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Neutrino oscillations, supersymmetric grand unification, andB decay
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The effects of supersymmetric particles on flavor changing neutral current and lepton flavor violating
processes are studied in supersymmetri¢53ldrand unified theory with right-handed neutrino supermultip-
lets. Using input parameters motivated by neutrino oscillation, it is shown that the time-dep€Rlasym-
metry of radiativeB decay can be as large as 25% when theuy branching ratio becomes close to the
present experimental upper bound. We also show thﬁ;hgs mixing can be significantly different from the
presently allowed range in the standard model.
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Although the standard modésM) of elementary particle GUT, the flavor mixing related to the neutrino oscillation can
theory describes current experimental results very well, parbe a source of the flavor mixing in the squark sector. We
ticles and interactions outside of the SM may appear beyonghow that due to the large mixing of the second and third
the energy scale available at current collider experimentgyenerations suggested by the atmospheric neutrino anomaly,
One of these indications is already given by the atmospherig_—B. mixing, the time-depender@ P asymmetry of theB
and solar neutrino anomalies which have been interpreted as, My process, wherdl is a CP eigenstate including the
evidence of neutrino oscillatioft,2]. A natural way to in-  strange quark, have a large deviation from the SM predic-
troduce small neutrino masses for the neutrino oscillation igjon.
the seesaw mechanigi3] where the right-handed neutrinois  The Yukawa coupling part and the Majorana mass term of

introduced with a very heavy mass. This scenario suggesthe superpotential for the $8 SUSY GUT with right-
the existence of a new source of flavor mixing in the |ept0nhanded neutrino supermultiplets is given by

sector at a much higher energy scale than the electroweak

scale. 1. ) } 1
In this paper we consider flavor changlng heutral currenthgf'dwi\]fszJrfg\yiq>ng+f',{|Niq>jH5+ 3

(FCNC) processes and lepton flavor violatighFV) of

charged lepton decays in the model of a(S\supersymmet- @

ric (SUSY) grand unified theorfGUT) which incorporates o

the seesaw mechanism for the neutrino mass generation. Wwhere¥;, ®;, andN; are 10, 5, and 1 representations of

the SUSY theory, the superpartners of quarks and lepton§U(5) gauge groupi,j=1,2,3 are the generation indicéss

namely squarks and sleptons, respectively, have new flaveindHz are Higgs superfields with and5 representations. In

mixings in their mass matrices. In the model based on th?erms of SU(BKSU(2), X U(1)y, ¥, containsQ,(3,2,2)
minimal supergravity these mass matrices are assumed to be - v e

flavor-blind at the Planck scale. However, renormalizationZi(3:1—3), andEi(1,1,1) superfields. Here the represen-
effects due to Yukawa coupling constants can induce flavofations for SU3) and SU2) groups and the U(1)charge are
mixing in the squark and slepton mass matrices. In thdndicated in the parenthese®; includesD;,(3,1,5) and
present model sources of the flavor mixing are Yukawa couk;(1,2,—3), and N; is a singlet of SU(3XSU(2)
pling constant matrices for quarks and leptons, as well as that U(1)y. M, is the Majorana mass matrix. Below the GUT
for the right-handed neutrinos. Because the quark and leptascale Mg~2x 10 GeV) and the Majorana mass scale
sectors are related by GUT interactions, the flavor mixing(=Mpg) the superpotential for the minimal supersymmetric
relevant to the Cabibbo-Kobayashi-Maska@KM) matrix ~ standard modelMSSM) fields is given by

can generate LFV, such as—ey andr— uy processef4],

in addition to FCNC in hadronic observabls]. In the
SUSY model with right-handed neutrinos, it is possible that
the branching ratios of the LFV processes become large -
enough to be measured in near-future experimgitaVhen - EK'VJ(Lin)(Lsz), (2
we consider the right-handed neutrinos in the context of

MUNN;,

Wyssu=T0QiUjHo+TRQiDjH, + T EiLjH,+ uH H,

where «, is obtained by integrating out the heavy right-
*Present address: Department of Physics, National Taiwan Unir-mmje(j heut_rlno f'eldijs' At.rth% f'ghig'handed neutrino mass
versity, Taipei 106, Taiwan. scalex, is glvgq afgy=(f&MV fn)!. The Yukawa cou-
'Present address: Institute for Cosmic Ray Research, University @iling constantst), f}, andf are related to the coupling
Tokyo, Kashiwanoha 5-1-5, Kashiwa 277-8582, Japan. constantsf}, and f}} at the GUT scale. The quark, charged
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lepton, and neutrino masses and mixings are determingoaramete. In addition we need to specify neutrino param-
from the superpotential, E@2), at the low energy scale. eters. The phenomenological inputs from neutrino oscillation
As discussed above, the renormalization effects due to thare two mass-squared differences and the Maki-Nakagawa-

Yukawa coupling constants induce various FCNC and LFVSakata(MNS) matrix. In order to relate these parameters to
effects from the mismatch between the quark or lepton and, andM ,, we work in the basis foN;, L;, andE;, where
squark or slepton diagonalization matrices. In particular th§:_1 =t andfll=(fyV)" (f, andt are diagonal matrixat
large top. Yu.kawa C(zupllng~constant is r.esponsmle for th@The matching scalés. In this basiSKVZV[fNM;l?‘NVL
r_enormaﬂzaﬂon of tth anng ma;s matrices. At the same IVRA*st}vV%s Wherevf\’,,,\,s is the MNS matrix aM 5 and
time theeg mass matrix receives sizable corrections between . . . 0t

is a diagonal matrix. Note that althouyh = Vs When

the Planck and the GUT scales and various LFV processes’ =~ = s . . ;
vanou P eﬁ , is diagonal in this basis, two are independent in a general

are induced. In a similar way, if the neutrino Yukawa cou- X .

. ij - ~ . case. Once we specify three neutrino maseggs, V. , and
pling constanf  is large enough, thi. mass matrix and the ? _ . )
~ ) i i , N, We can determine thkl, matrix. Then using the GUT
dr mass matrix receive sizable flavor changing effects due tpg|ation for Yukawa coupling constants, we can calculate all
renormalization between the Planck and e scales and

\ squark and slepton mass matrices through RGEs. Note that
the Planck and the GUT scales, respectively. These ar

sources of extra contributions to LFV processes and variou

FCNC processes, such as-sy, the B°—BP mixing, and
the K°—K° mixing.

_ essentially determines the flavor mixing in tthg andT,
Sectors in this basis.

As typical examples of the neutrino parameters, we con-
sider the following parameter sets, correspondingiXdhe

It is particularly interesting to see that the chiral structuremikheyev-Smirnov-WolfensteitMSW) small mixing angle

of the FCNC amplitudes due to tfug, mixing is different

and (i) the MSW large mixing angle solutions for the solar

from that expected in the SM. For example, the flavor mix-neutrino problenj2].
ing in thedy sector generates a sizable contribution to the (1) small mixing:

b—syr amplitude through gluinglz loop diagrams,

whereas this amplitude is suppressed by a fatigim,, over

the dominanto— sy, amplitude in the SM. When the am-
plitudes with both chiralities exist, the mixing-induced time-
dependentCP asymmetry in theB— Mgy process can be

induced. Using the Wilson coefficients andc; in the ef-
fective Lagrangian for thé—sy decay £L=c;S0*"bgF ,,
+cssat"b F ,,+H.c., the asymmetry is written as

(t)—T(t)
T(t)+T(t)

2 Im(e”'%Bc,c)

=E&AsInAmgt, A=

|c7l*+1c7l?

where T'(t) (F(t)) is the decay width of BO(t)

—Mgy (B%t)—Mgy) and M, is someCP eigenstatd ¢
=+1(—1) for a CP even (odd) statd such asKj

(—Kgp% or K* (—Kgm? [7]. Amg=2|M15(By)| and 6g
=argM 15(By), whereM 15(B,) is theBy—B4 mixing ampli-

m,=(2.236x10 3, 3.16x10 3, 5.92x10 ?) eV,

0999 00371 0
Vyns=| —0.0262 0.707 0.707,
0.0262 —0.707 0.70

(i) large mixing:

m,=(4.0x10 3, 5.831x10 3, 5.945<107?) eV,

12 12 0
Vins=| —1/2 12 1142 ].
12 —12 112
Notice that the atmospheric neutrino as well as the solar

neutrino anomalies can be explained by the neutrino oscilla-
tions with above parameter sets. In each example we also

tude. Because the asymmetry can be only a few percent #&ke M, to be proportional to a unit matrix with a diagonal
the SM, a sizable asymmetry is a clear signal of new physicglement ofMz=4x10" GeV. In such a case, from the

beyond the SM.

above input parameters we can determifheand f asV,

We calculated the following observables in the FCNC and_ Vm\ls and ’fi’\i‘: M R;(iyi_ We fix m{mIe: 175 GeV, mgole

LFV processes: th€P violation parameter in thé°—K°
mixing ex, By—By and Bs—Bg mass splittingsAmy and
Amg, respectively, andA; and the branching ratios B(
—5sy), B(u—ey), B(r—uy), and Br—ey). We solved
renormalization group equatiof®GES for Yukawa cou-

=4.8 GeV, and the CKM parameters ag;,=0.04,
|Vup/Vep|=0.08, and take several values of the phase pa-
rameter in the CKM matrix;; [8]. We take tarB=5 and
vary other SUSY parameters,, My, Ay, and the sign of

m. Various phenomenological constraints from SUSY par-

pling constants and the SUSY breaking parameters numerticle searches are includetbr detail seg9]). We also im-
cally keeping all flavor matrices. After demanding the con-pose 2x 10" *<B(b—sy)<4.5x 10 “4[11] in the following
dition of radiative electroweak symmetry breaking, the freeanalysis.

parameters in the minimal supergravity model are the univer- Let us first discuss B¢—evy) andey , which turn out to

sal scalar massy,, the universal gaugino masé,, the sca-

be strong constraints on the parameter space in this model.

lar trilinear parameteA, the ratio of two vacuum expecta- Figure 1 shows the correlation between Bfey) and
tion values tarB, and the sign of the Higgsino mass B(7— wy) for the neutrino parameter sét) and (ii) for
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FIG. 1. The correlation between B(—evy) and B(r— wy) for
small and large mixing angle cases. See text for the input param-

eters.

813=60°. We can see that B(—ey) becomes a very strong
constraint for caséi), which is a reflection of the large 1-2
mixing in the Vy,ys matrix. By requiring Bu—ey)<<1.2
x10 11 [12], B(r— uy) becomes less than 18 for case
(i), whereas it can be close to the present experiment %
bound (1.1%x10 ¢ [13]) for case(i). We also calculated '
B(7—ey), which turns out to be smaller than<@0 %2 in
both cases. The constraint fraep depends on the parameter
613. After imposing the Bft—ey) constraint,ex can be
enhanced by 50% for cag® and by a factor of 2 for case
(ii). This means that compared to favorable values in the S
(50°< 613<90°), a smaller value o, is allowed due to

the extra contributions.
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FIG. 2. The ratio of BB, and By—By mass splittings
Amg/Amy and the magnitude facta, of the time-depender® P
asymmetry in théd— sy process as a function of B w y) for the

small mixing casdi).
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The upper part of Fig. 2 shows a correlation between
Amg/Amy and B(r— uy) for case(i) and 5;3=60°. Here
we imposed the constraints from B{evy) and ex. We
also imposed the constraint frodimy itself, though the de-
viation of this quantity from the SM value is within 5%. For
the theoretical uncertainties we allowtal5% difference for
ek and =40% forAmy. For Amg/Amy we fix the hadronic
parameters af;BS/de=1.17 andBBS/BBd=1. We can see

that Amg/Amy can be enhanced up to 30% compared to the
SM prediction. This feature is quite different from the mini-
mal supergravity model without the GUT and right-handed
neutrino interactiong9] whereAmg/Amg is almost the same
as the SM valueA, for the same parameter set is shown as a
function of B(r— u7y) in the lower part of Fig. 2. We can
see thatA;| can be close to 25% when B wy) is larger
than the 108 level. The large asymmetry arises because the
renormalization effect due téy induces sizable contribu-

tions to c; through gluinodg loop diagrams. The corre-
sponding figure to Fig. 2 for cas€i) shows that Bf

—uy) is cut off below 108, the maximal deviation of
ms/Amgy from SM is within 6%, andA;| becomes at most

In Fig. 3 we showAmg/Am, for several values of, 5 for
cases(i) and (ii). In these figures we impose the B(
—evy) constraint. Thin vertical lines correspond to the case
without the experimental constraints fram, Amy, and the
lower bound forAmg/Amy [10], and the thick lines are the

Milowed range with these constraints. The allowed range of
the SM is also shown in these figures. Because the new con-

tributions to the By—By amplitude are small, the time-
dependentCP asymmetry ofB—J/¢Kg in this model is
essentially the same as the SM value. Therefore we can ob-
tain information ond;3 once this asymmetry is measured
experimentally. For example, the asymmetry of tBe
—J/yKg mode is 0.4 ford,3=25° and 0.65 fors;3=75°.

This figure means the possible deviation from the SM may
be seen in both cases once tG4 asymmetry of theB
—J/yKg mode andAmg/Amy are measured.

In our example we toolM g, which corresponds to the
upper bound offy because a largaviz would lead to the
blow-up of fy below the Planck scale. If we take a lower
value of My the flavor changing amplitudes scaleMg .

Finally we would like to comment on some generaliza-
tions of our result. First for a large tghcase, the constraint
from B(u— ey) becomes stronger. As a result we cannot see
any deviation from the SM for the large mixing case in the
figures corresponding to Figs. 2 and 3 for fn 30,
whereas the result is similar for the small mixing case. Sec-
ond we considered the vacuum oscillation case. We see that
the pattern of the deviation from the SM is similar to the
small mixing case because the effect of the flavor mixing in
1-2 generations turns out to be suppressed by the degen-
eracy of the two light neutrino masses.

In this paper we took the superpotentidl. However, it is
known that this superpotential does not lead to the realistic
fermion mass relation, especially for the first and the second
generations. In order to see how the above results change if
we consider a model with realistic mass relation, we take
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920 . ‘ . X U(1)y. Below the GUT scaleSW with X substituted by
80k small mixing | its VEV gives contributions oD(Mg/Mp) to the Yukawa
tan =5 coupling matrices for the down-type quarks and the charged
70F fgs/ g = 117 leptons in a different manner so that the correct mass relation
°60fF Bp /By=1 ] can be reproduced. Moreover, new degrees of freedom arise
5 . ’ in the choice of the bases when the MSSM multip®tsand
5@ 50 ¢ | ] L, are embedded in the $8) multiplet ®;. We define a
40 F 1 ] mixing matrixVp as®;={(VpD);,L;}, where the bases of
a0t SM | 1, j D; andL; are taken as mass bases of fermioni. Notice~that in
T || the absence obW naive GUT relation amondy and f,
20 - ~|-l|.|4I_|_|_|. E requiresVp=1 (up to small corrections due to the running
10 ; : ; ; s between the weak and the GUT scalé¥ith a nonvanishing
80 large mixing oW, however, a new mixing angle between the first and
3 tanf=5 ] second generations arises VW, . If «p is adjusted so that
70 £/ fg = 117 | Vp=1, the result given above does not change much. In a
© 6o "‘lli1| Bp/Bg=1 | case withO(1) mixing in Vp for the first and second gen-
5 LR erations, the SUSY contribution tex is significantly en-
. 50} , 1 hanced. After imposing the experimental constraintsRf,
: 40 i, ] we see that the possible valuesding/Amy and the time-
SM dependen€ P asymmetry oB— J/¢/Kg lie along the dotted
30 ¢ s 3 line of Fig. 3. Therefore the plot corresponding to Fig. 3
20| '“--.._,\“ ] looks similar to the large mixing case with naive GUT rela-
10 ‘ . ‘ ST tion (lower plob, except that the allowed range &f; can be
0 30 60 90 120 150 180 different, depending on the mixing parameter\ig. De-
3,, [ degree] tailed discussions will be given elsewhéed].

We have seen that there could be possible new physics

FIG. 3. Possible range dfm;/Amj as a function ofsisfor the sjgnals such as B(—evy), B(7— uy), Bs—Bg mixing, the
small and large mixing cases. Each thick vertical line shows th@time-dependenCP asymmetry ofb—sy, and the time-
allowed range with the experimental constraifése text Thin dependentCP asymmetry of B—J/¢Ks in the SUS)
vertical lines correspond to the case without the constraints frong | yov_GUT model with right-handed nseutrinos. Although
ek, Amg, andAms/Amy . Horizontal line shows the experimental o racise values of the predictions depend on the detail of
lower bound ofAm,/Amy. The dotted line corresponds to the SM the model in question, these signals may be expected as long
value and the solid section shows the allowed range in the SM. as some of the neu'trino Yukawa coupling constants are

into account dimension-five operators in the superpotentiall.arge' Because these signals provide quite different signa-
tures compared to the SM and the minimal supergravity

The simplest way to provide the realistic mass relation for : : S :
the down-type quarks and charged leptons is to introduce th odel without GUT and right-handed neutrino interactions,
Uture experiments irB physics and LFV can provide us

following dimension-five term: important clues on the interactions at very high energy scale.
i . . .
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