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Radiative corrections to neutrino mixing af@ violation are analyzed in the minimal seesaw model with
two heavy right-handed neutrinos. We find that the textures of the effective Majorana neutrino mass matrix are
essentially stable against renormalization effects. Taking into account the Frampton-Glashow-YAnagida
for the Dirac neutrino Yukawa coupling matrix, we calculate the running effects of light neutrino masses,
lepton flavor mixing angles, an@P-violating phases for both the;=0 (normal mass hierarchyand m;
=0 (inverted mass hierarchygases in the standard model and in its minimal supersymmetric extension. Very
instructive predictions for the cosmological baryon number asymmetry via thermal leptogenesis are also given
with the help of low-energy neutrino mixing quantities.
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[. INTRODUCTION pling matrix Y, can be taken to be diagonal, real, and posi-
tive. In this specific flavor basis, the Dirac neutrino Yukawa
In the standard moddSM), lepton number is conserved coupling matrixY, is a complex X 2 rectangular matrix:
and neutrinos are massless Weyl particles. However, the re-
cent Super-Kamiokandgl], SNO[2], KamLAND [3], and a; a
K2K [4] experiments have provided us with very compelling Y =| by byl. &)
evidence that neutrinos are actually massive and lepton fla-
vors are mixed. The most economical modification of the

SM, which can both accommodate neutrino masses and al- . . .
algelow the mass scale of the lightest right-handed neutrino

low lepton number violation to explain the cosmological .
b b 9 N, (denoted a$/;), Mg can be integrated out of the theory.

baryon asymmetry via leptogene$t|, is to introduce two
heavy right-handed neutrinds, , and keep the Lagrangian Such a treatment gorresponds to a replacement of th_e last two
; terms inLy by a dimension-5 operator, whose coupling ma-

of electroweak interactions invariant under SU(R)U(1)y i
gauge transformatiof6—9]. In this case, the Lagrangian rel- trix takes the seesail0] form
evant for lepton masses is described by

C1 C2

a: ab; a;c;

_ _ 1= M, M,
— Ly =TLYiegH+ 1LY, vgH+ SvEM g+ Hoc., (1) b 2 bic,
R (MD=YMRYI=| = o

wherel, denotes the left-handed lepton doublket;and vy

stand, respectively, for the right-handed charged lepton and a;c; bicy ci
Majorana neutrino singlets; artd is the Higgs-boson weak _'V'1 _M1 M_l
isodoublet(with H°=io,H*). If the minimal supersymmet-
ric standard modelMSSM) is taken into account, one may a§ a,b, asc,
similarly write out the Lagrangian relevant for lepton M, M,
masses: b b2 buc
1 + 2M2 _2 2-2 . (4)
_ -1 T -c Mz M, M,
EY(MSSM) I |_Y|eRHl+ | LYVVRH2+ 2VRM RVR+ H.C., 5
@) a,Cy  byC; C2
M, M, M,
whereH , (with hyperchargest 1/2) are the MSSM Higgs
doublets. A very special feature of the minimal seesaw model is that

Without loss of generality, both the heavy Majorana neu-De{ x(M)]=0 holds for arbitrarya;, b;, andc; [11]. The
trino mass matrixMr and the charged-lepton Yukawa cou- reason for this is rather simple: thex2 mass matriMg, is
at most of rank 2, hence (M;)=Y,Mz'Y! can at most
have rank 2, and Dek (M4)]=0 must hold.

*Electronic address: jwmei@mail.ihep.ac.cn After spontaneous gauge symmetry breaking, the neutral
"Electronic address: xingzz@mail.ihep.ac.cn component ofH acquires the vacuum expectation vale
*Mailing address. ~174 GeV. Then one obtains the charged-lepton mass ma-
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trix M;=vY,(M3) and the light(left-handed Majorana neu- also calculated at the scaje=M, with the help of low-
trino mass matrixM ,=v?k(M;) at the electroweak scale energy neutrino mixing quantities.

u=Mj, in the SM. The neutral components Hf, andH,
may similarly acquire the vacuum expectation value®ss
andv sing at the electroweak symmetry breaking scale. It
turns out thaM,=v cospY,(M,) andM ,=uv? sirfBx(M) in In the flavor basis chosen above, one may simplify the
the MSSM. Note thai(M) and x(M;) can be related to RGE in Eq.(5) and get the radiative corrections toatM .
each other via the following one-loop renormalization-groupL€t us define the evolution functions

equation(RGE) [12]:

Il. RGE RUNNING EFFECTS FROM M, TO My

1 In(M1/Mz)
dx l,=exg — f a(t)dt],
167rza=aK+C[(Y|Y|T)K+K(Y|Yr)T], (5) | 16m2Jo
wheret=In(u/M,) with u being the renormalization scale. | —exd — c '“(Ml"\"z)fz Hdt ®
In the SM[13] or in its minimal supersymmetric extension 1 = €Xp 16m2Jo i '
[14], ]
3 wheref, (for |=e,u,7) denote the Yukawa coupling eigen-
Coy= — 5 values of charged leptons. Then we solve &j.and arrive
at
agy=—3095+ 617+ (6) I, 0 0 I, 0 0
or k(Mz)=l,( O 1up O Jwx(Mp| O 1, O 9
0O 0 | 0O 0 |

T T

Cumssm=1,

The overall factorl , affects only the magnitudes of light
neutrino masses, whilg (for 1=e,u,7) can modify both
neutrino masses and lepton flavor mixing paramef&6s.
The strong mass hierarchy of three charged leptoas f,

@)

6
AyssmM™ ~ §9§_69§+6f2’

whereg, , denote the gauge couplingf, denotes the top-
quark Yukawa coupling, and denotes the Higgs-boson self-
coupling in the SM: If M;>M holds, some deviation of

<f,<f, implies that I.<I,<l. (SM) or I.>I,>I,
(MSSM) holds below the scal¥l;.
Two comments on the consequences of EQ).are in

k(Mz) from k(M) must take place. order.

Apparently, it is «(Mz) or M, that governs the low- (1) The determinant ok, which vanishes at the scalé,,
energy phenomenology of neutrino masses and lepton flavideeps vanishing at the scalé,. This point can clearly be
mixing, becauseY, stays diagonal in the RGE running from seen from the relation
M, to Mz. In all recent analysis of the minimal seesaw
model[6—-9], however, the quantum corrections #oat the
electroweak scale have been neglected for the sake of sim-
plicity and illustration. The importance of RGE effects for Because of |Def k(M) ]|=m;m,m;, where m; (for i
the evaluation of baryogenesis via leptogenesis in the-1 2 3) denote the masses of three light neutrinos, one may
bottom-upapproacHi.e., from low energies to the mass scale conclude that one of the three neutrino masses must vanish.
of heavy right-handed neutrino$ias been pointed out by considering thatn,>m; is required by current solar neu-
some author$15], but a careful analysis of such effects in ting oscillation datd2], we are left with eithem; =0 (nor-
the minimal seesaw model has not been done. mal mass hierarchyor my=0 (inverted mass hierarchy

The purpose of this paper is to examine the stability of (2) Comparing between Eqé4) and(9), we find that the

against radiative corrections in the minimal seesaw modekadiative correction toc can effectively be expressed as the
We find that the texture of is essentially stable in the RGE RGE running effects i , b;, andc; of Y, (in the assump-

evolution fromM, to M. To be specific, we calculate the tjon thatM, stays unchanged
running effects of neutrino masses, lepton flavor mixing
angles, andCP-violating phases by taking into account the
Frampton-Glashow-Yanagid&GY) Ansatzfor Y, [6]. The
cosmological baryon number asymmetry via leptogenesis is

Def x(M5)]=13121212

olel !z Delk(My)]. (10

a(Mp)=l\1,a(My),
bi(M)=1,\1,b;(My),

Yn the expression forgy,, we have neglected very small contri- Ci(Mz) =1 T\/Eci(M 1), (13)
butions from the lighter quarks and charged leptons. Similarly, the
up- and charm-quark Yukawa couplings have been neglected in the#gherei=1 or 2. These simple relations imply that possible

expression folyggy - texture zeros ok at M, remain the same a&l,, at least at
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the one-loop level of RGE evolution. Hence the texturexof — r - r T T T

is essentially stable against quantum corrections fkbito 1o 1,2,3

M Z- - I . i -
For illustration, we typically taken,(M )~ 181 GeV[17] | |

to calculate the evolution functions, and I, (for |

=e,u,7). Itis found thatl ;~1,~1 is an excellent approxi- 4 | ", i

mation both in the SM and in the MSSM. Thus the RGE
running ofx is mainly governed by, andl .. The behaviors
of I , andl ; changing withM ; are shown in Fig. 1. One can
see that ,~1 is also a good approximation, in particular in ¢.g |- i
the SM. Hence the evolution of light neutrino masses must
be dominated by ,, which may significantly deviate from
unity in the SM with reasonable values of the Higgs-boson
massmy, and in the MSSM with large values of t#h 0.7
The effect ofl , in the running ofx will certainly lead to
the evolution of the lepton flavor mixing matri. At the
electroweak scaley is defined to diagonalize the neutrino
mass matrixM, in the chosen flavor basis; i.eV,'M ,V* 0.6
=Diag{m;,m,,mz}. A convenient parametrization &f is
[18]

CXCZ SXCZ SZ
s s T T T T T T T
V=| —Cs,5,— sy —5,85,5,+C,Cy€ S,C,
—CxCyS,TS5Sy8 10 —5,C,5,—CySe 0y, 1.0 -
e” 0 0 I
x| 0 €7 0], (12)

09 |-

0 0 1

wheres,=sin 6, c,=cosé,, and so on. Note that the Dirac 4 g
phased measures the strength @P violation in normal

neutrino oscillations, and its location W is different from N
that advocated by the Particle Data Grddg]. The advan-

tage of our present phase assignment is éhigdelf does not o7 |- .. 2]
appear in the effective Majorana mass term of the neutrino- "“-.,_.

less double beta decay, whose magnitude depends cruciall X .
on the Majorana phasgsand o of V [20]. Current data on ; Iiﬁgig ™3
solar, atmospheric, and reactor neutrino oscillations yieldo.s |- 3. tanB;5O =

6,~32° and 0,~45° (best-fit values[21]) as well as¥,
<12° [22]. The typical mass-squared differences of solar L1
and atmospheric neutrino oscillations read &s?2,=mj3 10° 10% 10° 10° 10" 10™ 10"
—mi~7.13x10°eV? and Am3.=|m5—mi|~2.6 M, (GeV)

x 102 eV? (best-fit values[21]), respectively. Following

Ref. [23] and Ref.[24], one may derive the RGEs of FIG. 1. Numerical illustration of the evolution functiohg and
(Mmy,my,m3), (6y,6,,6,), and (3,p,0) with the help of Eq. _IT changing withM; andm,, in the SM(top) or with M and tang
(5). The relevant analytical results can be considerably sim" the MSSM(bottom.

plified if the smallness 0§, and AmZ,{Am2,, is taken into
account. It should be noted that the parametrizatiovi o$ed
here is somewhat different from that taken in R&#]. To be
complete and explicit, we present our approximate analytical
expressions forroy,m,,mg), (6y,6y,6,), and 6,p,0) in

the Appendix. Becausen;=0 or mz=0 must hold in the The minimal seesaw model itself has no restriction on the
minimal seesaw model under consideration, it is actuallystructure of Y,. In Ref. [6], Frampton, Glashow, and

possible to obtain much simpler results from E¢&1)—
(A4).

Ill. FGY ANSATZ AND RADIATIVE CORRECTIONS
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Yanagida conjectured that, may have two texture zeros, Note thatx(M) takes the same texture agM,), and
a,=c,;=0 ora,=b;=0, which could stem from an under- their corresponding matrix elements are related to each other
lying horizontal flavor symmetry. The texture a{M,) in  via Eg. (11). This observation implies that thieottom-up

Eq. (4) can then be simplified: approach should be more convenient for the numerical
evaluation of radiative corrections—namely, we determine
a2 a;b, the parameters of the FGAnsatzat low energies by using
_t Mo 0 current neutrino oscillation data, and then run them to the
M 1 mass scaléVl; to examine the size of the renormalization
a;b; b2 b3 by, effects.
M)=| — —+— —— 13
K( l) M1 M]_ M2 M2 ( )
b,c, Cg A. Normal neutrino mass hierarchy (m;=0)
0 —c7e 2z
M, M, It is rather obvious tham;=0 leads tomzz\/Amszun
~8.4x10°3 eV andmy= AmZ, +Am2, ~52x1072 eV.
in thea,=c,=0 case; or Furthermorem; =0 implies that only the Majorana phase
is physically meaningful. Taking account of the texture zero
a2 a,c, (M,)13=0, one can determine bothando in terms of the
_t 0 — flavor mixing angles ¢,6,,0,) and the mass ratict
M =m,/m;~0.16[8]:
mp=| o D2 b 14
K = — I
! M, M, cisi— £7si(cis, +seclsy)
2 2 d=arcco >3 ,
a;cy b, cp o 2£255C,5,CyS,
My M M; M,
in the a,=b;=0 case. Note that thea;=c,=0 and a; _E ; CySy Siné 16
=b,=0 cases are respectively equivalent to ¢he=c,=0 775 arcta SxCyS,+ CySy COSS |’ (16)

anda,=b;=0 cases in phenomenology. Note also that the
b,=c,=0 (or b;=c,=0) case, in which thé2,3) and (3,2
matrix elements ok(M;) vanish, is not favored by current Becausgcosd<1 must hold, we find tha#, is restricted to
neutrino oscillation data11] and will not be taken into ac- @ Vvery narrow range: 4.620,<4.4° (i.e, 0.07Gss,
count in the subsequent discussions. In addition, the two in=0.077). The implication of this result is that the FGW-
structive patterns ok(M,) in Egs. (13) and (14) are ex- satzwith m;=0 will S|mply be excluded, if the experimental
pected to have very similar consequences on neutring@lue of 6, does not really lie in the predicted region.
masses, lepton flavor mixing angles, a¥e-violating phases The running ofm; (i.e., m;) is proportional tom; itself
at low-energy scaletsee Ref[8] for some detailed discus- (fori=1,2,3) at the one-loop levgl2—-14. As a direct con-
siong. We shall therefore concentrate later on only on thesequence ofm;=0, the RGEs ofm;, m,, andm; in Eq.
FGY Ansatzgiven in Eq.(13). (A1) may be simplified to

It is worth remarking thaa, , b; ,, andc, in Eq. (13) are
all complex parameters. Given the specific parametrization
of Vin Eq. (12), it is straightforward to obtain

m1=0,
my
-— 0 O
Q
M m, My~ —— (a+2Cf%cis))m,,
K(Mz): QV:V 0 ﬁ 0 VT, (15) 167
ms
o o0 =
QO
o 2.2
my~ o2 (a+2Cfcy)ms. (17)

where Q=v? in the SM andQ=uv?sir? B in the MSSM.

Then the phases a;, b;,, andc, can be determined in

terms of 8, p, ando. In Refs.[6,8], the phase convention One can see thah;=0 holds at any energy scale between
arg(@;) =arg(,) =arg(c,) =0 has been taken. We do not Mz and M,, and the running behaviors ofi, and m; are
adopt this phase convention in the present work. The physiessentially identicaldominated by the term proportional to
cal results predicted by the FGY ansatz are certainly indeea). To illustrate, we show the rati®@=m,(Mz)/my(M )
pendent of any specific phase convention. changing withm,, in the SM or with tar3 in the MSSM in
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T T T T T Cf?_ )
| i 0y~ — 5 SxCxSy s
0.64 |- -
) 2
i 1 6,~ — ——s,C,(1+2&c2 cosd),
y oy X
0.63 |- _ 1672
[ 1 . cf?
0.62 |- . 0,~— Qgsxcxsycy (18
0.61 |- i and
L 1: R, _, J
2:R__, 2
I _ ._cff £\,
0.60 3:1(M) o~ Q( chxsycys—z) £sing,
- R= m,(M,)/m_(M,) .
0.59 1 1 1 L 1
100 120 140 160 180 200 2
. Cf § 2/.2_ 2 ;
m,, 5%? SXCXSyCyS_Z+Cx(Cy_Sy) £siné. (19
0.8 T T T T T T
| | In obtaining Eqs(18) and(19), we have considered the fact
that é~2s, holds atM ;. As s, has been constrained to the
07 L range 0.07&s,<0.077, the&/ S term in Eq.(19) is unable
to drastically enhance the running 6fando. One can see
| that the running effects of three mixing angles and W
violating phases are all governed b§. Because?~10*
o6 L in the SM, the evolution of &, ,6,,6,) and (o, ) is negli-
gibly small. When ta is sufficiently large(e.g., tang
| ~50) in the MSSM, howeverf?2~10 4/cog 8 can be of
0(0.1) and even close to unity—in this case, some small
o5 | variation of (6,6, ,6,) and (o,9) due to the RGE running
from Mz to M, will appear. Let us definé\ §,=6,(M,)
s —6;(M3y) (for i=x,y,z), Aé=56(M;)—3(M,), and Ao
=g(M,)—o0(M3). The numerical results foh 6, /6;(M5),
04 |- AS/8(My), and Ao/a(My) are shown in Fig. 3 for the
MSSM with different values oM, and tan3. We see that
- the ratioA 6,/ 6,(M ;) is most sensitive to the RGE running,
but its magnitude is less than 10% everMf,=10" GeV

0.3 —_— . and tan3=50 are taken. Thus we conclude that the RGE
o 10 20 30 40 50 60 .. . .
effects on three flavor mixing angles and tW@é-violating
tanp phases are practically negligible in the FGMsatzwith

FIG. 2. The ratio ofn, at M, to its value atM, =10 Gevas M =0.
a function ofmy in the SM(top) or of tang in the MSSM(bottom
for the FGY Ansatzwith m;=0 or mz=0.

) . ] B. Inverted neutrino mass hierarchy (mz=0)
Fig. 2, whereM ;=10 GeV is typically taken. It becomes

clear thatRy, —o~I, is an excellent approximation in the  If m;=0 holds, we will arrive atm; = VAMZ—Ams,,
SM, and it is also a good approximation in the MSSM. ~5.0x10 2 eV and m,=JAm2, ~5.1x10"2 eV. In this

atm
We remark thain, /ms is approximately unchanged in the case, only the difference of two Majoran@P-violating
RGE evolution fromM, to M, [12—14—in other words, phasessc—p=c’' is physically meaningful. Again, the tex-
£~0.16 is nearly a constant. It is then possible to simplifyture zero M,),3=0 allows us to determiné and ¢’ in
the RGEs of 0,6, ,6,) and (5,0) in Egs.(A2) and(A3) up  terms of the flavor mixing anglest(, 6, ,6,) and the mass

to O(¢) or O(sy): ratio {=m, /m,~0.98[8]:
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0.05 %, ——————1——1—
1
0.00% —
% 2
-0.05% |- 3—
-0.109%} 4
-0.15% |- -
L 1: A8/8(M,)
2: Ac/c(M,)
“0.20% [~  3: 46 /6 (M,) .
| 4:20 /6(M,) 5
5:46,/6,(M,)
_0_250/0 1 L 1 L 1 L 1 L 1 1 1
10 10* 10° 10° 10" 102 10"
M, (GeV)
5 % T T g T T T T T T T T T
0%}
-5 o5
-10% |-
-15 O/o —
-20 =
%l 1 as/5(M))
- 2: Ac/c(M)) L
3: a0 /0 (M)
B8V 4:ae) /0 (M) 57
L 5:40,/6,(M,) i
-30 o/o i 1 A 1 A 1 L 1 i L A 1
(o] 10 20 30 40 50 60
tanp

FIG. 3. The RGE evolution of lepton flavor mixing angles and
CP-violating phases for the FGXnsatzwith m;=0 in the MSSM.
We take tarB=10 to illustrate the running effects changing with
M, (top), and takeM = 10" GeV to illustrate the running effects
changing with tar8 (bottom). Note thatd,(M;)~4.3° has typi-
cally been input.

. arccogzzc;‘—s;‘)cis%<§2—1>s§c§s§]

2 2.2
2s,Cy(sx+{°C5)s Cys,
1
’

= — —arcta
7 2

SyCyS, SiNé

(20

2_ 2.2 2_ .2
{ SxCx(Sy—CyS;) + (S — C5)S,CyS, COSS
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Differently from them; =0 case|cosd <1 does not impose
significant constraints on the magnitude &fvia Eq. (20),
except that it require®,>0.36°[8]. Hence the FGYAnsatz
with mz=0 is not very sensitive to the measuremenof

As a straightforward consequencem{=0, the RGEs of
m,;, m,, andms in Eq. (Al) can be simplified to

N, ~ 2022
my~ 1@n2(a+ 2CfIsisy)my,

. 1
~ 2.2.2

m,~ o2 (a+2Cfcisy)m;,
ms=0. (22)
Again, m;=0 holds at any energy scale betwekh, and
M; and the running behaviors af; andm, are essentially
the same. Figure 2 llustrates the ratioR
=m,(Mz)/my(M,) as a function ofmy in the SM or of
tangB in the MSSM. We see th&tmszomelzowla holds to

an excellent degree of accuracy in the SM and to a good
degree of accuracy in the MSSM. These numerical results
confirm that the evolution of three neutrino masses is domi-
nated byl ,, as observed in Sec. Il.

While ¢ is approximately a constant in the RGE running
from M, to M4, itis not small. In this case, we simplify Eqgs.
(A2) and (A3) up to O(s,) so as to get the leading-order
RGEs of (¢,0y,6,) and (5,0") as follows:

. Cf2 [1+724+2{ cos 2’ 5
O~ — S,C, S5,
1672 1-¢2 /
. Cf?
Oy~ 2 SyCy s
. Cf2 |
0.~ o35S (22)
and
Cf2[c2—s?
T 2 ’
~ S¢S sin 207,
8%\ 1-¢? ¢S
cf. {s;sin2 (23)
~ s, sin 20’ .
8w\ 1- 2 Y

Unlike in them; =0 case, the RGE running effects @&f, 3,

and o’ are enhanced by a factor of 14¥?)~25 in the
m;=0 case. One might naively expect that the magnitudes
of A6,=6,(M;)—6,(Mz), As=6(M;)—6(Mz), and
Ao’'=0'(M;)—0'(My) are appreciable. Because of sih
~0O(s,), however,s and ¢’ in Eq. (23 are actually sup-
pressed. Therefore, onlg, is likely to be sensitive to the
RGE evolution fromM5 to M. We plot the numerical re-
sults of A@,/6;(Mz) (for i=x,y,z), Ad/5(M;), and
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0.209%, T T T T T T T
| 1:A8/5(M,) i
2: Ac'/c'(M) 3
0.160/0- 3: Aex/ex(MZ) p
4: 40 /6 (M)

- 5:40_/6 (M) -
0.129,- -
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0.04 %%~ -1

K ,
0.00% 2 b

4,5
_0'040/0 1 A 1 i 1 A 1 A 1 L 1 A 1
10° 10* 10° 10® 10" 10" 10™
M. (GeV)

FIG. 4. The RGE evolution of lepton flavor mixing angles and
CP-violating phases fronM, to M, for the FGY Ansatzwith m;
=0 in the SM. We have typically inpu#,(M;)~4.3°, and found
that the influence o, is negligible.

Acg'lo’(M3) in Fig. 4 for the SM and in Fig. 5 for the

MSSM. One can see that the RGE effects on three flavor

mixing angles and twdCP-violating phases are negligibly
small in the SM, but they may become significant in the
MSSM if both M, and targB are sufficiently large. In the
latter case§,(M) can even approach zero—this point has

indeed been observed by some authors beyond the minime

seesaw mod€l25]. We conclude that the near degeneracy
betweenm; and m, in the mz=0 case may give rise to
significant RGE running effects on the mixing anglein the
MSSM, and the evolution o€P-violating phases’ and ¢’
can also be appreciable if bo; and tang take properly
large values.

IV. COSMOLOGICAL BARYON NUMBER ASYMMETRY

Lepton number violation induced by the third term&f
in Eq. (1) or Eqg. (2) allows decays of the heavy Majorana
neutrinosN; (for i=1 and 2 to happen:N;—I+h and N;

—1+h®, whereh=H in the SM orh=H$ in the MSSM.

Because each decay mode occurs at both the tree and or{\%l

loop levels(via the self-energy and vertex correctipnihe

interference between these two decay amplitudes may resti

in a CP-violating asymmetrye; betweenN;—|+h and its
CP-conjugated procesfb]. For the sake of simplicity, we
consider only the case in which the massebdlpfindN, are
hierarchical(i.e., M;<M,) [6]. If the interactions oN; are
in thermal equilibrium wherN, decays, the asymmetmy,
can be erased befoM, decays. Then only the asymmetry
produced by the out-of-equilibrium decay Nf survives. In
the flavor basis chosen above, we have

1 Yo
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0 %

-1 %

-2 %

-3 %

-4 %)

_5 O/O

-6 Y4

-7 Yo

-8 Yo

Nhwn =

1 AS/3(M,)
: Ac'/c'(M)

1a6 /6 (M)
: ABy/Gy(MZ)
1 A0, /6,(M)

20 9%

L
10*

L N
10°

L N
10°
M, (GeV)

o7

-20 9%~

-40 o~

-60 Yot~ -
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o 2: Ac'/c'(M,)
BOYE 3: .40, /0 (M) 7
| 4: 46 /0 (M) |
5: 40, /6 (M) 3
-100% 1 . 1 1 N 1 . 1 N 1
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tanp

FIG. 5. The RGE evolution of lepton flavor mixing angles and
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CP-violating phases for the FGXnsatzwith m;=0 in the MSSM.
We take tarB=10 to illustrate the running effects changing with
(top), and takeM ;=10 GeV to illustrate the running effects
changing with tar8 (bottom). Note thaté,(M;)~4.3° has typi-
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whereCg,,= — 3/2 andCy,ssy= — 3 [26]. Taking account of
Eq. (3) with a,=c¢,;=0, we immediately arrive at

(YIY)11=]a1(M1) |2+ [by(My)|?

1 2 2
%C[|al(Mz)| +|b1(MZ)| ]’

(YIY,)12=b% (M1)-by(My)

1
*I—[bI(Mz)'bz(Mz)]: (25
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using the following approximate formu[@8]:?

o

The lepton number asymmetry, is eventually converted
into a net baryon number asymmetyy via the nonpertur-
bative sphaleron processg9]: Yg=ng/s~—0.55Y in the
SM or Yg=ng/s~—0.53Y in the MSSM. A generous range
0.7x10 <Yz=1.0x10 1° has been drawn from the re-
cent Wilkinson Microwave Anisotropy Prob@/MAP) ob-
servational dat@30].

Clearly, e, and Yg involve three free parameters in the
SM (M4, 6,, andmy) and three free parameters in the
MSSM (M4, 6,, and tang). Note, however, thak, is not
very sensitive tany in the SM? and its sensitivity to tap is

my
1073 eV

103 eV 06

m;

d

(28)

wherel~1,~1 has been used as an excellent approximamild in the MSSM(see Fig. 1 for illustration Therefore the

tion.
In the literatureg, was calculated by neglecting the RGE

size of Yy calculated aM 4 is mainly dependent on how big
M and 6, are. The numerical dependenceYgf on M, and

running effects of neutrino masses, lepton flavor mixingé, is illustrated in Fig. 6, wheren,=120 GeV (SM) and

angles, andCP-violating phases fromM, to M; (i.e., |,
~1 was naively taken Such an oversimplification leads to
the CP-violating asymmetry

€1

_ C’ _ M4[(M,)142[(M,)23
87 [|(M,)142+](M,)1421[(M,)2d

(26)
whereQ =v? (SM) or Q=v?sir? 8 (MSSM), and[8]
s2c? sin 20
arcta zfxzz—z (my=0),
A~ s, + &s;C; cos 2o (27)

—26 (Mz=0).

One can see that, is actually independent &l ,, as long as
M,>M is satisfied. Then it is straightforward to obtain

~eg,/1, at the mass scaM,. Althoughl , is always smaller
than unity forM,>M; (as already shown in Fig.)lit re-
mains ofO(1) only if reasonable values &, andmy (SM)
or tanB (MSSM) are taken. Hence the previously oversim-
plified approximatione;~¢, is unable to cause any quanti-
tative disaster.

A nonvanishingCP-violating asymmetry; may result in
a net lepton number asymmet¥y =n,/s=¢,d/g, , where
g, =106.75(SM) or 228.75(MSSM) is an effective number
characterizing the relativistic degrees of freedom which con
tribute to the entropy of the early universe, and accounts
for the dilution effects induced by the lepton-number-
violating wash-out processg¢&6]. If the effective neutrino
mass parameten;=(Y'Y,);;Q/M; [27] lies in the range

1072 eV=m;=<10° eV, one may estimate the value dby

tanB="50 (MSSM) have typically been taken. Some com-
ments are in order.

(1) In the m;=0 case, current observational data\¢f
require M,>3.1x10'° GeV (SM) or M;>3.4x 10'° GeV
(MSSWM) for the allowed range of,(M ;). Once this mixing
angle is precisely measured at low energies, it is possible to
fix the ballpark magnitude df1, in most cases. However, to
distinguish between the minimal seesaw SM and its super-
symmetric version needs other experimental information
(e.g., the MSSM-motivated lepton-flavor-violating processes
u—ey, 7— uy, and so orf31)).

(2) In the my=0 case,M;>2.25< 10" GeV (SM) or
M,;>2.5x 10" GeV (MSSM) is required by current obser-
vational data ofYg. The magnitude offz increases mono-
tonically with ,(M ) for any given value oM ;. Once#, is
measured at low energies, it is possible to determine the
rough value oM ;. Again, other experimental information is
needed in order to distinguish between the minimal seesaw
SM and its supersymmetric version.

(3) We remark that there is a potential conflict between
achieving successful thermal leptogenesis and avoiding over-
production of gravitinos in the minimal seesaw model with
supersymmetny31]. If the mass scale of gravitinos is of
O(1) TeV, one must hav® ;<10 GeV. This limit is com-
pletely disfavored in the FG¥Ansatzwith M ;<M ,, because
it would lead toYg<10 % If M; and M, were almost
degenerate, a special case which has been discussed in Ref.
[26], it would be possible to simultaneously accommodate

2n view of Eq. (25, we can easily obtainm;(M,)
~my(Mz)/l,. It is proper to useny(M,) instead ofm;(M;) to
evaluate the dilution factod via Eg. (28), but the numerical dis-
crepancy betweem,(M,) andm; (M) is actually insignificant.

3We have noticed that the numerical results for the dependence of
I, onmy are not fully consistent with one another in the literature
[15], and our result is not completely compatible with them either.
It may deserve some effort to clarify the existing discrepancies.
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1:M, =10""GeV (SM)
2: M, =3.1x10°GeV  (SM)
3: M, =10"GeV (MSSM)
4: M, =3.4x10"°GeV  (MSSM)
io™" 1 1 N 1 . 1
4.0° 4.1° 4.2° 4.3° 4.4°
eZ(MZ)
T T T T T T
- 1-
3
107°
i 2.4 1
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10" 4: M, =2.5x10"°GeV (MSSM)
[ M [ M [ M 1 L 1
0° 2° 4° 6° 8° 10° 12°

6,(M,)

FIG. 6. Numerical illustration o¥z changing withg,(M5) for
the FGY Ansatzwith m;=0 (top) or m;=0 (bottom in the SM
(my=120 GeV) and its minimal supersymmetric extension (an
=50). The region between the two dashed lines in each graph
corresponds to the range &f; allowed by current observational

data.

mz~O(1) TeV andM = 10° GeV in the generic supergrav-
ity models with minimal seesaw and thermal leptogenesis.

V. SUMMARY

PHYSICAL REVIEW D69, 073003 (2004

two heavy right-handed neutrinos. It is shown that textures
and vanishing eigenvalues of the effective Majorana neutrino
mass matrix are essentially stable against renormalization ef-
fects. Taking account of the Frampton-Glashow-Yanagida
Ansatzfor the Dirac neutrino Yukawa coupling matrix, we
have calculated the RGE running effects of light neutrino
masses, lepton flavor mixing angles, @¥eviolating phases
from Mz to M for bothm;=0 andm;=0 cases in the SM
and its minimal supersymmetric extension. We find that such
quantum corrections are not always negligible, and they
should be taken into consideration in order to quantitatively
test the FGYAnsatz We have also discussed thermal lepto-
genesis in the minimal seesaw model with;<<M,. Very
instructive predictions for the cosmological baryon number
asymmetry are obtained with the help of low-energy neutrino
mixing quantities. We conclude that a precise measurement
of the mixing angled, in reactor- and accelerator-based neu-
trino oscillation experiments will be extremely helpful to ex-

amine the FGY scenario and other presently viabhsaze
of lepton mass matrices.
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APPENDIX: ANALYTICAL APPROXIMATIONS
OF THE RGES FOR NEUTRINO MASSES AND LEPTON
FLAVOR MIXING PARAMETERS

Following Ref. [23] and taking into accountM,
=VDiag{m, ,m,,m;}VT with the parametrization o given
in Eq. (12, we have derived the one-loop RGEs of
(my,my,mg), (6y,6,,0,), and (,p,0) with the help of Eq.
(5). Our analytical results are consistent with those obtained
in Ref.[24], where a somehow different parametrization/of
was used. For simplicity, only the approximate expressions
of (my,my,ms), (6x,6,,6,), and (,p,a) up to O(s,) are
presented below.

(1) The running of three neutrino masses:

: 1 222
m, = 2[a+2C1‘T(sxsy+0(sz))]m1,
6

m,= [a+2CT2(cs;+O(s,)Im,,

77,2

m :i[ +2Cf2c2c?m (A1)
3 1672 a oyLz M3

We have analyzed the radiative corrections to neutrino
mixing andCP violation in the minimal seesaw model with

(2) The running of three lepton flavor mixing angles:

073003-9
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2 [ 2 2
i9x=— CfZ | mi+ms+2mym,cos A p— o) sxcxsz
1672 m2—m? Y
+O(SZ) ]
2 2 2
Do CfZ | my+m3z+2m,ms cos A 6— o) s
Y 16m? m3—ma oy
2 2
mi+ms+2mymgcosA6—p)
CR SySyCy+ O(s,) |,
mz—m;
. Cf2 | [ 2m,mycoq6—20) 2m;mzcog 5—2p)
0=~ 2 2_ 2 - 2_ 2
167 ms—mj; ms;—mj

m3—m? 2m3cosé

2 2" 2 2
Mz—m;  Mz—my

. (A2)

) $,CxSyCy+ O(s,)

(3) The running of thre€CP-violating phases:

2 . .

e Cfs é B 2m,mjs sin 2o 2c2_ 2mymgz sin 2p 22
1672 S; m-mz Y mi-m:
2mim, sin2(p— o)

+ > Siso+O(s,) |
my—my

PHYSICAL REVIEW D 69, 073003 (2004

where

Cff A 2mymgsin2o , , 2mymgsin2p , ,
- 2ls. 2 2 %Gy~ 22 &Gy
167 Sz m35—m; m3—mj
2mim, sin2(p—o)
2 22 (2p ciso+0(s,) |,
mz—my
" A+B+O( ) (A3)
— — S s
16m2[S; ‘
2m,mgsin(6—20) 2mymgsin(é—2p)
A=s,C,8,Cy m2— m2 - m2— m2
3 2 3 1

m3—m: 2masiné

mg—m;  m3—m;

5 2m;m,s; sin2(p— o)

mg —mj

2mymg . .
— —5——5[S¢C; sin 20+ c5(ci—s))sin 2(5— o) ]
mz—m;

2m;m;y

2

5 [cxct sin 2p+s5(co—s)sin2(5—p)].
Mmz—m;

(A4)
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different analytical approximation for the dilution factor has
been presented by Giudiet al.[26], but it has no significant
numerical inconsistency with E@17).
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