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Intermediate scale as a source of lepton flavor violation in SUSY SO„10…
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In supersymmetric SO~10! grand unified models, we examine the lepton flavor violation processm→eg
from having the SU~2!R3U(1)B2L gauge symmetry broken at an intermediate scaleMI below the SO~10!
grand unification scaleMG . Even in the case that supersymmetry is broken by universal soft terms introduce
at the scaleMG , we find significant rates form→eg with MI;1012 GeV or less. These rates are further
enhanced if the universal soft terms appear at a scale greater thanMG . @S0556-2821~96!50213-4#

PACS number~s!: 12.60.Jv, 11.30.Hv, 12.10.Dm, 13.35.Bv
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It has recently been pointed out@1–3# that significant lep-
ton flavor violation can arise in supersymmetric~SUSY!
grand unified theories. The origin of this flavor violation r
sides in the largeness of the top quark Yukawa coupling
the assumption that supersymmetry is broken by flavor u
form soft breaking terms communicated to the visible sec
by gravity at a scaleMX . Assuming thatMX is the reduced
Planck scale which is much greater than the grand unifica
scaleMG , renormalization effects cause the third generat
multiplet of squarks and sleptons which belong to the sa
multiplet as the top in the grand unified theory~GUT! to
become lighter than those of the first two generations. T
slepton and the charged lepton mass matrices can no lo
be simultaneously diagonalized thus inducing lepton fla
violation through a suppression of the Glashow-Iliopoulo
Maiani ~GIM! mechanism in the slepton sector. This effec
more pronounced in SO~10! models than in SU~5! where the
left-handed slepton mass matrices remain degenerate.
evolution of soft terms fromMX to MG causes these flavo
violations, which disappear whenMX5MG . Here, we ex-
plore another class of theories which are SUSY SO~10!
GUT’s which break down to an intermediate gauge gro
GI before being broken to the standard model~SM! gauge
group at the scaleMI . In this class of theories, even
MX5MG , lepton flavor violation arises due to the effect
the third generation neutrino Yukawa coupling on the evo
tion of the soft leptonic terms from the grand unificatio
scale to the intermediate scale. Depending on the locatio
the intermediate scaleMI and the size of the top Yukaw
coupling atMG , these rates can be within one order of ma
nitude of the current experimental limit. Our results will al
indicate that ifMX.MG in SUSY SO~10! models with an
intermediate scale, the predicted rates of lepton violat
processes are further enhanced. We will concentrate on
decaym→eg as an example since experimentally it is like
to be the most viable.

SO~10! @4# has many outstanding virtues that recomme
it as a group for grand unification. Among them are~1! all
fermions are in a single representation,~2! a possibility ex-
ists to understand the observed patterns of fermion ma
and mixing @5# due in large part to useful SO~10! Clebsch
factors, ~3! small nonzero neutrino masses are genera
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through the see-saw mechanism@6,7# and,~4! a scenario for
baryogenesis is possible@8#. Further, SUSY is an attractive
feature for GUT’s because it provides a solution to the fine-
tuning problem in the Higgs potential and, as a bonus, the
third generation SM fermion masses are more easily ac-
counted for@9#. In addition, SUSY SO~10! can accommodate
a simple mechanism to solve the doublet-triplet splitting
problem@10#. ~SUSY! SO~10! also has the interesting feature
that it allows an intermediate scaleMI before breaking to the
standard model. In models whereMI;1010–1012 GeV, one
can naturally get a neutrino mass in the interesting range o
;3–10 eV, which could serve as hot dark matter which may
be needed to explain the observed large scale structure for
mation of the universe@11#. In models without an interme-
diate gauge symmetry, in principle one could produce a
t-neutrino Majorana mass that is much less than the GUT
breaking scale, as for example via nonrenormalizable opera
tors involving Higgs bosons in the SO~10! 16 representation
or a small and carefully chosen Yukawa coupling to a126
field. However, this would suffer from the further problem of
abandoningb2t Yukawa coupling unification except possi-
bly in the case of high tanb @12#. As we have also verified,
this problem is significantly reduced for the case of an inter-
mediate scale@13,14#. The window;1010–1012 GeV is also
of the right size for a hypothetical Peccei-Quinn~PQ! sym-
metry to be broken so as to solve the strongCP problem
without creating phenomenological or cosmological prob-
lems@15#. Models which allowMI;1 TeV are also interest-
ing since they would predict relatively light new gauge
fields, as for example SU~2!R charged gauge bosonsWR .
The thrust of this study will be on flavor nonconservation in
the leptonic sector forMI,MG and MX5MG in SUSY
SO~10!. Towards this goal, we study one model where
MI;1011–1012 GeV range, one whereMI can be as low as
the TeV range with left-right gauge symmetry being pre-
served inGI , and one whereMI could have any value be-
tween the TeV scale and the GUT-breaking scale without
violating any bounds on gauge couplings obtained fromZ
physics.

We will consider scenarios for which the intermediate
gauge symmetry is GI[SU(2)L3SU(2)R3U(1)B2L
R730 © 1996 The American Physical Society
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54 R731INTERMEDIATE SCALE AS A SOURCE OF LEPTON . . .
3SU(3)c although the concept that we illustrate in this p
per is applicable to any GUT-breaking scenario for which
intermediate gauge symmetry exists under which rig
handed neutrinos transform nontrivially. For the purpose
keeping the calculation as simple as possible, we will co
sider only the situation of a low value of tanb. We will
choose to use the arbitrary value tanb52 in our examples.
~However, analogous to the dependence on tanb in the case
of lepton flavor violation generated by physics above t
GUT-breaking scale@3,16#, using larger values of tanb tends
to produce even greater values of lepton flavor violatio!
tanb not being ;mt /mb requires two bidoublets, which
transform as~2,2,0,1! under the gauge symmetryGI , to ac-
count for all the standard model fermion masses in a nat
fashion. As a consequence the Yukawa couplings that g
masses to thet lepton and bottom quark are small enough
that terms of orderlb

2 may be neglected in the renormaliza
tion group equations~RGE’s!. Below the scaleMI only the
Yukawa couplingl t is relatively large, however, aboveMI
the top quark Yukawa coupling and thet-neutrino Yukawa
coupling are both large. In fact, at the GUT scale these t
couplings are equal. The presence of this larget-neutrino
Yukawa coupling above the intermediate breaking sc
causes the third generation slepton masses to be less tha
other two generations, and hence the lepton flavor violat
gets generated. It is also possible to produce lepton fla
violation in the minimal supersymmetric standard mod
~MSSM! with the introduction of an arbitrary intermediat
scalevR;1012 GeV for Majorana masses as in Ref.@17# and
MX again taken at the reduced Planck scale. We do not
this approach theoretically well motivated, and it also suff
from the technical shortcomings of the unification scale b
ing taken at the reduced Planck scale while the MSSM ga
couplings apparently unify at a much lower scaleMG and the
scale ofvR not being associated with any breaking of th
gauge symmetry.

The superpotential terms which will be responsible f
giving the SM fermion masses have the following form wh
GI is the gauge symmetry:

WY5lQu
QLF2QR1lLn

LLF2LR1lQd
QLF1QR

1lLe
LLF1LR , ~1!

where all group and generation indices have been s
pressed, andQL,R and LL,R represent the quark and lepto
superfields which transform as doublets under SU~2! L or
SU~2!R and F1 and F2 are the two bidoublets. We hav
assumed thatF2 contains the MSSM Higgs doublet whic
gives masses to the up quarks and Dirac masses for the
trinos. F1 contains the doublet which gives masses to
down quarks and the charged leptons. These Yukawa c
plings run inGI as

D lnlQuj

2 52(
i
ci

~lQ!gi
21~314d j3!lQt

2 1lnt

2 , ~2!

D lnlQdj

2 52(
i
ci

~lQ!gi
214d j3lQt

2 , ~3!
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D lnlLn j

2 52(
i
ci

~lL!gi
213lQt

2 1~114d j3!lnt

2 , ~4!

D lnlLe j
2 52(

i
ci

~lL!gi
214d j3lnt

2 , ~5!

where j refers to generation andi refers to the gauge group,

c~lQ!5S 3,3,16 , 163 D ,c~lL!5S 3,3,32 ,0D , ~6!

and we have used

D[
16p2

2

d

dt
, ~7!

wheret5 ln(m/GeV ) with m being the scale.
Now we give the RGE’s for the soft SUSY-breaking pa-

rameters which we need in the effectiveGI theory. First of
all, there are gaugino massesMi corresponding to eachgi .
Secondly, corresponding to each trilinear superpotential cou-
pling l i there is a trilinear scalar term with the coupling
Ail i atMX . Finally there are soft scalar mass terms for each
of the fieldsQL,R , LL,R , andF1,2. The RGE’s for these
parameters are

DMi5bigi
2Mi , ~8!

DAQuj
5(

i
ci

~lQ!gi
2Mi1~314d j3!lQt

2 AQt
1lnt

2 Ant
,

~9!

DAQdj
5(

i
ci

~lQ!gi
2Mi14d j3lQt

2 AQt
, ~10!

DALn j
5(

i
ci

~lL!gi
2Mi13lQt

2 AQt
1~114d j3!lnt

2 Ant
,

~11!

DALej
5(

i
ci

~lL!gi
2Mi14d j3lnt

2 Ant
, ~12!

DMQjL ,R

2 52(
i
ci

~QL,R!gi
2Mi

212lQt

2 XQd j3 , ~13!

DMLjL ,R
2 52(

i
ci

~LL,R!gi
2Mi

212lnt

2 XLd j3 , ~14!

DMF1

2 52(
i
ci

~F!gi
2Mi

2 , ~15!

DMF2

2 52(
i
ci

~F!gi
2Mi

213lQt

2 XQ1lnt

2 XL , ~16!

where

XQ[MQL

2 1MQR

2 1MF2

2 1AQt

2 , ~17!

XL[MLL
2 1MLR

2 1MF2

2 1ALt

2 , ~18!
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and

c~QL!5S 3,0,16 , 163 D ,c~QR!5S 0,3,16 , 163 D , ~19!

c~LL!5S 3,0,32 ,0D ,c~LR!5S 0,3,32 ,0D , ~20!

c~F!5~3,3,0,0!. ~21!

At the scaleMG , we assume a universal form to the so
SUSY-breaking parameters, i.e., all gaugino mas
Mi(MG)5m1/2, all trilinear scalar couplingsAi(MG)5A0 ,
and all soft scalar massesmi

2(MG)5m0
2 . We also assume

lQt,b
(MG)5lLnt

,t(MG) since quarks and leptons becom

unified in SO~10!. At the scaleMI , we match theGI effec-
tive theory parameters with the MSSM parameters in
usual fashion. We run all the RGE’s according to MSS
@18–20# down to the top scale which we take to be 175 Ge
All RGE’s are integrated numerically. We note that since t
rank of the SM gauge group is one less thanGI , the soft
scalar masses may receiveD-term contributions proportiona
to an additional parameter at the intermediate scale, h
ever, for simplicity we take this extra unknown parameter
be zero.

We examine three unification scenarios as our examp
Since in all of our examples no1261126 representation
fields are used to be compatible with superstring deriv
models, SO~10! singlets are used to give neutrino Majoran
masses as explained in Ref.@21#. Also, in all the models we
will discuss the value of theb-quark running massmb tends
to be in the vicinity of 4.9 GeV, which is a little high, how
ever, the threshold corrections tomb can easily be of the
order of 10%@22#. Also, whatever operators give masses
the other two generations of down quarks and charged
tons could be of the right size to fix this problem.

Scenario~a!: This model is case V of Ref.@13#. In the
effective theory above the scaleMI , the numbernH of bi-
doublet,~2,2,0,1!, copies is 2 and numbernX of SU~2!R dou-
blet, ~1,2,1/2,1!1~1,2,21/2,1! copies belonging to16116
representation of SO~10! is 4. The scalar components o
these right-handed doublets develop the vacuum expecta
value~VEV! which breaksGI to the SM gauge group. In this
scenario, we useMI'1012 GeV andMG'1015.6 GeV lead-
ing to as(MZ)'0.129. Scenario~b!: This is the model pre-
sented in Ref.@23#. It is the only example we use for which
D parity is not broken atMG and hence left-right parity
(gL5gR) is preserved inGI . In this model aboveMI ,
nH52, nX51 along with one~2,1,21/2,1!1~2,1,1/2,1! su-
perfield belonging to16116 representation as demanded b
D parity, and in addition to this minimal field content the
exist two copies of (1,1,21/3,3)1(1,1,1/3,3̄) and
(1,1,21,1)1(1,1,1,1) from the10 and 120 representations
of SO~10!, respectively. This particle content allowsMI;1
TeV with MG'1016 GeV. We use MSSM below the scal
MI for convenience although in the original work@23# the
two Higgs doublet model~2HDM! has been used. The valu
of as with 2HDM belowMI is about 0.117 and with MSSM
it becomes about 0.129. Our result however has very li
sensitivity to the value ofas . One might have expected thi
t
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scenario to have greater lepton flavor violation than scenar
~a! has since it has a lower intermediate scale, however th
is not true due to the fact the generationally blind gaugino
loop contribution to the slepton masses is greater in this sc
nario sinceaG is greater.

Scenario~c!: This is the model discussed in Ref.@24#. In
this modelMG is predicted to be exactly the same as in the
conventional SUSY SO~10! breaking with no intermediate
scale and the scaleMI can have any value between the TeV
and the GUT scales. In this model,nH51 andnX53. Since
there is only one Higgs bidoublet, this model prefers large
values of tanb with l t5lb at MI . Nevertheless, the intro-
duction of nonrenormalizable operators can allow for sma
tanb. Since this model has the unique property thatMI is
arbitrary, we use this model as an example of how th
m→eg branching ratio changes as a function ofMI . The
value of theas at the weak scale is about 0.122.

For all three scenarios, we run the gauge couplings at tw
loops although we neglect the small effect with low tanb of
the Yukawa couplings on the gauge coupling running. Th
GI gaugeb functions for scenarios~a! and ~c! are given in
Ref. @24#. TheGI gaugeb functions for scenarios~b! are
given in Ref.@23#.

The expression with which we calculate the width for
m→eg is given by Eqs.~29!–~31! in Ref. @2#. This expres-
sion @25# for the width has been determined from the mas
interaction basis, which is an excellent approximation for the
low tanb parameter space which we consider. The Cabibbo
Kobayashi-Maskawa~CKM! elements needed for the ampli-
tude are calculated at the intermediate scale. We use t
neutralino mass matrix as given by Eq.~44! of Ref. @19#.

In Figs. 1–3, we show our results by plotting the function

l r[ log10S B

Bexpt
D , ~22!

where B is the predictedm→eg branching ratio and
Bexpt54.9310211 being the experimental 90% confidence
limit upper bound on the branching ratio. In all the figures,

FIG. 1. l r[ log10(B/Bexpt) in scenario~a! is plotted as a function
of the universal soft massm0 . The solid lines correspond to
m.0, while the dashed lines correspond tom,0. The upper two
lines in the vicinity ofm05150 GeV are form1/25120 GeV, and
the lower two lines are form1/25200 GeV.lQtG

53.54 for all the
lines.
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we assume that the universalMG scale trilinear soft scalar
interaction couplingA050. In any parameter space whic
we show, we have checked that the lightest slepton is
lighter than 43 GeV and the lightest neutralino is not light
than 20 GeV, so as to be consistent with their experimen
lower bounds of these masses. In general, we will find th
m,0 gives a greater branching ratio thanm.0, wherem is
the bilinear MSSM Higgs superpotential coupling which w
have calculated at the tree level@see, for example, Eq.~22! of
Ref. @19##. This is because withA050,Ai is always negative
at the weak scale, and the part proportional tom tanb1Ai in
them→eg amplitude has the dominant contribution.

In Fig. 1, we showl r as predicted by scenario~a! as a
function of the universal soft massm0 for the cases of uni-
versal gaugino massm1/25120 GeV andm1/25200 GeV.
We have taken theMG scale top quark Yukawa coupling
lQtG

53.54. The dashed lines correspond tom,0 while the

solid ones correspond tom.0. The upper two lines in the
vicinity of m05150 GeV correspond tom1/25120 GeV, and
the lower two lines in the same region correspond
m1/25200 GeV. We find the size of lepton flavor violation
throughm→eg predicted by these two choices of gaugin
masses are fairly typical of those predicted by light
m1/2,200 GeV gaugino masses over the given range
m0 .

In Fig. 2, we showl r as predicted by scenario~b! again as
a function of the universal soft massm0 for the cases of
universal gaugino massm1/25120 GeV andm1/25200 GeV.
The dashed lines correspond tom,0 while the solid ones
correspond tom.0. The upper two lines aroundm05150
GeV correspond tom1/25120 GeV, and the lower two lines
in the same region correspond tom1/25200 GeV. Once
again, we have taken theMG scale top quark Yukawa cou-
pling lQtG

53.54. In this example, we plot only those point

where l r is less than two orders of magnitude beneath t
current experimental limit.

In Fig. 3, we showl r in scenario~c! as a function of
log10(MI /GeV! for the caseslQtG

53.54 andlQtG
51.38.

The dashed lines correspond tom,0 while the solid ones

FIG. 2. l r in scenario~b! is plotted as a function of the universa
soft massm1/2. The solid lines correspond tom.0 and the dashed
lines correspond tom,0. The upper two lines aroundm05150
GeV are form1/25120 GeV, and the lower two lines in that region
are form1/25200 GeV.lQtG

53.54.
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correspond tom.0. The values ofm0 andm1/2 are both
chosen to be 180 GeV for all the lines. The upper two line
aroundMI;108 GeV correspond tolQtG

53.54, and the

lower two lines in the same region correspond tolQtG

51.38. Here we want to show the dependence ofl r on the
intermediate scale. For values ofMI less than about 106

GeV, we see that the two cases oflQtG
predict relatively

similar values of l r . Notice that l r has a maximum for
MI;107 GeV, rather thanl r monotonically increasing as
MI is decreased. This is caused by the fact that the gaug
contribution to the scalar masses is increased with decreas
MI and thatlLnt

is no longer of orderlQt
at the intermediate

scale since it has a much lower fixed point thanlQt
.

With MX taken at the reduced Planck scale, as expec
one finds an enhanced branching ratio form→eg. It is al-
most impossible to find parameter space with smaller valu
of m ~i.e., umu,500 GeV!. As a result the parameter spac
gets restricted. As an example, in the scenario~a!, the l r is
1.61 whenm05100 GeV andm1/25400 GeV with m is
around 800 GeV. A similar situation also happens in th
cases of other two scenarios.

Between the GUT’s and the intermediate scale, the lar
t-neutrino Yukawa coupling affects the slepton sector onl
the flavor violation in the quark sector does not get modifie
significantly by the inclusion of this intermediate scale. Th
implies that the parameter space analysis by the constra
from b→sg with the universal soft terms at the GUT-
breaking scale@26# or at the reduced Planck scale@27,16#
still holds in this case unless light SU~2!R gauge fields exist
@28#.

In conclusion, we find that an intermediate gauge symm
try breaking is a significant source of lepton flavor violatio
in SUSY SO~10! models with GUT scale uniform soft
SUSY-breaking terms. In fact, the present limit onm→eg
rate already puts some limits on the soft breaking paramet
m0 and m1/2. The cause of the lepton flavor violation is
simply that thet-neutrino’s Yukawa coupling is equal to tha

FIG. 3. l r in scenario ~c! is plotted as a function of
log10(MI /GeV!. The solid lines correspond tom.0; the dashed
lines correspond tom,0. The upper two lines aroundMI5108

GeV correspond tolQtG
53.54, and the lower two lines in the same

region correspond tolQtG
51.38. m05m1/25180 GeV for all the

lines.
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of the top quark at the GUT scale and that thet-neutrino’s
Yukawa coupling reduces the mass of the third generat
sleptons relative to that of the first two generations via th
renormalization group evolution from the GUT-breakin
scale down to the intermediate gauge symmetry break
scale. Hence the principle discussed in this paper is ap
cable to all SUSY grand unified models which have th
B2L gauge symmetry broken at an intermediate scale.
course in such models as we have considered, if the scal
which the soft terms appear is higher than the GUT-break
scale, for example at the reduced Planck scale, the predic
rate of lepton flavor violation gets enhanced as well. W
shall present other consequences of an intermediate ga
symmetry, such as additional contributions to the elect
dipole moments of the electron and neutron, in a more d
tailed publication. Although as we have discussed an int
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mediate gauge symmetry breaking scale in a grand unifi
theory can be useful and offers interesting phenomenolo
such models also have an additional scale of symme
breaking to be explained. However, our results do not d
pend on the nature of the mechanism that determines t
scale. We also note that if one desires a model with neutri
Majorana masses or PQ-symmetry breaking in the range
1010–1012 GeV then an additional scale has already be
introduced into the model, and perhaps the simplest expla
tion of which would be to associate it with the breaking of
gauge symmetry at that scale.
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