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Jogesh C. Pati
Department of Physics, University of Maryland, College Park, Maryland 20742 *USA
and Stanford Linear Accelerator Center, Stanford University, Menlo Park, California 94025, USA
(Received 30 May 2003; published 8 October 2003

A framework based on an effective symmetry that is either G(2BW)(2), X SU(2)rX SU(4)° or SQ(10)
has been propose@ few years agothat successfully describes the masses and mixings of all fermions
including neutrinos, with seven predictions, in good accord with the data. Baryogenesis via leptogenesis is
considered within this framework by allowing for natural phased(20—1/2) in the entries of the Dirac and
Majorana mass matrices. It is shown that the framework leads quite naturally, for both thermal as well as
nonthermal leptogenesis, to the desired magnitude for the baryon asymmetry. This result is obtained in full
accord with the observed features of the atmospheric and solar neutrino oscillations, as well as with those of
the quark and charged lepton masses and mixings, and the gravitino constraint. Hereby one abtidied a
descriptionof fermion masses, neutrino oscillations and baryogenggsleptogenesjswithin a single pre-
dictive framework.
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[. INTRODUCTION each family, (i) the supersymmetric unification scaly
~2x10' GeV [15] (which provides the Majorana mass of
The observed matter-antimatter asymmetry of the Unithe RH neutrinok (iii) the symmetry S(#) color (which
verse[1,2] is an important clue to physics at truly short dis- provides the Dirac mass of the tau neutrino in terms of the
tances. A natural understanding of its magnitGaiet to men-  top quark mass and (iv) the seesaw mechanisfl6]—
tion its sign is thus a worthy challenge. Since the discoveryyields even quantitatively17] just about the right value of
of the electroweak sphaleron eff¢&{, baryogenesis via lep- Am?(v,—v3), as observed at SuperKamiokarfdé].
togenesig4,5] appears to be the most attractive and promis- Furthermore, these three featufas-(c) noted above also
ing mechanism to generate such an asymmigly In the  provide just the needed ingredients—that is superhegis
context of a unified theory of quarks and leptons, leptogenand spontaneous violation Bf— L at high temperatures—for
esis involving decays of heavy right-hand@H) neutrinos, implementing baryogenesis via leptogenesis.
is naturally linked to the masses of quarks and leptons, neu- Now, in a theory with RH neutrinos having heavy Majo-
trino oscillations and, of cours&P violation. rana masses, the magnitude of the lepton-asymmetry is
In this regard, the route to higher unification based on arknown to depend crucially on both the Dirac as well as Ma-
effective four-dimensional gauge symmetry of eitherjorana mass matrices of the neutrifd$]. In this regard, a
G(224)=SU(2). X SU(2)sxSU(4)° [7], or SQ10) [8] predictive G224/SO(10) framework, describing the masses
[that may emerge from a string theory near the string scaland mixings of all fermions, including neutrinos, has been
and breaks spontaneously to the standard model symmetproposed20] that appears to be remarkably successful. In
near the grand unified theof5UT) scale[9]] offers some particular it makes seven predictions includimg,(my)
distinct advantages, which are directly relevant to under~4.7-4.9 GeV,m(v3)~(1/20) eV(1/2-2), V.,~0.044,
standing neutrino masses and implementing IeptogenesisinzZéﬁiﬁﬁ0.9—0.99, Vys~0.20, V1p=0.003 and my
These in particular includé) the existence of the RH neu- ~8 MeV, all in good accord with observations, to within
trinos as a compelling featuréh)) B—L as a local symmetry, 10% (see Sec. )l It has been noted recent[21] that the
and (c) quark-lepton unification through S4) color. These large mixing angle(LMA) Mikheyev-Smirnov-Wolfenstein
three features, first introduced in R¢¥] in the context of (MSW) solution, which is preferred by experimefg2], can
the symmetry @&24), are of course available within any arise quite plausibly within the same framework through
symmetry that contains @24) as a subgroup; thus, they are SQ(10)-invariant higher dimensional operators which can
available within S@10) and E [10], though not in S(b) contribute directly to the Majorana masses of the left-handed
[11]. Effective symmetries such as flipped SUY(1) neutrinos(especially to thev{ v{* mixing mas$ without in-
[12] or [SU(3)]® [13], or SU(2). XSU(2)xxU(1)g.  volving the familiar seesaw.
X SU(3)° [14] possess the first two featurés and (b), but As an additional point, it has been noted by Babu and
not(c). Now, thecombinationof the four ingredients—that is myself [23] that the framework proposed in Rg¢20] can
(i) the existence of the RH neutrino as an integral member ofiaturally accommodatéP violation by introducing complex
phases in the entries of the fermion mass matrices, which
preserve the pattern of the mass matrices suggested in Ref.
*Present address. [20] as well as its successes.
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The purpose of the present paper is to estimate the leptohhis result is obtained in full accord with the observed fea-
and thereby the baryon excess that would typically be extures of atmospheric and solar neutrino oscillations, as well
pected within this realistic @24)/SQ(10)-framework for  as with those of quark and charged lepton masses and mix-
fermion masses and mixin¢20,23, by allowing for natural  ings, and the gravitino-constraint. To present the analysis it
CP violating phases+ 1/20 to 1/2, sayin the entries of the would be useful to recall the salient features of these prior
mass matrices as in Ref23]. The goal would thus be to  works[20,23 on fermion masses and mixings. This is what
obtain aunified descriptiorof (a) fermion massesb) neu-  is done in the next section.
trino oscillations, andc) leptogenesis within a single predic-
tive framework[24].

It shou_ld be n_oted that there h.ave.in fact been several|, FERMION MASSES AND NEUTRINO OSCILLATIONS
attempts in the literaturg25] at estimating the lepton and IN G (224/SO(10): A BRIEF REVIEW

baryon asymmetries, many of which have actually been car- OF PRIOR WORK

ried out in the context of SQO) [26], though(to my knowl-

edge without an accompanying realistic framework for the The 3x3 Dirac mass matrices for the four sectors

masses and mixing of quarks, charged leptons as well aa,d,l,v) proposed in Ref[20] were motivated in part by

neutrinos[27]. Also the results in these attempts as regardshe notion that flavor symmetri¢29] are responsible for the

leptogenesis have not been uniformly encouragR2g]. hierarchy among the elements of these matriGes, for
The purpose of this paper is to note that th€&l)/  “33" >“23" >"22" >"12" >"11", etc.), and in part by the

SQ(10) framework, proposed in Ref$20] and[23], leads group theory of SQL0)/G(224), relevant to a minimal Higgs

quite naturally, for both thermal as well as nonthermal lep-system(see below. Up to minor variant§30], they are as

togenesis, to the desired magnitude for baryon asymmetrjollows:

0 €' 0 0 n'+€ 0
M,=| —€ {5, ote ./\/18; My=| 7' — €' §gz nte /\/lg
0 o—€¢ 1 0 n—e€ 1
1)
0 -3¢’ 0 0 n' —3¢€’ 0
MP=| =3¢ (5, o0-3e|M2 M=| 7 +3€ 9 n—3e | MJ.
0 o+ 3e 1 0 n+3e 1

These matrices are defined in the gauge basis and are multiplid_q_km left andW on right. For instance, the row and

column indices oM, are given by ¢, ,c, ,t;) and (Ug,Cr,tg) respectively. Note the group-theoretic up-down and quark-
lepton correlations: the sameoccurs inM andME , and the samey occurs inM4 andM, . It will become clear that the

ande’ entries are proportional B—L and are antisymmetric in the family spa@s shown abovyeThus, the same ande’

occur in both M, and M) and also in M'S and M), but e——3e and e’ ——3€¢' asg—I. Such correlations result in
enormous reduction of parameters and thus in increased predictivity. Such a pattern for the mass matrices can be obtained,

using a minimal Higgs systedb,,, 16, EH and10, and a singlet S of SQ0), through effective couplings as folloW31]:

Lyi=h3516316310,+ [ N516,16;104(S/M) +a,516,163104 (454 /M) (/M )P+ g516,16;16% (16, /M ") (S/M) ]
+[h216,16,10,4(S/M)?+ g,16,16,16,( 164 /M") (/M) 4+ 1] +[ 91,16, 16,16;( 16, /M ") (S/M) 4+
+a1,16,16,104(454/M")(SIM)P*2]. 2
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Typically we expectM’, M” and M to be of orderMgying Lya=Ti;16 16JEHl_Q4/M (4)
[32]. The VEV's of (45,) (along B—L), (16,)=(16,)
(along standard model singlet sneutrino-like componant
of the S@10)-singlet(S) are of the GUT scale, while those
of 104 and of the down type SU(2jdoublet component in
16, (denoted byl6) are of the electroweak scal20,33.
Depending upon whetheM'(M")~Mgyr 0r Mgying (SEE
[32]), the exponenp(q) is either one or zerp34].

The entries 1 andr arise respectively fronmg; and h,;
couplings, while=#5—o and 7’ arise respectively from x 0z
0,3 andgq,-couplings. The B—L)-dependent antisymmetric Mi=[0 0 y|[Mg. (5)
entriese ande’ arise respectively from tha,; anda;, cou- z y 1
plings. [Effectively, with (45,) B-L, the product
1OH.X45* co_ntrlbutes as 420 Whosf cou_plmg Is family- Following the flavor-charge assignments given in &j, we
antisymmetricc The small entry {5, arises from the 2

: R - o expect |y|~(S/IM)~1/10, |z]~((SIM))*~(1/200)(1 to

h,,-coupling, while{,, arises from the joint contributions of 112, say, |x|~ ((SIM))*~ (10"*~10"5) (say. The “22" el-
hz, and g,-couplings. As discussed 20}, using some of ement(not shown is ~ ({(S/M))? and its magnitude is taken
the observed masses as inputs, one obtpifs-[o~[e| o be <|y%3|, while the “12” element (not shown is
~0(1/10),|7'|~=4x10"° and|e’'|~2x10"*. The success ~((S/M))3. We expect
of Zhe framework presented in Ref20] (which set {5,
= {5,=0) in describing fermion masses and mixings remains ot JTAN2 (1015 -
essentially unaltered i Z5,,¢5,)|<(1/3)(10°2) (say. M= 12 160)*/Msring=(10° GeV)(1/2-2)  (6)

Such a hierarchical form of the mass matrices, with —
has-term being dominant, is attributed in part to flavor gaugefor (161)~2X10'° GeV, Mgn~4x 10" GeV [36] and
symmetryies that distinguishes between the three families,fss~1. Allowing for 2-3 mixing, this value oM, [together
and in part to higher dimensional operators involving forwith the SU4)-color relation m(v5")=m(Mgy7)
example(45,)/M’ or (16,4)/M”, which are suppressed by ~120 GeV] leads tan(v;3)~(1/24 eV)(1/2-2)[17,20,37,
Mgut/Msying™1/10, if M’ and/or M”~Mgying. The basic  in good accord with the SuperK data.
presumption here is that effective dimensionless couplings !gnoring possible phases in the parameters and thus the
allowed by S(X]_O)/G(224) and flavor Symmetries are of source ofCP violation for a moment, as was done in Ref.
order unity[i.e., (h;;,gij &) ~1/3-3 (say]. The need for [20], the parameterse, 7, €, €', 7', M3, M, andy) can
appropriate powers of YM) with (S)/M~Mgyr/Mgying Pe determined by using, for example™s=174 GeV,
~(1/10-1/20) in the different couplings leads to a hierar- m;(m;)=1.37 GeV, mg(l GeV=110-116 MeV,
chical structure. As an example, introduce just ong)y my(1 GeV)=6 MeV, the observed masses&fu, andr and
flavor symmetry, together with a discrete symmeirywith m(v,)/m(v3)~1/(7=1) (as suggested by a combination of
one singletS. The hierarchical form of the Yukawa couplings atmospheric and solar neutrino data, the latter corresponding
exhibited in Eqs(1) and (2) would follow, for the case of tothe LMA MSW solution, see beloyas inputs. One is thus
p=1, q=0, if, for example, theU(1) flavor charges are led, for this CP conserving cas¢o the following fit for the

where thef;;’s include appropriate powers ¢8)/M, in ac-
cord with flavor charge assignments1§ [see Eq(3)]. For

the f33-term to be leading, we must assign the chargeto

16, . This leads to a hierarchical form for the Majorana mass
matrix [20]:

assigned as follows: parameters, and the associated predicti@@. [In this fit,
— we drop|Z54|<(1/3)(10 2) and leave the small quantitias
16, 16, 16, 104 16, 164 4% S and z in Mg undetermined and proceed by assuming that
a atl a+2 —-2a —-a—-12 -a 0 -1 they have the magnitudes suggested by flavor symmetries

(i.e., x~(10"%-10"°) and z~(1/200)(1 to 1/2)[see re-

3
All the fields are assumed to be even under the discrete symrTJarkS below Eq(5)D],

metry D, except forl6, and 16, which are odd. It is as- . 5
sumed that other fields are present that would make thg U 0~0.110, 7~0.151, €~-0.095, |7'[~4.4x107%,
symmetry anomaly-free. With this assignment of charges,
one would expectZsy|~((S)/M)?; one may thus take € ~2x107% MO=m(My)~120 GeV, (7)
|59~ (1/3)x 1072 without upsetting the success of Ref.
[20]. In the same spirit, one would expedtis,{s
~(S)IM)*~10"% and |41y~ ((S)/M)*~10"* (say,
where {41, {13, and{3; denote the “11,” “13,” and “31,”
elements respectively. The value of “a” would get fixed by These output parameters remain stable to within 10% corre-
the presence of other operatgsee latey. sponding to small variations<{10%) in the input param-

To discuss the neutrino sector one must specify the Maeters ofm,, m,, mg, andm,. These in turn lead to the
jorana mass-matrix of the RH neutrinos as well. These ariséollowing predictions for the quarks and light neutrinos
from the effective couplings of the fori5] [20,37:

MZ=my(My)=~15 GeV, y~-1/17.

072002-3



JOGESH C. PATI PHYSICAL REVIEW 68, 072002 (2003

my(my)~(4.7-4.9 GeV,
VAMs~m(vg)~(1/24 eV)(1/2-2),

m.| n+e me| ot+e
Vo~ 1 [Ms| 1T €1y | [Me —— |Y¥4~0.044,
my| 7—e€ my| o—e€
m —3¢|Y? m,
905 ~ w 7 + 2l ~0.437+ (0.378+0.03)|,
v,y m,| n+3e€ m,,

Thus, sif26%¢ ~0.99 [for m(v,)/m(vs)~1/7], (8)
moT

My my

o Vi Vi
V m

P~ \/=2~0.07,
m,

C

~0.20,

Vcb
my(1 GeV)=8 MeV,

69°° ~0.06 (ignoring nonseesaw contributionsee remarks below.
e’u

The Majorana masses of the RH neutrinbkg=N;) are  cally get for the corresponding term from the standard see-
given by[37] saw mechanisnfas in Ref.[20]). Now, the diagonal ,v,,)
mass-term, arising from standard seesaw can naturally be
~(3-8)x10 3 eV for |y|~1/20-1/15, say20]. Thus, tak-

M,~|y?|M3=~(2.5x 10" GeV) (1/2-1), 9 ing the net values ofmyy~(6-7)x10°° eV, mi,

~3%x10% eV as above anan?,;<10 % eV, which are all

M~ |x—22|M3~(1/2-2)10 M3~ 10" GeV(1/4-2). plausible, ~we obtain m, ~(6-7)x 1073 eV, m,,

_ _ _ ~(1 tofew)x10%eV, so that Am?,~(3.6-5)

Note that we necessarily have a hierarchical pattern fog< 10-5 eV2 and sif26°C ~0.6—0.7. These qo well with
the light as well as the heavy neutringsee discussions be- RECLER o _ 9
low on'm, ). Leaving out theve-v,, oscillation angle for a  theé LMA MSW solution of the solar neutrino puzzle.
moment, it seems remarkable that the first seven predictions " SUmmary,the intrinsic nonseesaw contributido the
in Eq. (8) agree with observations, to within 10088]. Par- Majorana masses of the LI.-|.neutr|nos can possibly have the
ticularly intriguing is the B— L)-dependengroup-theoretic ~ 119ht magnitude forve-v, mixing so as to lead to the LMA
correlation between the contribution from the first term in Solution within the G224/SQ(10)-framework, without up-

V¢p and that in6%* | which explains simultaneously why setting the successes of the first seven predictions ingq.
ulr (In contrast to the near maximality of the,-v, oscillation

one is small V) and the other is largef>, ) [39]. Thatin  angle, however, which emerges as a compelling prediction of

turn provides some degree of confidence in the gross struthe framework[20], the LMA solution, as obtained above,

ture of the mass matrices. should be regarded as a consistent possibility, rather than as
As regardsv.-v, andve-v, oscillations, the standard see- a compelling prediction, within this framewojk.

saw mechanism would typically lead to rather small angles Before discussing leptogenesis, we need to discuss the

as in Eq.(8), within the framework presented abop20]. It origin of CP violation within the G224)/SO(10)-framework

has, however, been noted recen®] that small intrinsic  presented above. The discussion so far has ignored, for the

(nonseesayvmasses~ 10 3 eV of the LH neutrinos can sake of simplicity, possibl€P violating phases in the pa-

arise quite plausibly through higher dimensional operators ofameters ¢, 7, €, 7', €, g'zd, Yy, z, andx) of the Dirac and

the form [40]: W, k1,16,16,16,16,10,410,/M3;, with-  Majorana mass matricé&gs. (1) and(5)]. In general, how-

out involving the standard seesaw mechani46]. One can ever, these parameters can and generically will have phases

verify that such a term would lead to an intrinsic Majorana[42]. Some combinations of these phases enter into the CKM

mixing mass term of the formmgzvﬁvf, with a strength matrix and define the Wolfenstein parametets and 7y

given by mi~ki(164)%(175 GeVF/M3~(1.5-6)  [43], which in turn induceCP violation by utilizing the stan-

x 1073 eV, for (164)~(1-2)Mgyr and kio~1, if Mg dard model interactions. As observed in R&X3], an addi-

~Mgur~2x 10 GeV [41]. Such an intrinsic Majorana tional and potentia_lly import@t sourceﬂP and flavor vio-

vev,, Mixing mass~fewx 102 eV, though small compared lations(as inK%—K?®, By s«»By s, b—sss etc. transitions

to m(v3), is still much larger than what one would generi- arises in the model through supersymmdy], involving

Mz~Mg~10"° GeV (1/2-1),
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squark and gluino loopgbox and penguin simply because | ) pair] decay(see below, « is an efficiency or damping

of the embedding of MSSM within a string-unified224) or ¢50¢0r that represents the washout effects mentioned above
SO(10)-theory near the GUT scale, and the assumption thafy g , incorporates the extent of departure from thermal
primordial SUSY-breaking occurs near the string scaleyqiliprium in N,-decays; such a departure is needed to re-

(Mstring>Mgur) [45]- It is shown that complexification of ;76 epton asymmetiy The entityg* ~228 is the number
the parametersd, 7, €, »', €', etc), through introduction ¢ light degrees of freedom in MSSM.

of phases~1/20-1/2(say in them, can still preserve the The lepton asymmetry, is converted to baryon asym-

successes of the predictions as regards fermion masses %@try by the sphaleron effects, which is given by
neutrino oscillations shown in E@8), as long as one main- ' ’

tains nearly the magnitudes of the real parts of the param- _
eters and especially their relative signs as obtained in Ref. YB:nB_nB
[20] and shown in Eq(7) [46]. Such a picture is also in S
accord with the observed features@® and flavor violations
in e, Amgy, and asymmetry parameter iB4—J/¥  where, for MSSM,C~ — 1/3. Taking into account the inter-
+Ks, while predicting observable new effects in processeserence between the tree and loop-diagrams for the decays of
such asB;—Bg andBy— @ + K [23]. N,—IH andIH (and likewise forN;—TH andIH modes

We therefore proceed to discuss leptogenesis concrete
within the framework presented above by adopting the Dira
and Majorana fermion mass matrices as shown in Ebs.
and(5) and assuming that the parameters appearing in the
matrices can have natural phase4/20-1/2(say with ei-
ther sign up to addition of- 7, while their real parts have 1
the relative signs and nearly the magnitudes given in(Byg. €1

=CY,, (12)

Q’nd also forN; and ﬁl-decayss, the CP violating lepton
%symmetry parameter in each of the four chanfst® e.g.,
égm and[51]) is given by

= Im[(MEMp)i,12F(M2/M?2
8mo2(MLM )111_22'3 [(MpMp);1]°f(M7/M7)
(12

Ill. LEPTOGENESIS

whereMp, is the Dirac neutrino mass matrix evaluated in a
plausible reheat temperatur@qy~ (1 to few)x 1° GeV basis in which the Majorana mass matrix of the RH neutrinos

(say, one can avoid the well known gravitino problem if Mr [S€€ Ed.(9)] is diagonal,u=(174 GeV)sin3 and the

My~ (1-2) TeV [48] and yet produce the lightest heavy function f~—3(M,/M;) for the case of SUSY withM;
neutrino N, efficiently from the thermal bath ifM; >My. . ) )

~(3-5)x10° GeV (say), in accord with Eq(9) (N, andNs _ The efficiency factor mentioned above, is often expressed
are of course too heavy to be producedratTg,,). Given N terms of the parameteK =[I'(N1)/2H]r-w, [47]. As-
lepton numbertand B—L) violation occurring through the suming initial thermal abundance fbl;, « is normalized so
Majorana mass ofl;, and C andCP violating phases in the thatitis 1 ifN;'s decay fully out of equilibrium correspond-
Dirac and/or Majorana fermion mass-matrices as mentionetd to K<1 (in practice, this actually requirgs<0.1). In-
above, the out-of-equilibrium decays b, (produced from  cluding inverse decays as well & #0 scatterings in the
the thermal bathinto I|+H and1+H and into the corre- Boltzmann equations, a recent analyf&g&] shows that in the

. ~ = o= relevant parameter-range of interest to (gee beloy, the
spont_dlng_SUSY modek+H an(.jl+ H would produce & fefﬁciency factor(for the SUSY caskeis given by[53]
—L violating lepton asymmetry; so also would the decays o

N; and N;. Part of this asymmetry would of course be
washed out due to inverse decays and lepton number violat-
ing 22 scatterings. We will assume this commonly
adopted mechanism for the so-called thermal leptogefasis wherer~nl is an effective mass parameieelated toK [54]),
the end, we will, however, consider an interesting alternativeand is given by[55]
that would involve nonthermal leptogenesi3his mecha-
nism has been extended to incorporate supersymmetry by
several authorgsee e.g.[49-51]). The net lepton asymme-
try of the Universd Y, =(n_—np)/s] arising from decays of _
N, into |+H and1+H and into the corresponding SUSY EQuation(14) should hold to better than 20%6ay, when
= m;>5x 10 * eV [52] (this applies well to our case, see be-

low).

Given the Dirac and Majorana mass matrices of the neu-
trinos[Egs.(1) and(5)], we are now ready to evaluate lepton

In the context of an inflationary scenarfd7], with a

k~(0.7X10"*)(eV/m,) (13

m=(M{Mp)11/M;. (14

modes {+H andi+H) and likewise from §;,N,) decays
[49-51] is given by

an+ nN1+ nﬁl

Y, = ~ ke |a* 10 asymmetry by using Eq$10)—(14). N
L= e s Kelg (10 The Majorana mass matr[Eq. (5)] describing the mass-
B term v;CM;vR is diagonalized by the transformatiork
wheree, is the lepton-asymmetry produced pér [or (N;  =UPUPNg, where(to a good approximation
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1 0 z |2nd Tern= {4 —y* (o* —3¢*)1{3e' — z(0—3€)}|
U=l 0 1 vy, (15) ~(2x10°9)[2x10°%(1 to 1/2]
-z -y 1

~(4x10°°)(1 to 1/2 (18

and U?)=diag(e'?1,e'?2,e'#3) is a diagonal phase matrix
that ensures real positive eigenvalues. The phasesan of
course be derived from those of the parameterMih[see
Eq. (5)]. Applying this transformation to the neutrino Dirac
mass-term VLMBVR given by Eqg. (1), we obtain Mp
=MPUPU), which appears in Eq$12) and(14). In turn,

|3rd Term=|(£z1— 2){(o* +3€*) —y*}|
~[(1/200(1/2 to 1/5](0.13
~(0.7x10°3)(1/2 to 1/5.

Thus, assuming that the phases of the different terms are

this yields roughly comparable, the third term would clearly dominate.
N The RHS of Eq(17) is similarly estimated to be
(MDMD)ZI (1~ o) I % * %
T o ST Atz (M{Mo) 1y
u WZ|3€'—Z(ff—3'5)|2+|§31—2|2
HLL% Y (o —3e)][3e’ ~ 2o 3e)] M)
- —4— -3 2
+(§31_Z)[(0*+36*)_y*]} (16) ~|6><10 +2X10°(1 to 1/2)|
(MEMo)ay +|5%10°%(1/2 to 1/3/?
— ’ 2 2
MOy =|3¢' ~2(0=36)" +[fa1— 2" (17) ~2.5x10°5(1/4 to 1/6. (19
u

In writing Eqgs.(16) and(17), we have allowed, for the sake
of generality, the relatively small “11,” “13,” and “31” el-
ements in the Dirac mass matrm'f, denoted byl11, {13
and {3, respectively, which are not exhibited in EQ.). As
mentioned before, guided by considerations of flavor sym
metry [see EQq.(3)], we would expect|{,q|~((S)/M)*
~104-10"°, and| {14~ |z~ ((S)/M)%~10"?(1 to 1/3)
(say). These small elementseglected irf 20]) would not, of

course, have any noticeable effects on the predictions of th

fermion masses and mixings given in E§), except possi-
bly on mg.
We now proceed to make numerical estimates of lepto

Since| 5, and|z| are each expected to be of ord&f200(1

to 1/2), we have allowed in Eq$18) and(19) for a possible

mild cancellation between their contributions|t;—z| by
putting |{3;—z|~(1/200)(1/2 to 1/5)(say). In going from
the second to the third step of E4.9) we have assume(dor
simplicity) that the second term oM 5Mp)11/(M 2)? given
by |Z31— z|? denominates over the first. This in fact holds for

a large part of the expected parameter space, especially for

yalues of|z| = (1/200) (1/2)< | {34/ =~ (1/200) (1 to 3/4)(say.
Note that the combinatioji3;— z| also enters into the domi-
nant term [i.e.,, the third term in Eq. (18)] of

AMEMp),1/(M9)2. As aresult, to a good approximatiéin

and baryon-asymmetries by taking the magnitudes and th€ region of parameter space mentioned ahave lepton-

relative signs of the real parts of the parameters {, e,

7', €, andy) approximately the same as in E(), but

allowing in general for natural phases in them. As mentioned

before[see for example the fit given in Rd#6] and Ref.
[23] (to appea¥] such a procedure introduc&® violation in

accord with observation, while preserving the successes of
the framework as regards its predictions for fermion masses

and neutrino oscillationg20,23].

Given the magnitudes of the parametigse Eqgs(7) and
Ref. [46]], which are obtained from considerations
of fermion masses and neutrino oscillatiof20,23—
that is |o|~|e|=0.1, |y|~0.06, |e'|~2%x10"%, |7
~(1/200)(1 to 1/2), [{3)]~107%(1 t03), [{1g~Ladl
~(1/200)(1 to 1/2), with the real parts ofs( € andy)
having the signs {,—,—) respectively—we would expect
the typical magnitudes of the three terms of Ekf) to be as
follows:

|1st Term=|(—3e"* — {1y* ) ({11~ 2{15)|

~[(6 to 8)x10 4][(2.5x10 °)(1 to 1/4]
~10°8

asymmetry parameter; [given by Eq.(12)] becomes inde-
pendent of the magnitude ¢f5,—z|?, and is given by
1
€17

(M
87\ v

~—(2.0x10 %)sin(2¢,y),

0
u

2 L M,
|(o+3e)—y] S'n(2¢21)(—3)(M—)
2

(20

where, ¢y =ard ({31 —2)(o* +3€* —y*) ]+ (p1— ¢2), and
we have put (M Yv)?~1/2, |o+3e—y|~0.13[see Eq(7)
and Ref[46]], and for concretene<$or the present case of
thermal leptogenesis M;~4x10° GeV and M,
~2x 10" GeV [see Eq.(9)]. The parametem,, given by
Eq. (14), is (approximately proportional to|Z3;—2|? [see
Eqg. (19)]. It is given by

Fn1*|§31_ Z|2(M 8)2/M1

4x10° Ge

~(1.9x10°2 eV)(1 to 1/@( Vi V) (22)
1

where, as before, we have put|{3—Z
~(1/200)(1/2 to 1/5). The corresponding efficiency faator
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TABLE I. Baryon asymmetry for the case of thermal leptogen-ig atiractive to assume that the sasheand ® (in fact their

esis. ~ =
vry and vg-components which acquire GUT-scale VEV's,
|31~ 72| also drive inflatior{56]. In this case the inflaton would natu-
rally couple to a pair of RH neutrinos by the coupling of Eq.
(1/200(1/3)  (1/200(1/4)  (1/200(1/9) (4). To implement hybrid inflation in this context, let us as-
My (eV) 0.83x 10~2 0.47%10°2  0.30<10°2 sume E)IIowing Ref[56], an effective superpotentiM/g‘fff'
p 1/73 1/39 1/24 =\S(® P — M?)+ (nonrenormalizable terms), whegis a
Y /sin@py) —11.8<10°% —22.4x10°1% —36x10 1 singlet field[58]. It has been shown in Reff56] that in this
Y5 /Sin(2,y) 4x 1011 75x 10~ 1 12% 10~ case a flat potential with a radiatively generated slope can
b I 12— wlh  ~m)18— /4 arise so as to implement inflation, with(Z24) broken during

the inflationary epoch to the SM symmetry. The inflaton is

made of two complex scalar fielddie., 6=(5v5
[given by Eq.(13)], lepton and baryon-asymmetri¥g and  + §55)/\/2 that represents the fluctuations of the Higgs
Yg [given by Egs(10) and(11)] and the requirement on the fields around the SUSY minimum, and the singlét Bach
phase-parametep,; are listed in Table I. of these have a mags=V2\M, whereM =((1,2,4),)
] Ttr;e constra:nt omszrl] is obtainr(]edhfrom considerationls1 of ~2x10%GeV and a widthl“inﬂzl“(a—ﬂIfVH\If,,H)=F(S

ig-bang nucleosynthesis, which requires >3I0~ ~ o~

=(Ya)aay=9 10 11 [1]; this is consistent with the CMB  — “HVH) [ L/(8m)1(M1/M)*miyy so that
data [2], which suggest somewhat higher values of 1 2
(Ye)ems=(7—10)x 10~ (say. We see that the first case TRH™ (LD (TingMp) ™= (L/7) (M1 /M)[MingMpi/(87) ],
|£31— 2| ~1/200(1/3) leads to a baryon asymmeYiy that is (22)
on the low side of the BBN-data, even for a maximal

For concreteness, takg59] M,~2x10GeV, M,

sin(2,)~1. The other cases with [{3—2] 00 _ _
~(1/200)(1/4 to 1/5), which are of course perfectly plau-~2>1 GeV(1 to 2) [in acgord with Eq.(9)], and A
104, so that my,;=3x10'? GeV. We then getTry

sible, lead to the desired magnitude of the baryon asymmetry
for natural values of the phase parametapy, = (17X 10° GeV)(1to 2), and thusésee e.g., Sec. 8 of Ref.

~ (/18 to w/4). We see that, for the thermal case, the CMB[47])
data, requiring higher values &fg, would suggest some-

what smaller values ofl{3;—2z|~10"2. This constraint (Y8)nonthermar™ ~ (YL/3)
woul liminated for th f nonthermal leptogenesis. - =

0\L/JV;i lr31ee>ff[ con:idegr griefl?/ (t:k?gesgengrio (e)f ninti%ron?gl Ieesp? ~(= 1/3)[(an+ N, an)/S]El
togenesig56,57. In this case the inflaton is assumed to de- ~ (= 13)[(3/2(Tru/ M) €1]
cay, following the inflationary epoch, directly into a pair of
heavy RH neutrinogor sneutrinos These in turn decay into ~(30X 10 )(sin2¢,)(1 to 2%
l+H and [ +H as well as into the corresponding SUSY (23

modes, and thereby produce lepton asymmetry, during the

process of reheating. It turns out that this scenario goes Wellere we have used Eq(20) for e, with appropriate
with the fermion mass pattern of Seclith particular see Eq. (v, /M.,), as above. Settiniyl,~2x 10 for concreteness,
(9)] and the observed baryon asymmetry, provided,2 \ye see thal'y obtained above agrees with theearly cen-

>Mipg>2My, SO that the_ inflation decays intoN2 rat_her tral) observed value WB)E%%%MBW[G(%]X10711: again
than into N, (contrast this from the case proposed in Ref.¢o. o natural value of the phase parametef,;
[56)). In this case, the reheating temperatufg,) is found  _ 7 /30(/20). As mentioned above, one possible advantage

0
to be much less thakll; ~ 10" GeV (see below; thereby(@ o the nonthermal over the thermal case is that the gravitino-

the gravitino constraint is satisfied quite easily, even for g,nsiraint can be met rather easily, in the case of the former
rather low gravitino-mass-200 GeV (unlike in the thermal (becauseTry is rather low ~10° GeV), whereas for the

cas; at the same timéb) while Ny's are produced nonther-  therma| case there is a significant constraint on the lowering
mally (and copiously through inflaton decay, they remain ot the T . (so as to satisfy the gravitino-constraiuts avis
out of equilibrium and the wash out process involving in- 4 raising ofM ;~ Try SO as to have sufficient baryon asym-
verse decays arw.La&O scatterings is ineffective, so that the metry[note thate,;<M,, see Eq(20)]. Furthermore, for the
efficiency factor is 1. _ nonthermal case, the dependenceYef on the parameter
To see how the nonthermal case can arise naturally, wra 12 [which arises th w andm. in the th |
recall that the VEV’s of the Higgs field®=(1,2,4), and La1— 2" [which arises rougk andm, In the thermai case,
— — - ] see Eqgs(13), (14), and(19)] is largely eliminated. Thus the
®=(1,2,9y have been utilized t¢i) break SU(2% andB  expected magnitude ofg [Eq. (23)] holds without a signifi-
—L so that G224) breaks to the SM symmetry7], and  cant constraint of¢s;—z| (in contrast to the thermal case
simultaneouslyii) to give Majorana masses to the RH neu- 1o conclude, we have considered two alternative sce-
trinos via the coupling in Eq(4) (see e.g., Refl20]; for  nparios(thermal as well as nonthermdbr inflation and lep-
SQ(10), ® and® would be in16, and16, respectively, it  togenesis. We see that thg224)/SO(10) framework pro-
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vides a simple andinified descriptionof not only fermion its observed sigitand thus the relevar@P violating phases
masses and neutrino oscillatiofsonsistent with maximal remains a challenging ta$k0].

atmospheric and large solar oscillation anglbst also of
baryogenesis via leptogenesis, treated within either scenario,
in accord with the gravitino-constraint. Each of the
features—@) the existence of the right-handed neutrings, I would like to thank Kaladi S. Babu for collaborative
B—L local symmetry,(c) quark-lepton unification through discussions onCP violation, and Pasquale Di Bari and
SU(4) color, (d) the magnitude of the supersymmetric Qaisar Shafi for most helpful correspondences and clarifica-
unification-scale ande) the seesaw mechanism—plays ations of their work. | have also benefited from discussions
crucial role in realizing this unified and successful descrip-with Gustavo Branco and Tsutumo Yanagida on aspects of
tion. These features in turn point to the relevance of eithethis work. The sabbatical support by the University of Mary-
the G224 or the S@10) symmetry being effective between land during the author’s visit to SLAC, as well as the hospi-
the string and the GUT scales, in four dimensip@s While  tality of the Theory Group of SLAC, where this work was
the observed magnitude of the baryon asymmetry seems tarried out, are gratefully acknowledged. The work is sup-
emerge naturally from within the framework, understandingported in part by DOE grant no. DE-FG02-96ER-41015.
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