < XY "XV |- 37
C/2 C2 f2
X X Y

So far the discussion is completely general. In order torThen one way to achieve a natural hierarchy is to suppose
account for the atmospheric and solar neutrino data manthat the third right-handed neutrino contributions are much
models have been proposgl®] based on the seesaw mecha- greater than the second right-handed neutrino contributions
nism[4]. One question which is common to all these modelsin the 23 block ofm,, [10],
is how to arrange for a large mixing angle involving the 5 5 5
second and third generation of neutrinos, without destroying (e, ef,f )> la+b+c|
the hierarchy of mass splittings necessary to account for the Y X '
solar and atmospheric data. Assumifg~ /4 one might
expect two similar eigenvalues,~ms, and then a hierarchy ~ This implies an approximately vanishing 23 subdetermi-

(39

of neutrino masses seems rather unnatural. nant,
For our analytic estimates, we assume for simplicity that e b2\ [f2 2 of bel2
the first right-handed neutring’ contributions are insignifi- d S e | ST D it RS
. . efmg]os + + + 0
cant compared to the second right-handed neutimontri- Y XYy X Yy X
butions, (40
la’+b'+c'|2 |a+b+c|? and hence
< ) (38
X' X m,/mg<1. (41)
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Thus the assumption in EG39) that the right-handed neu- d
trino Y gives the dominant contribution to the 23 block of tand, g~ ——— (48)
m__ naturally leads to a neutrino mass hierarchy. This vertf

mechanism is called single right-handed neutrino dominance ) )

(SRHND) [9]. In the limit that only a single right-handed where the associated phases are approximately zero

neutrino contributes the determinant clearly exactly vanishes o

and we haven,=0 exactly. However the sub-dominant con- Op3~ 613~0. (49

tributions from the right-handed neutrinowill give a small

finite massm,#0 as required by the Mikheyev-Smirnov- By a suitable choice of parametees-f>d it is possible to

Wolfenstein(MSW) solution to the solar neutrino problem. have maximal 6,3 suitable for atmospheric oscillations,
Assuming SRHND as discussed above' we may obtain Whlle maintaining a Small913 consistent with the CHOOZ

simple estimate for the third neutrino mass: constrain{23].
To determineU, is quite complicated in general, but in
2(d2+ e?+f?) the physically interesting cases wheflg, is near maximal
Mg~vo— - (42) 01~ ml4 we find the simple analytical results
Note thatm, , are determined by parameters associated with tanf,,~ 2 |al (50)
the subdominant right-handed neutrinos and so are naturally 12 |b—c|
smaller. Given the SRHND assumption in E§9) we see
that we have generated a hierarchical spectmmy <|m;|. 1~ bp_o— b (51)
In order to obtain the MNS parameters we must diagonal-
izem, as in Eq.(9), where ¢,_.=argb—c) and ¢,=arg(@). In the simple ex-

ample that the phases iR,P, are zero, the observable
Dirac phase in Eq(18) is given in Eq.(51). In general the
Dirac phase will involve a more complicated combination of

V,.mg Vi =diag | my| | my | mg|) (43

where we writeV,, as a product of complex Euler rotations

of the form of Eqs(13), (14), (15), (16), together with diag- phases.
onal phase matrix o
B. Leptogenesis in SRHND
ez 0 0 In leptogenesis it is generally the lightest right-handed
0 ek 0 neutrino which decays to produce lepton number, where we
P,= N (44)  use the notation tha¥l, is the lightest right-handed neutrino,
0 0 el%32 M3 is the heaviest right-handed neutrino and we assume

M1<M,<Mgj;. In the notation of the previous subsection
whereY is the dominant right-handed neutrino there are two

which is required to remove the phasesip= Imilei‘zi, physically distinct cases to consider:
o (@) Y<X<X' (i.e. Y=My, X=M,, X' =My)
vV, =PI0LU0I0L,. (45) (b) X'<X<Y (i.e. X'=My, X=M,, Y=My).

In other words the dominant right-handed neutrino may
ThusV,, contains the 3 angles and 6 phases of a generalither be(a) the lightest, or(b) the heaviest right-handed
unitary matrix. However in the basis where we have chosemeutrino, and both cases must be considered.
the couplings, e, f to be realms is given in Eq.(42) and ¢ It is also worth emphasizing that there is no generation
is zero to leading order. ordering implied by the results in the previous subsectmn
In order to bring the MNS matrix into the form in Eq. those in[9,10). In other words the dominant right-handed
(17), additional Charged |epton phase rotations are requireaeutrinoY may be associated with the th|rd, second or first

as in Egs(10), so that we have finally generation, by a simple reordering of the columnsYgf
Due to the hierarchy of charged lepton masses, it is mean-
Uine=PoU a0 150 1,P (46) ingful to associate the first row of , with the first genera-

tion, the second row oY, with the second generation, and

that the angles involved in thd,;; are the same as those in physical neutrino mass matris, s invariant under the
h i EQ.(13) B — b ';1 h il be diff operation of exchanging theolumnsof Y, along with the
theU;; in Eq. (13), 6;= 6;; , but the phases will be different, ,yering of the right-handed neutrinos Mgg, SO the

kY # 6jj , due to the non-zero phaseskq,P, . ~ SRHND results apply quite generally to all generation order-
Since the couplingd,e,f are real, we find that the previ- ings of the right-handed neutring8,10]. Physically if the
ous estimates based on SRHND are still vli@] Yukawa couplingse,f are of order unity, then it may be

natural to associat¥ with the third generation. However if
the couplings, f<1 then it may be more natural to associate

e
tanfas= ¢, 47y with the second generation, and re-order the matrices by

f
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interchanging of the second and third right-handed neutrinos - (la’|?+|b"|?+|c"|?)

. (0) 2

inY, andMgg. my’=v5 X .
Returning to the leptogenesis asymmetry parameter in Eq.

(21), for case(a), where the dominant right-handed neutrino

massY is the lightest, using the SRHND results of the pre-

vious subsection, we find

(57)

In case(a), where the dominant right-handed neutrino is
the lightest one, the paramelﬁn‘la) in Eq. (56) is approxi-
mately equal to the physical mass of the heaviest neutrino in

@ ) ) Eq. (42) which is measured by Super-Kamiokande. Thus for
1T T 30X SiN(2 ¢+ o) [b+c| 52 these modelsn{®) ~ my~5x 102 eV which is generally be-
yond the plateau regions in Figs. 1, 2, and this leads to the
while for case(b), where the dominant right-handed neutrino requirement thaty~M;<10° GeV and a strong dilution

massY is the heaviest, we find suppressiord<1. However, according to Eq54), Y~M;,
<10° GeV leads to values of{¥ <10~® which, when com-
®) (X’ N2 &2 |b"+c’|? bined with the dilution suppressiah<1, implies from Eq.
€)~—|<|si Y- 1010
1~ 1671 Y b’ +c PUCATYETE (22) Yg<10 *° well below the observed value.

In case(b), on the other hand, where the dominant right-
handed neutrino is the heaviest one, there is no association of

where ¢y, .=arg(+c) and ¢y, =argb’ +c¢’), and we My in Eq. (57) with a physical neutrino mass and so this
have used the fact that,<mjs in obtaining Eq.(53).3 parameter may in principle take smaller values closer to the
Are these values of; of the correct order of magnitude? Pplateau regions, leading to only a mild dilution suppression
We may usems~5x 1072 eV andm3~u§[(2e2)/Y] in Eq.  d=0.1 for arange of lightest right-handed neutrino m¥ss
(42), and the crude order of magnitude approximation forFurthermore, as we already remarked, by comparing Egs.
my~|b—c|22/M,, to obtain (54),(55) we see that value oé{® is larger by an order of
magnitude thane{® . For example if we choosX’~M;

m, v =10° GeV, consistent with the gravitino constraint on the
6(1a)”5in(2¢b+c)10_5(—) — (54)  reheating temperaturdz<10° GeV [15], we find €
M3/ | 10 GeV. <10 7 which, assuming a mild dilution suppressiah
<0.1, implies from Eq(22) Yg=10 1° which is just about
) 6 ! acceptable.
€1~ SiN2¢pr 1) 10 M/ : (59 We shall later present specific examples with detailed nu-

merical results which support the conclusion that leptogen-
esis prefers casé) where the dominant right-handed neu-
trino is the heaviest one, at least according to the standard
hot big bang picture, ignoring effects of inflation.

The results in Eqs(54), (55 expresse; in terms of the
lightest right-handed neutrino mass in each case. Séﬁ?ée
is suppressed relative tdlb) by a factor ofm,/m; (which
should bem,/m3;<<0.1), this implies that the lightest right-
handed neutrino mass must be at least an order of magnitude
larger in casda) than in caseb).*

To understand which of the two casgs or (b) is more Our numerical results are based on the SRHND models
promising from the point of v~iew of leptogenesis it is impor- [9, 10}, with a U(1) family symmetry. The idea of such a
tant to estimate the parametay in Eq. (29) which controls ~ symmetry is that the three families of leptons are assigned
the dilution factor as shown in Figs. 1,2. From Egs.differentU(1) charges, and these different charges then con-

IV. NUMERICAL APPROACH TO U(1) FAMILY
SYMMETRY MODELS

(29),(35), trol the degree of suppression of the operators responsible for
the Yukawa couplings, leading to Yukawa matrices with a
~ (a)_ , ([d*+[e[>+f]?) hierarchy of entries, and approximate “texture” zefds].
m; =v; Y (56) As usual it is assumed that thi{1) is slightly broken by the

VEVs of some fieldsg,  which are singlets under the stan-
dard model gauge group, but which have vector-like charges
%It is also apparent that the phases which are relevant for leptoget 1 under theU(1) flavor symmetry. TheJ(1) breaking

nesis in both cases are not identical to the Dirac phase which evegrg|e is set by(a):@. Additional exotic vector matter with

@n the simple example that the phase®in P, are zero, is givgn as massM, allows an expansion parameterto be generated
in Eq. (18) as 6~ ¢,— ¢,_.- In general the Dirac phase will in- by a Froggatt-Nielsen mechanigih3],
volve a more complicated combination of phases still.

“Note that since the dominant right-handed neutrino mass is given —
by Y~e?5x 10" GeV, casda) requirese<1, whereas for cas@) @ _ @ =\~0.22 (58)
it is consistent withe~1 providing there is a sufficiently large My My '
hierarchy in the right-handed neutrino sector. This means that in
case(a) the dominant right-handed neutrino cannot be associatetvhere the numerical value of is motivated by the size of
with the third family, whereas in cage) it may be. the Cabibbo angle. Small Yukawa couplings are generated
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effectively from higher dimension non-renormalizable opera-neutrino singlets, Higgs doublet and Higgs singlet relevant to
tors corresponding to insertions 6fand ¢ fields and hence  the construction of neutrino mass matrices are assighiéq

to powers of the expansion parameter in E&g). The num-  chargesl;, n,, h,=0 ando. From this starting point one
ber of powers of the expansion parameter is controlled by thenay then generate the neutrino Yukawa matrices g49Jn
U(1) charge of the particular operator. The lepton doubletsThe neutrino Dirac Yukawa matrix is

ap il g o hitnad g o\l
Y= a21)\“2+“1| 322)\||2+”2\ 3237\“2+n3| (59)
a31)\“3+n1| a32)\|l3+n2\ a33)\\l3+n3|
where Eq.(59) may be identified with Eq(35). The heavy Majorana matrix is
Allﬂ2n1+(r| AlZX[nlJranr(rl A1$n1+n3+{r|
?RR: AlZX[anrnlJr(rl A22ﬂ2n2+0\ A23Wn2+n3+(r\ (60)
A13Wn3+nl+c| A23ﬂn3+n2+(r\ A33X[2n3+(r|

whereA;; anda;; are undetermined coefficients, ands an aj Aj=[V2N 12 ]x €%, ¢;=[0,2r]. (61

independent expansion parameter relevant for the right-

handed neutrino sector. _ _ » _
The neutrino Yukawa matrices are generated in a particu- It should be noted that this chmce;he_ minimum require-

lar basis defined by th&l(1) family symmetry. This corre- ment for texture models to be sensjbsemply because any

sponds to the starting basis defined by tildes in Sec. Il, arJlarger variation in the coefficients would destroy the texture

numerically we follow the procedure to do to the dia Onalone originally assumed to be the dominant feature of the
y P 9 9 mass matrices of interest.

right-handed neutrino_ bas_is, as outlined there. Note that We A \word of caution might be in order. Obviously the dis-
assume as an approximation that the charged lepton matrix {§, tions which we calculate depend on our choice for
diagonal with positive eigenvalues in the starting basis. | ij A . Lacking further theoretical support for our choice,
practice this may be approximately achieved by a suitablgye cannot evaluate the success of a given model in terms of
choice of right-handed leptobd (1) family charges, as dis- confidence intervals. Instead our method is more minimalis-
cussed elsewhei®,10]. tic. We will consider a model to be a “good” model, if the

In our numerical analysis we take account of the fact thainain body of the distribution in a given observable coincides
the theory does not determine the complex coefficiégfs with or is close to the experimentally preferred value.
anda;; which one has to choose in some range. This is not &learly, a model which fails even our simplistic test will fail
special feature of the SRHND models, which we are focuseven more badly under a more sophisticated numerical
sing on in this paper, but a limitation of texture models basednalysis. We would like to stress, however, that although the
on aU(1) family symmetry. Usually one simply assumes width of the peaks and the detailed shape of the distributions
that the unknown coefficients are of ord8(1) and, there- change under a change of the range of the coefficients, the
fore, the structure in the Yukawa matrices is given by theposition of the peakeemains nearly invariant.
expansion parameter rather than the coefficients. Our ap- In order to be able to compute the expectations for the
proach to this problem is to scan over the unknown coeffileptogenesis “observable; in the different models, our
cients randomly and to construct distributions for the variousurrent computation goes beyond the one we discussed in a
observables of interest. This way we are able to determingrevious papef24] in allowing the coefficients; ,A;; to be
distributions for masses and mixings of a given model.complex. Since we do not have a theory of phases, we de-
Given the statistical nature of our approach, one questiogided to choose the;; in the full interval[0,27]. In other
comes immediately to mind: What is the correct range ofwords, since we do not know about any mechanism sup-
values one should choose for the coefficients? Lacking anpressing phases effectively in the Yukawa couplings, we sim-

theoretical background we have chosen for the coefficientply expect that all phases should be large.
the interval So, our numerical procedure may be summarized as fol-

lows. First select a particular flavor model defined by a
choice of U(1) charges. Second select randomly a set of
SWe are grateful to G. Ross for emphasizing that the right-handegomplex coefficientsa;; and A;;. Third diagonalize the

neutrino sector is controlled by an independent expansion paranfight-handed neutrino mass matrix to yield positive eigenval-
eter. ues, and express the Dirac Yukawa matrix in this basis, as
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discussed in Sec. Il A. Fourth calculate the seesaw matrix TABLE I. Flavor chargegFC) for four models, as discussed in
m,, and hence the physical neutrino masses and the MN#&e text, and approximate expectations &g, 613, 01, andR for
angles and three phases as discussed in Sec. Il B. Fifth cdhe four different models.

culate the leptogenesis parameteysand Yy as discussed in

Sec. IIC. Then the whole procedure is repeated for a differModels 1 1o 1s ny np ng o 63 615 61, R
ent set of randomly chosen complex coefficiemjsandA;; , EC1 2 0 0 -2 1 0 0 1 a2 1
and the results are binned to build up distributions of the-, ~3 -1 -1 -3 0 -1 3 1 A2 a2\
observable quantities. In the figures we show in the follow- 3 101 1 L1 0 -1 1 1 %X 1 »\
ing we use random sets of L@natrices for each of the dis- ., | | ; ! 7% 11 -

tributions shown. Finally a different model is selected corre-
sponding to a different set dfi(1) charges and the whole

procedure is repeated for the new model. We disregard the. .
effect of renormalization group radiative corrections in goingW'th a larger CHOOZ angle than FC1, and FC4 is a model

from high energy to low energy, which has been demon_vvithout SRHND which is consequently expected to give a

strated to be of the order of a few percent for SRHND mod_larger vglue ofR than models FC1-FC3 which all have
els[11]. SRHND.

Figure 3 shows the distributions for the solasg
=4sin#f(1—sin#,)], atmospheric [Sym=4 sin6ss(1
—sin@y)] and CHOOZ[sc=4 sini(1—sin¢,)] angles

In this section we will discuss leptogenesiscoupling  as well as forR=|Am3,|/|Am3,| for the four models given
namely, the fact that the leptogenesis observablean take in Table I. As discussed above, the detailed shape of the
any value independent of the low energy observables, i.alistributions is different to the one we calculated previously
masses and mixings. Unfortunately this means that measurf24] usingreal coefficients. The positions of the peaks of the
ments of the solar angle or the MNS phase for example doegarious distributions, however, did not change allowing for
not tell us anything about leptogenesis. On the other hand theomplex phases.
results in this section also demonstrate another aspect of lep- Figure 4 shows the distributions in the leptogenesis ob-
togenesis, namely that it can be used to resolve the ambiguigervablee for the models FC1-FC4. From the figures one
between different models which all lead to very similar pre-might be tempted to think, that different low energy observ-
dictions for low energy neutrino observables. In this wayables lead to different values ef and so might be distin-
leptogenesis provides information about the high energyuished. This is not true, and we now show that any of the
theory which would be impossible to determine by the meamodels can be modified to give any desired valueegf

V. LEPTOGENESIS DECOUPLING

surement of low energy observables alone. while keeping the low energy observables approximately un-
We will defer the discussion ofg until the next section changed.
and concentrate here only on the calculatioregfsince the Let us consider as an example the model FC3 discussed

conversion of theCP asymmetry parameter t6g depends above, which predicts the LMA solution and a relatively

highly on the assumed thermal history of the universeJarge CHOOZ angle. Model FC3 givéseglecting the coef-

whereas the calculgtlon @f, is theoretically clean. ficients and assuming=2\) the following Dirac and Majo-
In Table | we give four examples of models based onygna mass matrices:

different choices of flavor charges. For simplicity, we start by

assuming that the expansion parameter in the right-handed N2y \32

neutrino sector is equal to the Wolfenstein paramgten,

as was assumed {i0]. Model FC1 was discussed analyti- YEC3= A¥2oN a2 (62
cally in[10], where it is seen that it yields a heavy Majorana A2\ a2

matrix with an off-diagonal structure in thg(1) charge

basis. It satisfies the SRHND conditions, and das,c and 2

so leads to the LMA solution. FC2 also has an off-diagonal 1A A

heavy Majorana matrix, but has<b,c and so leads to the YESS=| - A A3 (63)
small mixing angle'SMA) solution® FC3 is also taken from A2

[10], and is an example of a model with an approximately

diagonal heavy Majorana matrix in thé(1) charge basis.

Using the analytic results ifl0] we find the approximate ) ) '
; . ; .. 'As a side remark we mention that for neutrinoless double beta
expectations for the experimentally accessible quantltleaecay in flavor models which make use of the seesaw mechanism

_ 2 2 2_ 2
(0232’ 013’,012 gnd R=|Am21|/|Am32!) Where Amj=m one never expects that the effective Majorana neutrino mass
—mj as given in Table I. Thus F_Cl is suitable for the LMA [(m,)=(m_.)1,] measured in double beta decay is exactly zero.
solution, FC2 for the SMA solution, FC3 for the LMA but However, these models produce a hierarchical spectrum of left-
handed neutrinos and thus one expegts) to be small. In the
models we have studied in this paper, one typically dgebs)
The latest data from the SNO Collaboratifsi rather strongly —~103 eV, albeit depending on the model and with a rather larger
disfavor the SMA solution7]. uncertainty.
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FIG. 3. Theoretical distributions for the pre-
dictions of neutrino mass and mixing parameters
for four selected seesaw models: F@ull), FC2
(dot-dashes FC3(thick dot9, and FC4(dashes
Matrix coefficients are randomly chosen in the
interval [v2X,14\2N]x€e'¢, with ¢=[0,2].
The vertical axis in each panéleliberately not
labeled represents thdogarithmically binned
distributions with correct relative normalization
for each model, with heights plotted on a linear
scale in arbitrary units.

0.15 0.2 0.001

j‘.‘ L L ) c:‘
10°5 10* 10°% 102 10" 10°
R Sc
which after seesawing give the following leading order strucight-handed neutrino masses must be reduced in order to
ture formg : maintain the same value ofi;. This will lead to a different
value of €; without changing the other low energy observ-
N1 1 NN ables at all.
mEI(_:3 D G S O I 64) This qualitative conc!usmn is supported by our numerical
1 results. In Table Il we give sets of charges for variants of the
1 A7 A AN model FC3 of Table I, which lead to a simple rescaling of
Y,,
Note that FC3 has a right-handed neutrino mass matrix
which is diagonal to leading order and it is the lightéhtrd) yFe3@b.ede) — () (12345)yFC3 (65)

right-handed neutrino which gives the dominant contribution
to m_ . The estimate for the asymmetry parameter is give
in Eq. (54), where it is clear thag~\*2 In order to change
€, we must reduce. This may be achieved by adjusting the
[, charges in such a way that the Dirac neutrino matrix justen
ets multiplied by an overall scaling factor compared to E - : g
?62), whilepthe hgaw Majorana Yul?awa matrix rpemains unq_they lead to identical predictions fehm, So, Sc andR as

chanaed. The rescaling of the Dirac Yukawa matrix im I'esFC3' Figure 5 shows the resulting valueshdf ande. Note
ged. Ing : ukaw X IMPUES ot the lightest right-handed neutrino mass for FC3a, FC3b

that the couplings is made smaller, and hence the scale Ofand FC3c in Fig. 5 is above the reheat temperature allowed
by the gravitino constraintl5]. This figure explicitly dem-

hnd hence the scale of right-handed neutrino masses as
shown in Fig. 5.

All of these models were constructed to preserve the low-

ergy phenomenology, and in fact we have checked that

TABLE IlI. “Variants” of the flavor model FC3 of Table I. All of
these models give exactly the same distributions for the low energy
neutrino observables. They differ, however, in their predicted values
for the leptogenesis observakde

MOde|S ll |2 |3 nl nz n3 ag
FC3a -2 2 2 3 0 -3 1
FC3b -3 3 3 3 0 -2 1
10°
FC3c -4 4 4 1 0 - -1
€ FC3d -5 5 5 1 0 - -1
FIG. 4. Plots ofe for the four different models of Table I. Plot FC3e -6 6 6 3 0 -3 -1

style for different models follows Fig. 3.
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FIG. 5. Plots of the mass of the lightest right-
handed neutrindV, (left) and e; (right) for the
five different models of Table Il. From right to
left: FC3a—FC3e.
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onstrates that it is possible to completely decouple the preexpectations fois,, andsc which are smaller than the one
dictions for leptogenesis from low energy observables. for FC2 by about 1.5 orders of magnitude. Nevertheless,
How well do the analytic estimates ferdiscussed previ- FC2b yields values o& which are very similar to those of
ously agree with the numerical results? In terms of our smalFC2. Also FC2c and FC2a have very similar expectations for
expansion parameteh=0.22 and inserting the flavor leptogenesis while differing is; andsc.
charges for the models FQ8C3a, FC3b, FC3c, FC3d and It is obviously easy to find models differing in their pre-
FC3e into Eq. (52) one finds dictions for leptogenesis and at the same time being consis-
tent with SMA MSW. Moreover, neither the size of the solar
3 nor the size of the CHOOZ angles tell us anything about
V= 3%)\3()\5’)\7’)\9’)\113‘13) (66)  \whether leptogenesis is possible or not.
Finally we have investigated the question whether a spe-
(2x10°5, 7x10°7, 4x10°8, 2  cial value ofR determines;. All the models discussed so far

_4 . .

%1079 and 8< 10~ 1) which coincides approximately with prefer valur-;s ofR>10"". The fpllowmg assignment of
the peaks of the distributions ia shown in Fig. 5. Recall charges defines a mod@tC5), which prefers larger hierar-
that model FC3 predicts a right-handed neutrino mass matri¢hies. see Fig. 7,
with the dominant neutrino being the lightest droase(a), o o
d|scussed |n Sec ”lB (I11|21|31n11n21n310-)_(31 31 3101 1/2111])1 (67)

Model FC3 producgs pred|pt|ons for low-energy neutrino, e g keeping the atmospheric and solar angles large
phenomenology con3|s_tent with the Iar_ge_ angle _MSW SOIUZand sc<1). FC5 therefore is consistent with the LOW so-
tion of the_ solar neutrino problem. It is Interesting to asK)tion of the solar neutrino problem. Nevertheless, as Fig. 7
whether this solution is the only one for which one can de'demonstrates FC5 leads to a very similar expectatioa &5
couplee, from_the Io_W-energy observaples. he model FC3b discussed above, which prefers the

In order to investigate this problem we have constructe angeR~103— 102

variants of FC2, predicting a small angle MSW solution to Obviously, any value oR can produce approximately the
the solar neutrino problem. The corresponding charges are e order—éf—magnitude values @f

given in Ta_ble_lll. _AII models in this table produce exactly As a summary it can be stated t.hat there is a decoupling
the same d|str|b_ut!ons IR ands,m as modgl FC2, but lead between low energy neutrino observables and leptogenesis.
to different predictions fose , Sc ande, as is demonstrated We have demonstrated this point by constructing a number
in Fig. 6. Note that we have multiplied the distributions for of different flavor models, which give the same predictions
FC2a and FC2b by a factor of 1.1, since otherwise the CUVeR . neutrino masses and' mixings while differing by huge
would completely overlap i.n some of the variables. factors in their expectations for leptogenesis.

As can be seen from Fig. 6 models FCZ_and I_:CZa 9V€  On the other hand, we have seen that leptogenesis is in
the same predictions fa, andsc, but differ in their pre- i 0ihie aple to resolve the ambiguity between different
dictions for e;. FC2b and FC2c, on the other hand, give n,qels which would lead to the same low energy neutrino

R observables, and which otherwise would be indistinguish-

TABLE 1l. *Variants” of the flavor model FC2 of Table . FC2 o0 “Therefore leptogenesis is able to provide information

and FC2a give the same distributions for the low energy observ- . . .
ables, with an expectation for the solar and CHOOZ angle of ordefibOUt the high energy theory which could not be obtained by
Ow energy measurements.

N2, FC2b and FC2c, on the other hand, lead to an expectation for
solar and CHOOZ angle of ordar*. See Fig. 6.

numerically 3104

VI. FROM €; TO Yg WHEN THE DOMINANT
RIGHT-HANDED NEUTRINO IS THE LIGHTEST

MOde|S |1 |2 |3 nl I’l2 n3 ag

FC2 -3 -1 -1 -3 0 -1 3 While the calculation ok is straightforward, once a par-
FC2a -4 =2 -2 -3 0 -1 3 ticular model has been specified, the calculationygfde-
FC2b —4 -1 -1 -3 0 -1 3 pends crucially on a number of assumptions made about the
EC2c _5 _2 ) -3 0 -1 3 early universe. In the following calculation we will assume a

standard hot big bang scenario in which the maximum tem-
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J/ FIG. 6. Plots ofs, (top left), s (top right, e

. P S WSS - : .- (bottom lefy and Yy (bottom righy for the four
10¢ 10 102 107" 10° 10°° 104 10°° 102 10';0 10 different models of Table III. The full line is FC2,
the dashed line FC2a, the dotted line FC2b and
the dash-dotted line FC2c. Note that the distribu-
tions for FC2a and FC2b have been multiplied by
a factor of 1.1; see text.

e

107 10° 10° 104 102
€

perature is higher than the largest right-handed neutrino mas§ estimated from Eq(54) and withd calculated by(a) the
we consider, such that the right-handed neutrinos can be thegimple approximation, defined in Eq6),(27) and (b) our
mally produced. This assumption is necessary if one wants tft to the exact solution of the Boltzman equatidi$], de-
employ one of the parametrizations to the full solution of thegnaq in Eqs(30)~(32). For both calculations we fixem, to
Boltzman equations; see Eq26),(27) and (30)~(32), dis- Fn1=0.05 eV. For small values d¥1, both approximations

cussed in Sec. 11 C. agree quite well, whereas fof; larger thanM ;~10° GeV

waousl;:jthe foIItowmg (.jlzcufss_ﬁln ;’.V'” no_ttrt])e vaht(:] i tTe the expectations from the different approximations differ by
universe underwent a period of inflation with a rather low o orders of magnitude.

reheat temperature, as required by the gravitino problem. 5 can understand the failure of the models FC3 to pro-
Let us first discuss the different values f65 one obtains  qy,ce the correct value ofs on the basis of the discussion
using either Eqs(26),(27) or our parametrization Eq&30)—  presented in Sec. Il €From the analytic estimates presented
(32). As an example we will concentrate on the variants ofin Sec. 11C one finds that in models where the dominant
the model FC3, discussed in the last section. right-handed neutrino is the lightest; depends on the same
_Figure 8 shows calculated values ¥f using the tWo  compination of Yukawas as the value of the heaviest neutrino
:Llﬁet:;mdaf?proxtlmaltlorl]st.' ObV(;‘?flfJSbeor large v(;:llues 'f‘ﬂfl mass, fixed by the atmospheric neutrino mass scale. Thus, for
e two different calculations differ by many orders of mag- < ~
nitude. Using the simplest approxim};tion yEQ%) (27), it Ythese modelsn, ~ms~0.05 eV. At such large values af;,
' el however, the dilution functiom, see Fig. 1, is heavily sup-
seems that Ia_rge_r values bf, lead to larger values oY_B pressed for values dfl, larger thanM,~1C° GeV. Thus,
and that, in principle, one can 0¥t as Iarge as one desires. although larger values d¥l, lead to larger values of;, see
One can trace back this scaling to E§2) in Sec. llIB and  gq, (54), the price one has to pay for such large masses in the
to the fact that Eqs(26),(27) do not depend on the value of gjjution function always overcompensates aig in these

M. models can never be larger thafg~10 * as is demon-
On the other hand, using EqR0)—(32), which take into  strated in Fig. 9.
account the suppression ¥ for large values o1, andm; Since all models where the dominant right-handed neu-

one gets a completely different picture. For large values ofrino is the lightest share the featumg~ms, we conclude
M1, Yg is suppressed to negligible values and going tothat upon use of Eq$30)—(32) they all fail the leptogenesis
smaller values oM, increasesry. Note, however, that for test. In the next section we will therefore study models in
the smallest values d¥l; of the order of0(10°) [GeV] Yz  Which the dominant right-handed neutrino is the heaviest.
stops growing and never reaches the experimentally pre-
ferred range ofYg~(0.5—1)x 10 1% All these variants of
FC3 therefore fail the leptogenesis test. THE DOMINANT RIGHT-HANDED NEUTRINO
Since the simple approximation, Eq&6),(27) [21], em- IS THE HEAVIEST
ployed similarly by a number of authof&0], fails to take In the previous section we have seen that although lepto-
into account anyM; dependence of the dilution function its genesis is decoupled from the low energy neutrino observ-
use would lead to the opposite conclusion. A careful treat-
ment of d seems to be absolutely necessary for a reliable
calculation ofYg and we stress again that also our treatment 8cor the analytic estimations af, andm,; we assumed that the
is still only approximate. right-handed neutrino mass matrix is diagonal, which is approxi-
In Fig. 9 we plotYg as defined in Eq422) and(33) with mately true for the variants of FC3.

VIl. LEPTOGENESIS PREFERS MODELS WHERE
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FIG. 7. Plots ofR (to the lefy and e (to the

right) for the 2 different models FC3(ull line)

2
// \\\
L~ \\\ and FC5(dashed ling

1077 10°® 10" 104 10°® 102

R €
ables, nevertheless leptogenesis is capable of resolving the P S N2 N2 N2
ambiguities between classes of models which would other- ECo 11 XYY
wise lead to the same experimental predictions. As an ex- M~ +0
ample of the power of leptogenesis to give information about 11 A2 N2 2
the high energy theory, in this section we show that leptoge- NG
nesis prefers models where the dominant right-handed neu-
trino is the heaviest one and discuss the implications of this +0| A& A0 Z\10) (71
for unified models. According to our analytic estimates we A6 \10 )10

expect this class of models to yield a lightest right-handed

neutrino mass which is lighter than in the previous case, angy inspection we see that the model predidts~1, 65
hence more acceptable from the point of view of the grav-_)\4 and, from the ordek? accuracy of the SRHND con-
itino constraint. In addition these models may be more congition, R~\4. It may therefore be suitable for one of the

sistent Wi_th GUTs. . large mixing angle solar solutions, either LMA or LOW. As-
hAS a first example of a casi) model we consider the suming A=\, the lightest right-handed neutrino mass is
charge vector predicted to beX'~\1%, or X'~3.10 'Y~1C® GeV,
(I1,05,05,01,05,03,0)=(—3,1,1,9,1-1,2, (68 which is_rather small. In order to increa®€ we need to
increasen.
which defines a new model called FC9. The charges in Eq. As seen from Fig. 10 one can adjust the hierarchy in the
(68) lead to right-handed sector by a rather small change\inGoing
A6 N2 A4 from A=\=0.47 to A=0.55 (0.60) changed; from
Feo_[ 310 42 1 M~ (few) 10° GeV to M;~10" (10'Y) GeV. This way it
Y, (69) is possible to achieve larger values ©fand a value ofYg
A0 N2 marginally consistent with experimental data as shown in
) _ ) ) Fig. 11. Note, however, that the peaks¥Yg for this model
and an approximately diagonal Majorana matrix are still too small and the models survive the leptogenesis
20 Y12 310 test only in the tails of the distributions. Although in prin-

ciple in models of this kindcase(b)] there is no association
YECO_| N2 \* a2 . (700 of the parametem{” in Eq. (57) with a physical neutrino
mass, in this case when we calculat®’ we must first rotate
to the basis in which the right-handed neutrino mass matrix

Now if we takeX = X, this leads to the contributions from iS diagonal. This will lead to larger values ai{”~10 2
the heaviest(dominani, intermediate, and lightest right- —10 ' €V than would naively be estimated from E§9).
handed neutrino, respectively, to the effective Majorana ma- This change in\ also influencegalthough only rather
trix of the order of weakly) the preferred values d®. As shown in Fig. 10 this

N0 N2 1

FIG. 8. Plots ofYg following Egs. (26),(27)
(to the lefy or according to Eq¥30)—(32) (to the
right) for the different variants of model FC3.
Line style as in Fig. 5.
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achieved consistent with~ 1, which allows the thirddomi-
nant, and heaviestright-handed neutrino to be associated
with the third family in unified models. An example of such

a model was recently presented in the framework of a string-
inspired SUSY Pati-SalanfPS model [25]. The model in
[25] will not be repeated here, but we would emphasize that
it was deduced from an analysis of the quark and lepton
masses and mixing angles without any consideration of lep-
togenesis, and therefore we find it somewhat remarkable that
it leads to a baryon asymmetry of the correct order of mag-
nitude. The model if25] leads to the following structure for
the Yukawa and right-handed neutrino mass matrix:

FIG. 9. Plots ofYg following Egs. (26),(27) (broken ling or
according to Eqs(30)—(32) (full line) assuming?11=0.05 eV. For
this plot we have assumed that scales as given by E@54).

model tends to prefer values &f consistent with the LOW
solution of the solar neutrino problem. As mentioned previ-
ously, the LOW solution really only makes sense within the
framework of SRHND because of the large hierarchies of
neutrino masses which would otherwise appear rather un-

natural.

One of the advantages of having the dominant right-
handed neutrino as the heaviest is that leptogenesis may be
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the model defined in Eq(68). Dashed line:n
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FIG. 11. Plots ofe (to the lefy andYg (to the
right) for the model defined in Eq(68). Line
styles are as in Fig. 10.
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The effective light Majorana matrix then has contributionsFrom the analytic estimates in Sec. IllA we expect this
from the third, second and first right-handed neutrinos of model to be consistent with the LMA MSW solution. This is
explicitly demonstrated in Fig. 12. From the analytic esti-

mates in Sec. Il B we also expect this model to give suc-

3 15 15 2 32 2 . e I
AT AN R S cessful leptogenesis, and this is demonstrated in Fig. 13.
mELSN A5 1 |+0f A2 A2 A2 From the matrices given above and from the analytical esti-
N 1 N2 A2 )2 mates of Eq.(53) one expects thats1~3/(16rr)><}\?~7
% 108, which within a factor of~2 or so agrees with the
A ONS NS numerical calculation o€, in Fig. 13. Note that the resulting
N5 N4 24 values ofYg in Fig. 13 are also consistent with the argu-
+0 ' (74 ments in Sec. lIB. In particular in such cage) models
A° At Y where the dominant right-handed neutrino is the heaviest it is
i
i
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VAR . FIG. 12. Plots of(from top left to bottom
/ \ // ‘\ right) Saim, So, R, Sc, (2) andM; (GeV) for
7 \ VAR the Pati-Salam model discussed in Eq®),(73).
/" N\ Vi N\ Note that this model is consistent with the LA-
N . N ==’ N MSW solution to the solar neutrino problem.
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easier to avoid the gravitino constraifit5], although the We have shown that quite generally there is a decoupling
values ofM, are still a bit on the high side, as seen in Fig. between the low energy neutrino observables and the lepto-
12. As in the previous model, in the diagonal right-handedgenesis predictions for;. Thus leptogenesis has nothing to
neutrino basis we obtain a larger value rof”~10"2 eV

than would naively be estimated from ET2).

tell us about which solar solution we would expect, and for
Note that supersymmetric models of ca&e have the

example the LMA and the LOW solutions are equally ac-
ceptable, as indeed would have been the SMA solution were
feature that there is an order unity Yukawa coupling in the 23t not disfavored by SNO and Super-Kamiokande. Further-
position of the Yukawa matrix which leads to a large off- more the leptogenesis phase is independent of the measur-
diagonal entry in the slepton mass matrix. This leads to theible MNS phase, although the analytic estimates make it
striking signature of the lepton flavor violatingFV) pro-

clear that since the two phases originate from the same
cesst—uy close to the experimental upper limit, as first yukawa matrix, and even in some cases involve the phases
pointed out in[27]. In general LFV constraints provide an of the same Yukawa couplings, the general expectation is
additional window into the seesaw matrices in supersymmefnat, barring cancellations, both sorts of phases should be of
ric models[27,28].

roughly the same order of magnitude.

In going frome; to Yg one needs to make some assump-
VIIl. SUMMARY AND CONCLUSIONS

tions concerning the cosmological history of the universe. In
this paper we have assumed a standard hot big bang uni-
This paper represents the first study of leptogenesis basggrse, which is equivalent to assuming a very high reheat
on hierarchical models of neutrino masses in which SRHNQemperature after inflation which is larger than the right-
is used to generate the neutrino mass hierarchy. Such mode{§ged neutrino masses. Within this standard cosmology the
have been shown to accommodate the presently favoryhthanded neutrinos are produced via their couplings to
large solar angle solutions such as LMA and LQY0, and  the thermal bath, yet they are required to decay out-of-
Ihnietrh?cﬁasies IOfrtzeitLv?::Idszlggr%ntr\:geézItheDn?ug;;%sT?:%qu”ibrium’ leading to a rather narrow range of couplings
evit:ble.ySo V\?egwould argue that, far from this ar?alysis beininl of the lightest right-handed neutrino consistent with suc-
restricted to a particular small class of models, it is in fact essfulfleﬁtogelness. For the_ calcglatlo_rg(_gfa (;]orrect tLeat-

quite generally applicable to large classes of models in Whicﬁngg:] Ooft t?we ohtég:/an reiqufﬁgﬂze desr?gu tlrr:r?ots ei:utrr?e e;:r\llo'
the neutrino mass hierarchy is generated in a natural Waﬂglniverse is essentig]/LQ] gWe therefore have devised an em}l
without any fine-tuning. Therefore the above results should. . | fit f | d : ditto th i IS

be regarded as being quite generally applicable to seesay 'ca fitformula and compared It 1o the exac resit] as
models containing a neutrino mass hierarchy. well as to the. 5|~mpler approximatid20,21]. Although for_ a

In presenting our analytic and numerical results we makémall range inm, and small values of the lightest right-

a clear distinction between the theoretically clean asymmetrf@nded neutrino mass the simple approximatj@0,21]
parametere; and the baryon asymmetiyg, for which we  agrees reasonably Wlth_ the'exact refiLg], for' most parts of_
present and use a fit based on a Boltzmann analysis. We hal/ée parameter space it fails badly. Only if one takes into

presented analytic expressions for both the MNS parameter@ccount the suppression of the dilution factbffor larger
extending the previously presented analytic resLi to

values ofm; and M, either by solving the Boltzman equa-
the complex domain, and for leptogenesis asymmetry paramions numerically or by the use of our approximate fit for-
eter €, in the cases where the dominant right-handed neumula, does one find reliable results. Without taking this ef-
trino is either the heaviest or the lightest. We have compareéect into account we would have wrongly concluded thigt

the analytic estimates to full numerical results for modelscan get as large aég~10~° in some models, whereas with
based orlJ(1) family symmetry, and have performed a nu- our more refined treatment we find th¥g is alwaysYg

merical scan over the unknown coefficients, and have sees 10 14, if the dominant right-handed neutrino is the light-

that the peaks of the distributions & are in good agree- est.

ment with the analytic results. Using the analytic and nu- Based on the above analysis 6§ we have shown that

merical approaches we then discussed leptogenesis decdaptogenesis excludes a large class of models where the

pling and leptogenesis discrimination. dominant right-handed neutrino is the lightest one. The
113005-16
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power of leptogenesis to resolve ambiguities between modeksnd of inflation[29]. The preheating must efficiently produce
which would otherwise lead to the same neutrino observright-handeds)neutrinos without over-producing gravitinos,
ables provides a welcome constraint on high energy theorieand this will depend on the precise details of the inflation
We have shown that models where the dominant rightmodel. A model of leptogenesis with a low reheat tempera-
handed neutrino is the heaviest are marginally consistertire, based on preheating of heavy right-handed sneutrinos,
with the gravitino constraint and have studied an explicityhich does not suffer from the gravitino problem has been
example of a unified model of this type. We find it encour-recently studied in detail if26]. The same Pati-Salam model
aging that a model which was written down to describe thehas also been studied in this cont¢g6] and interestingly
fermion mass spectrup5], including the neutrino spectrum the results forYy are also consistent, within the large uncer-

and the LMA MSW solution, should be precisely of this kind tainty, with the estimates given here, based on an entirely
and gives successful leptogenesis, subject to the uncertaintiggferent cosmological history of the universe.

of our estimates discussed in Sec. Il C.

Finally we should emphasize that our conclusions are
based on the assumed cosmological history being the stan-
dard hot big bang with a high reheat temperature. One plau-
sible alternative is to suppose that the reheat temperature is We thank M. Plmacher for various discussions on the
below 10 GeV, but that heavier right-handdg€)neutrinos  numerical solution to the Boltzman equations. S.K. is grate-
can be produced in sufficient numbers by preheating at th&ul to PPARC for financial support.
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