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Intermediate scale as a source of lepton flavor violation in SUSY SQO0)
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In supersymmetric SQ0) grand unified models, we examine the lepton flavor violation progessey
from having the S2)gxXU(1)g_, gauge symmetry broken at an intermediate sd4|ebelow the S@10)
grand unification scal®l ;. Even in the case that supersymmetry is broken by universal soft terms introduced
at the scaleM g, we find significant rates fop—ey with M,;~10'? GeV or less. These rates are further
enhanced if the universal soft terms appear at a scale greateMigafS0556-282(196)50213-4

PACS numbgs): 12.60.Jv, 11.30.Hv, 12.10.Dm, 13.35.Bv

It has recently been pointed dt—3] that significant lep-  through the see-saw mechani§6;7] and,(4) a scenario for
ton flavor violation can arise in supersymmetfiBUSY) baryogenesis is possib|8]. Further, SUSY is an attractive
grand unified theories. The origin of this flavor violation re- feature for GUT'’s because it provides a solution to the fine-
sides in the largeness of the top quark Yukawa coupling antlning problem in the Higgs potential and, as a bonus, the
the assumption that supersymmetry is broken by flavor unithird generation SM fermion masses are more easily ac-
form soft breaking terms communicated to the visible sectoeounted fof9]. In addition, SUSY SQL0) can accommodate
by gravity at a scaléMy. Assuming thaMy is the reduced a simple mechanism to solve the doublet-triplet splitting
Planck scale which is much greater than the grand UniﬁcatiOBrob|em[10]_ (SUSY) Squ) also has the interesting feature
scaleMg, renormalization effects cause the third generationpat it allows an intermediate scalé, before breaking to the
mult!plet of squarks a}nd sleptons WhI-C.h belong to the sam@tsndard model. In models wheké, ~ 10"°-102 GeV, one
multiplet as the top in the grand unified thed®UT) 10 can paturally get a neutrino mass in the interesting range of

become lighter than those of the first two generations. The~3_10 eV, which could serve as hot dark matter which may

slept_on and the char_ged Iep_ton mass matrices can no Iongsé needed to explain the observed large scale structure for-
be simultaneously diagonalized thus inducing lepton flavor

o : ) mation of the universg¢ll]. In models without an interme-
violation through a suppression of the Glashow-lhopoulos—d. t v | inciol Id d
Maiani (GIM) mechanism in the slepton sector. This effect is late gauge symmelry, in principie one could produce a
more pronounced in S@O0) models than in SUE) where the r-neujmno Majorana mass that is much less th_an the GUT
left-handed slepton mass matrices remain degenerate. THEEaKING scale, as for example via nonrenormalizable opera-
evolution of soft terms fronMy to M causes these flavor tors involving Higgs bosons in the $@) 16 representation
violations, which disappear wheM y=Mg. Here, we ex- or a small and carefully chosen Yukawa coupling t426
plore another class of theories which are SUSY(BIp field. However, this would suffer from the further problem of
GUT’s which break down to an intermediate gauge groupabandonind— = Yukawa coupling unification except possi-
G, before being broken to the standard mot®M) gauge bly in the case of high tgh[12]. As we have also verified,
group at the scaleM,. In this class of theories, even if this problem is significantly reduced for the case of an inter-
Myx=Mg, lepton flavor violation arises due to the effect of mediate scal¢13,14. The window~ 10'°-10"* GeV is also
the third generation neutrino Yukawa coupling on the evolu-of the right size for a hypothetical Peccei-QuiffPQ sym-
tion of the soft leptonic terms from the grand unification metry to be broken so as to solve the stra@g problem
scale to the intermediate scale. Depending on the location ofithout creating phenomenological or cosmological prob-
the intermediate scal®!, and the size of the top Yukawa lems[15]. Models which allowM,~1 TeV are also interest-
coupling atM g, these rates can be within one order of mag-ing since they would predict relatively light new gauge
nitude of the current experimental limit. Our results will also fields, as for example S@)g charged gauge bosoWwr.
indicate that ifMy>Mg in SUSY S@10) models with an  The thrust of this study will be on flavor nonconservation in
intermediate scale, the predicted rates of lepton violatinghe leptonic sector foM;<Mg and My=Mg in SUSY
processes are further enhanced. We will concentrate on tH8O(10). Towards this goal, we study one model where
decayu— ey as an example since experimentally it is likely M,~ 10'-10" GeV range, one wher#l, can be as low as
to be the most viable. the TeV range with left-right gauge symmetry being pre-

SQ(10) [4] has many outstanding virtues that recommendserved inG,;, and one wheré/, could have any value be-
it as a group for grand unification. Among them &t¢ all  tween the TeV scale and the GUT-breaking scale without
fermions are in a single representati¢®), a possibility ex-  violating any bounds on gauge couplings obtained fiom
ists to understand the observed patterns of fermion massgysics.
and mixing[5] due in large part to useful SO0) Clebsch We will consider scenarios for which the intermediate
factors, (3) small nonzero neutrino masses are generatedauge symmetry is G=SU(2) XSU(2)zxxXU(1)g_,
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X SU(3), although the concept that we illustrate in this pa- > () 2 2 2

per is applicable to any GUT-breaking scenario for which an DInA{ =- EI Ci VO t3Ng H(1+4Gm)N, ,  (4)

intermediate gauge symmetry exists under which right-

handed neutrinos transform nontrivially. For the purpose of

keeping the calculation as simple as possible, we will con- Dln)\fe; —2 Ci(mgi2+45137\57, 5

sider only the situation of a low value of t&n We will : !

choose to use the arbitrary value gan2 in our examples.

(However, analogous to the dependence omtamthe case

of lepton flavor violation generated by physics above the 1 16 3

GUT-breaking scalg3,16], using larger values of tghtends che'= ( 3.3.5 3) ,ct)= ( 3,3,50) ' (6)

to produce even greater values of lepton flavor violajion.

tan8 not being ~m,/m, requires two bidoublets, which and we have used

transform a942,2,0,1 under the gauge symmetfy, , to ac-

count for all the standard model fermion masses in a natural D= &772 i @)

fashion. As a consequence the Yukawa couplings that give 2 dt’

masses to the lepton and bottom quark are small enough so

that terms of ordek? may be neglected in the renormaliza- Wheret=In(u/GeV') with u being the scale. _

tion group equationéRGE'S). Below the scaleM, only the Now we give the RGE's for the soft SUSY-breaking pa-

Yukawa coupling, is relatively large, however, abovd, rameters which we need in the effecti@ theory. First of

the top quark Yukawa coupling and theneutrino Yukawa @ll, there are gaugino masskf corresponding to eacy .

coupling are both large. In fact, at the GUT scale these twe>econdly, corresponding to each trilinear superpotential cou-

couplings are equal. The presence of this largeeutrino  Pling A; there is a trilinear scalar term with the coupling

Yukawa coupling above the intermediate breaking scald\ihi atMy. Finally there are soft scalar mass terms for each

causes the third generation slepton masses to be less than @fethe fieldsQ_ r, L, g, and®;,. The RGE'’s for these

other two generations, and hence the lepton flavor violatioparameters are

gets generated. It is also possible to produce lepton flavor

violation in the minimal supersymmetric standard model

(MSSM) with the introduction of an arbitrary intermediate

scalevg~ 10" GeV for Majorana masses as in REf7] and DAg =, c*? 2M;+(3+ 48,303 Ag + 12 A

My again taken at the reduced Planck scale. We do not find uoT v T

this approach theoretically well motivated, and it also suffers 9)

from the technical shortcomings of the unification scale be-

ing ta}<en at the reduced. Planck scale while the MSSM gauge DAg = E M i2|v|i+45j3)\(2g Ao, (10)

couplings apparently unify at a much lower scilg and the d ! tot

scale ofvg not being associated with any breaking of the

gauge symmetry. N
The superpotential terms which will be responsible for DALVj:Ei Ci( L)gizMi+3)‘étAQt+(1+45J3))‘ETAVT'

giving the SM fermion masses have the following form when (1)

G, is the gauge symmetry:

wherej refers to generation andrefers to the gauge group,

DM;=b;g?M;, (8)

’
VT

_ (N y2p g 32
Wy=Aq QuP2Qrt A LI PoLrtAq QP1Qr DALei_Ei: G GiMi+ 495N, Ay (12
+AL L PR, )

€ — QLR
ngL’R——Zi ¢ LRGIME+ 208 Xodis,  (13)

where all group and generation indices have been sup-
pressed, an@@, g andL g represent the quark and lepton ) (L ) 2012 )
superfields which transform as doublets under(BY or IDMLJL'R:_X ¢ "ROIM{+2)\, X i3, (14
SU(2)g and &, and ®, are the two bidoublets. We have
assumed that, contains the MSSM Higgs doublet which
gives masses to the up quarks and Dirac masses for the neu- DM =-2 cVg?M?, (15
trinos. ®, contains the doublet which gives masses to the :
down quarks and the charged leptons. These Yukawa cou-

plings run inG, as DM3, = —Ei ciVgfMP+3NE X+ A2 X, (16)

DIn\g, =—2 ¢"Vgf+(3+45N +NS, (2 where
| T

— N2 2 2 2
Xg=M3 +M3 + M3 +AZ, (17)

2 _ (Ag) 42 2
DImG, == 20 ¢ Vg7 +45205, (3) X =M? +MZ +M3_+AZ, (18)
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and
1 16 1 16
QU = Z 2] cQr= i
c@ (3,0,6,3),0 R (0,3,6,3), (19
3 3
c'=13,0,5,0/,c"®={ 03,50, (20
2 2
c®=(3,3,0,0. (21)
At the scaleM 5, we assume a universal form to the soft

SUSY-breaking parameters, i.e., all gaugino masses 0 100 200 300 400

M;(Mg)=m,,, all trilinear scalar couplings;(Mg)=Ag,
and all soft scalar masseBiZ(MG)=m§. We also assume mO/GeV
A, (Mg)=\_ (Mg) since quarks and leptons become

unified in S@10). At the scaleM,, we match theG, effec- FIG. 1._IrEIoglo(B/Bexp,) in scenaric(a)_is plotted as a function
tive theory parameters with the MSSM parameters in thef the universal soft massn,. The solid lines correspond to
usual fashion. We run all the RGE’s according to MSSM#>0. while the dashed lines corresponde<0. The upper two
[18—20 down to the top scale which we take to be 175 Gev_llnes in the V|C|_n|ty ofmy=150 GeV are fom,,,=120 GeV, and
All RGE's are integrated numerically. We note that since the''® 'oWer two lines are fom; ;=200 GeV.\q,,=3.54 for all the

rank of the SM gauge group is one less than, the soft lines.

scalar masses may receibeterm contributions proportional cenario to have greater lepton flavor violation than scenario
to an additional parameter at the intermediate scale, how? . Ve g P . .
(a) has since it has a lower intermediate scale, however this

ever, for simplicity we take this extra unknown parameter to; . . .
be zero puctty P is not true due to the fact the generationally blind gaugino

We examine three unification scenarios as our exampleéc.)Op contribution to the slepton masses is greater in this sce-

. . — . nario sinceag is greater.
Since in all of our examples n@26+ 126 representation Scenario(g)' Tﬁis is the model discussed in RE24]. In
fields are used to be compatible with superstring deriveqhi | i

models, SQLO) singlets are used to give neutrino Majorana s modelMg is predicted to be exactly the same as in the
’ nglet 9 J conventional SUSY SQO0) breaking with no intermediate
masses as explained in RE21]. Also, in all the models we

will discuss the value of thb-quark running masm, tends scale and the scald, can have any value between the TeV

t0 be in the vicinity of 4.9 GeV, which is a little high, how- 2nd the GUT scales. In this model,=1 andny=3. Since

ever, the threshold corrections to, can easily be of the there is only one Higgs bidoublet, this model prefers large
! b I = 1 -

order of 10%[22]. Also, whatever operators give masses tovalues of ta with A=A, at M, . Nevertheless, the intro

. duction of nonrenormalizable operators can allow for small
etk generatllons (.)f dowr_l qugrks and charged qu'ane Since this model has the unique property tNatis
tons could be of the right size to fix this problem. '

Scenario(a): This model is case V of Ref13]. In the arbitrary, we use this model as an example of how the

effective theory above the scaM,, the numbem,, of bi- p—ey branching ratio changes as a functionf. The

doublet,(2,2.0.2, copies is 2 and numbex, of SU2) g dou- value of theag at the vyeak scale is about 0.122. _
blet, (1.2,1/2,0+(1,2— 1/2,1) copies belonging {66+ 16 For all three scenarios, we run the gauge couplings at two

; . loops although we neglect the small effect with low Baof
represgntatlon of SQO) is 4. The scalar components Of_ the Yukawa couplings on the gauge coupling running. The
these nght-handed doublets develop the vacuum expect.athgl gaugeB functions for scenario&) and (c) are given in
value(VEV) which breakss, to the SM gauge group. In this Ref. [24]. The G, gauge functions for scenariogb) are
scenario, we usl,~10'? GeV andM g~ 10" GeV lead-

. . > given in Ref.[23].

Ing to a.S(MZ)NO'lzg.' Scenarigh): This is the model pre- The expression with which we calculate the width for
sentec! |n_Ref[23]. It is the only example we use for wh_lch u—evy is given by Eqs(29—(31) in Ref. [2]. This expres-

D parity IS not broken .aMG and hence left-right parity sion [25] for the width has been determined from the mass
(gL=0R) is preservec_j inG,. In this model aboveM,, interaction basis, which is an excellent approximation for the
ny=2, nx=1 along with one(2,1,-1/2,1+(2,1,1/2,3 su- |4 tang parameter space which we consider. The Cabibbo-
perfield belonging td6+ 16 representation as demanded by Kobayashi-MaskawéCKM) elements needed for the ampli-

D parity, and in addition to this minimal field content there y,ge are calculated at the intermediate scale. We use the
exist two copies of (1,51/3,3)+(1,1,1/3,3 and neutralino mass matrix as given by Hd4) of Ref.[19].
(1,1,-1,1)+(1,1,1,1) from thelO and 120 representations In Figs. 1-3, we show our results by plotting the function
of SO(10), respectively. This particle content allows,~ 1

TeV with Mg~10'® GeV. We use MSSM below the scale

M, for convenience although in the original wofR3] the lr=logso
two Higgs doublet model2HDM) has been used. The value

of ag with 2HDM below M, is about 0.117 and with MSSM where B is the predictedu—ey branching ratio and

it becomes about 0.129. Our result however has very littleB o= 4.9X 10 ! being the experimental 90% confidence
sensitivity to the value ofrs. One might have expected this limit upper bound on the branching ratio. In all the figures,

B
—‘) , (22

Bexp
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FIG. 2.1, in scenariab) is plotted as a function of the universal FIG. 3. I, in scenario (c) is plotted as a function of
soft masam,,,. The solid lines correspond >0 and the dashed log;o(M,/GeV). The solid lines correspond ta>0; the dashed
lines correspond tqu<<0. The upper two lines arounchy=150 lines correspond tqu<0. The upper two lines aroun,= 10
GeV are form,;,=120 GeV, and the lower two lines in that region GeV correspond td o .= 3.54, and the lower two lines in the same
are formy,;=200 GeV.\q =3.54. region correspond td o =1.38. my=my;,=180 GeV for all the

. - lines.
we assume that the univerdsllg scale trilinear soft scalar

interaction couplingAg=0. In any parameter space which
}/_ve show, we have checked _that the Ilghte_st s_lepton_ 'S N%hosen to be 180 GeV for all the lines. The upper two lines
ighter than 43 GeV and the lightest neutralino is not lighter round M. ~10f GeV corr nd to\~ =354 and th
than 20 GeV, so as to be consistent with their experimenta"il ou . _e correspo QT U a €
lower bounds of these masses. In general, we will find thalower two lines in the same region correspond Ng, .
u<0 gives a greater branching ratio than-0, whereu is =1.38. Here we want to show the dependencé, ain the
the bilinear MSSM Higgs superpotential coupling which weintermediate scale. For values ®f, less than about £0
have calculated at the tree leyske, for example, Eq22) of  GeV, we see that the two cases 705@ predict relatively

Ref.[19]]. This is because with,=0, A; is always negative similar values ofl,. Notice thatl, has a maximum for

at the weak scale, and the part proportiongkt@n3+A; in  M,~10" GeV, rather tharl, monotonically increasing as

the u—ey amplitude has the dominant contribution. M, is decreased. This is caused by the fact that the gaugino
In Fig. 1, we showl, as predicted by scenari@ as a  contribution to the scalar masses is increased with decreasing

function of the universal soft masm, for the cases of uni- M, and that\, is no longer of Orde'\Ql at the intermediate
versal gaugino masm =120 GeV andm;,=200 GeV. '

We have taken thé/lg scale top quark Yukawa coupling scale. since it has a much lower fixed point tlizgl.
No,.=3.54. The dashed lines correspondute:0 while the With My taken at the reduced Planck scale, as expected

tG 1 1 1 i _
solid ones correspond ta>0. The upper two lines in the one finds an enhanced branching ratio forey. It is al

vicinity of my=150 GeV correspond 1o, ,= 120 GeV, and most impossible to find parameter space with smaller values

the lower two lines in the same region correspond to A (ie., || <500 GeV. As a result the parameter space

m,,,=200 GeV. We find the size of lepton flavor violation gegi re?ltrlcted._,ikgoaréecampée, m_tt;t(a);cgn?}o t?r? I IS
through u.— ey predicted by these two choices of gaugino a.roun\:jv 8e(r)1(;n%3_ev A SEilm”:P sri?jgt_ion alsoehaWI enl; :2 the
masses are fairly typical of those predicted by lighter ) PP

. . ases of other two scenarios.
< . .
ml’z 200 GeV gaugino masses over the given range of Between the GUT's and the intermediate scale, the large
0

7-neutrino Yukawa coupling affects the slepton sector only;
the flavor violation in the quark sector does not get modified
significantly by the inclusion of this intermediate scale. This
implies that the parameter space analysis by the constraint
from b—sy with the universal soft terms at the GUT-

0<%orrespond tou>0. The values ofm, and m,, are both

In Fig. 2, we show, as predicted by scenarib) again as
a function of the universal soft mass, for the cases of
universal gaugino mass;,= 120 GeV andn,;,=200 GeV.
The dashed lines correspond g<0 while the solid ones
correspond tqu>0. The upper two lines arounaiy=150 breaking scald26] or at the reduced Planck scdl27,16

GeV correspond ton,,=120 GeV, and the lower two lines __. L . ) .
in the same region correspond to,,,=200 GeV. Once [sgslsl]holds in this case unless light $2) gauge fields exist

again, we have taken.th\dG scale top quark Yukawa cou- In conclusion, we find that an intermediate gauge symme-
pling )\QIG=3'54' In this example, we plot only those points try breaking is a significant source of lepton flavor violation
wherel, is less than two orders of magnitude beneath thgn, sysy S@10) models with GUT scale uniform soft
current experimental limit. SUSY-breaking terms. In fact, the present limit pr-ey

In Fig. 3, we showl, in scenario(c) as a function of rate already puts some limits on the soft breaking parameters
logso(M,/GeV) for the cases\q =3.54 and\q =1.38. m, and m,,. The cause of the lepton flavor violation is
The dashed lines correspond g0<0 while the solid ones simply that ther-neutrino’s Yukawa coupling is equal to that
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of the top quark at the GUT scale and that theeutrino’s  mediate gauge symmetry breaking scale in a grand unified
Yukawa coupling reduces the mass of the third generatiotheory can be useful and offers interesting phenomenology,
sleptons relative to that of the first two generations via theirsuch models also have an additional scale of symmetry
renormalization group evolution from the GUT-breaking breaking to be explained. However, our results do not de-
scale down to the intermediate gauge symmetry breakingend on the nature of the mechanism that determines this
scale. Hence the principle discussed in this paper is appliscale. We also note that if one desires a model with neutrino
B—L gauge symmetry broken at an intermediate scale. O{10_12 GeV then an additional scale has already been
course in such models as we have considered, if the scale g;oquced into the model, and perhaps the simplest explana-

which the soft terms appear is higher than the GUT-breakingion, o \which would be to associate it with the breaking of a
scale, for example at the reduced Planck scale, the predict uge symmetry at that scale

rate of lepton flavor violation gets enhanced as well. We
shall present other consequences of an intermediate gauge We thank K.S. Babu and E. Ma for valuable discussion.
symmetry, such as additional contributions to the electricThis work was supported by U.S. Department of Energy
dipole moments of the electron and neutron, in a more deGrants No. DE-FG06-854ER 40224 and No. DE-FGO02-
tailed publication. Although as we have discussed an inter94ER 40837.
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