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Is the Gepner three generation model phenomenologically viable?
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The low-energy spectrum of the Gepner three generation model constructed from the discrete series of
the N =2 superconformal theory below the intermediate scale is studied. It is found that, aside from the
usual standard model leptons and quarks, there appear four Higgs doublets, six exotic light neutral parti-
cles, and a pair of light color Higgs triplets. Although the proton is stable, the presence of these new
particles and the difficulty for the up and down quarks and the first two lepton generations to grow
nonzero masses may rule out this model phenomenologically. Despite this discouraging result we do
find that the nonrenormalizable interactions can provide a viable mechanism to solve the lepton-quark
mass hierarchy problem, due to the large VEV growth of the standard model singlet fields at the inter-

mediate symmetry-breaking scale.

PACS number(s): 12.60.—1i, 11.25.Mj, 12.15.Ff

I. INTRODUCTION

The last few years have witnessed a remarkable in-
tertwining between two classes of viable phenomenologi-
cal models of the heterotic string theory [1]: those based
on the Calabi-Yau compactifications [2] on the one hand
and those based on the N =2 superconformal field
theories [3] on the other. It is generally believed now
that a superconformal construction actually corresponds
to a mirror pair of the Calabi-Yau models with the
Hodge numbers i ! and %! of the internal manifold in-
terchanged, and vice versa [4]. According to this
correspondence, the family in one model is in fact the
mirror family in the other. In particular, there exists a
three generation model, the Gepner-Schimmrigk model
[5,6], that enjoys constructions from both approaches.
(We call the three generation model constructed from the
Calabi-Yau manifold based on CP?XCP3 [5] the
Schimmrigk model, and that constructed from the ten-
sorial product of one level 1 and three level 16 models
from the discrete series of the N =2 superconformal
theory [6] the Gepner model, which in turn corresponds
to the symmetric Schimmrigk model.) Given the fact
that all the Yukawa couplings are rigorously known
[7-9] and the possible nonvanishing nonrenormalizable
interactions have been studied [10] for the Gepner model
[6], it is thus surprising that there exist in the literature
very few works [11-13] devoted to the low-energy phe-
nomenological aspects of the model. It is our purpose to
study the low-energy phenomenology of this model in
this paper.

The Gepner model has a gauge group E¢ which is bro-
ken into [SU(3)]® via flux breaking at the compactification
scale M. Of two possible flux-breaking patterns [12],
we are interested in the one which produces nine
lepton, six mirror-lepton, three quark, three antiquark
and no mirror-quark or mirror antiquark generations
[7,11,13]. These massless fields can be represented by
their SU@B)c XSU(3), XSU@B)z quantum numbers as
9L(1,3,3)96L(1,3,3)93Q(3,3,1)®3Q43,1,3) where
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Lo Qe Q¢ furnish the 27’s, and L& Qe Q ¢, the 27’s, of
Eq. In addition to the chiral generations, there are 61
gauge singlets, ¢;, i =1, ...,61. In terms of the standard
model quantum numbers, these massless multiplets are
L=[l=(v,e);e;H;H";»*,N], Q=[q=(u,d);H;=D],
and Q°=[q°=(ud°);H;=DF¢)], where I, H, H’, and ¢°
are SU(2); doublets, e, u¢, and d° are the conjugate
singlets, D and D¢ are the color Higgs triplets of the
SU(5) 5 and 5 representations, v¢ is an SU(5) singlet, and
N an O(10) singlet.

Recently, we have studied the intermediate scale of
breaking [SU(3)]® further into the standard model
SU@B3)- XSU(Q); XU(1)y signaled by the scalar (mass)?
turning negative, via the renormalization group equations
[14]. It is found there that the model does admit a very
large intermediate breaking scale M; 2 10'®, One lesson
we have learned in [14] is that the mixing in the genera-
tion space can produce, through loops, some new Yu-
kawa couplings which are zero valued at the tree level.
These new Yukawa couplings are generally very small
compared to the ones with nonvanishing tree level values
and hence provide a possible new mechanism to solve the
quark-lepton mass hierarchy problem. The E4 gauge
singlets were found to play a very important role in deter-
mining the intermediate symmetry-breaking scale as well
as the direction of this breaking. Actually, had they been
absent, the color SU(3), subgroup could have been bro-
ken at a very high scale 2 10'” GeV. The introduction of
the gauge singlet couplings into the renormalization
group equation analysis shifts the symmetry-breaking
direction from the quark and antiquark sector to the lep-
ton and mirror-lepton sector, for the gauge singlet and
gauge nonsinglet scalar mass ratio ® 10. If this ratio is
small ~1, the gauge singlet (mass)? turns negative first,
due to its large interactions with the gauge nonsinglets.
This opens an avenue for the gauge singlets to grow non-
vanishing vacuum expectation values (VEV’s) first, so
that the lepton and the mirror-lepton families pair up to
form superheavy states and hence decouple. This process
cannot go on forever, because the index theorem guaran-
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tees three light generations. This motivated us to suggest
a scenario in [14] in which the gauge singlets grow VEV’s
in the following order: (i) ¢s5 grows a VEV, then L, and
L, pair up and decouple, (i) ¢s; grows a VEV, then L
and L, pair up and decouple, (iii) ¢4, grows a VEV, then
L, and L pair up and decouple, (iv) ¢4, grows a VEV,
then L and L pair up and decouple, where the notation
for the gauge singlets follows that of Ref. [9]. These are
expected to occur at a very large scale M, .., ~5.0X 10"
GeV. After the decoupling of four generations of
lepton—mirror-lepton pairs, we are left with five lepton
(L;, i=1,2,3,8,9), two mirror-lepton (L;, i=2,3), and
three intact quark and conjugate-quark generations. Of
all 52 independent Yukawa couplings listed in Table I of
[14], only 15 survive. We may run the renormalization
group (RG) equations with these nonets and Yukawa
couplings and it can be expected that the gauge symme-
try breaking will take place at a scale, say, greater than
1.0X10'® GeV.

In the next section, we will study the intermediate scale
breaking, the low-energy spectrum, and the proton stabil-
ity for this scenario. We summarize our results here be-
fore going into detailed analyses. In addition to the usual
standard model particles, we have found quite a few more
light states: there are four Higgs doublets, six exotic
SU@B3)¢ XSU(2), XU(1)y singlet fields, and a pair of color
Higgs triplets. Though the proton is stabilized against
fast decay, the presence of extra electroweak Higgs dou-
blets may trigger large flavor-changing neutral currents.
This requires further investigation. Furthermore, the re-
cent data [15] from the CERN e "¢~ collider LEP favor
two Higgs doublets. The new massless neutral particles
can give rise to the lepton-family-violating processes
u—ey and T—uy [16] and 7—puu and T—pee [17],
which may be accessible to experimental detection. The
massless color Higgs triplets have not yet been observed,
and the structure of the Yukawa couplings reveals that
they are unlikely to become heavier than the top quark.
We also note that the model has a problem in generating
masses for the up and down quarks and in turn predicts a
zero value for the Cabibbo angle. Moreover, the first two
lepton generations are massless. Therefore, the Gepner
three generation model has serious difficulties to over-
come if it is to be phenomenologically viable.

II. INTERMEDIATE BREAKING, LIGHT
GENERATIONS, AND PROTON STABILITY

A. Matter parity

A four dimensional effective field theory arising from
the underlying heterotic string theory has a very large
number of massless modes. Many couplings among these
|

3
W;=

i=1 i=1
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TABLE 1. M, classification of the standard model states.

M, even states M, odd states

Hi’Hi’>Ni; i= 112’ e y7’
lSye§)V§;l9)e;7V5;

_ DDy j=123;

Hk?fl krNk; k=27415y6;

¢ =cT. ¢ oS¢
ll’e 1,1’],13,8 3»V3.

L,ef,vi; i=1,2,...,7,
HS,H;Z’NB;H%H'%N‘);
qj)qjc; J=112’3;
7§irvk; k=27$’:5_)6’
H,N;H3, H;, N

!

massless modes can mediate fast proton decay. In order
to suppress dangerous dimension 4 interactions, one gen-
erally needs a new symmetry, such as matter parity, to
guarantee the longevity of proton [18]. For the Gepner
three generation model the matter parity operator is [11]
M,=U,XC,, where

(2.1)

acts on the gauge group, and C, is a discrete operator
which changes the sign of Ly, Ly, L, and L, and leaves
the rest of the massless modes invariant. Hence it is use-
ful to classify the massless modes according to their
transformation properties under matter parity (Table I).

Study shows that the matter parity so defined is no
longer _invariant once one takes into account the
[1(2727)] interactions—there is no consistent way to as-
sign matter parity quantum numbers to the Eg gauge
singlets which preserves the matter parity. The many
nonrenormalizable interactions which are not forbidden
by selection rules, if all nonzero, also violate the matter
parity. We will discuss the effect of this on proton stabili-
ty below.

B. Intermediate scale symmetry breaking

From the discussion in the last section, we know that
the gauge group SU(3) XSU(3); XSU(3);x must be bro-
ken at very large scale M; > 10'® GeV. In this section, we
investigate the breaking of gauge symmetry in the
scenario suggested in the last section.

The symmetry breaking at M, is governed by the fol-
lowing.

(1) A soft supersymmetry-breaking scalar mass term
V-
(2) An F part of the potential that arises from contribu-
tions from both the renormalizable and nonrenormaliz-
able interactions. In the scenario we suggested, the re-
normalizable interactions read

3 3
3 Adigedet(L,LgLy)+ 3 (A%, Tr(Q,L;0%)+A%,Tr(Q3L, Q%)) + 3, (A% Tr(Q,L;0%+Q3L,0%))

i=1

+Al),,[det(Q,0,0,)+det(Q6,0%0%) 1+ Al 5[ det(Q,0,03) +det(Q4,0%0¢%)]

+Al33(det(Q,Q3Q3) +det(Q€,0%0°4)] .
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In Table II, we recreate part of the Table I of Ref. [14] to
show the sizes of the Yukawa couplings present in Eq.
(2.2) at the intermediate scale M;. The relevant non-
renormalizable terms are

+

a, - - -
M) Tr(L3L,)Tr(LgL;)Tr(LgLy)
+(2727)*+higher order terms , (2.3)

where M, is the compactification scale. The first and
second terms in Eq. (2.3) are the only terms not forbidden
by selection rules [9], up to the order of (2727)%, which
survive (i)—(iv) of the last section and hence can contrib-
ute to VEV growth. Notice that these two terms and the
Yukawa couplings listed in Eq. (2.2) preserve the matter
parity. Other terms of order (2727)* or higher await fu-
ture calculations [10].

(3) A D part of the potential which is governed by the
gauge transformations under SU(3); XSU@3); and is
given by

D=13[DfD{'+DEDE'], (2.4)
where
DE=1lg, SILHITLE—(ENE Dy, 2.5

and

DE=1ga SILINLL—

Here t° are the Gell-Mann matrices and g; p are the
SU(3),, r gauge coupling constants.

It was proven in [19] that the lowest-lying vacuum
solutions of the potential are those that preserve
SU(2);, XU(1)y invariance and the matter parity, and
VEV growth must be along C-even N (N) and C-odd +*
(¥°) directions. It was also shown [19] that these solu-
tions are almost D flat. Hence, in the following analysis,
we will impose these two conditions. The first of these
tells us that the possible fields that can grow VEV’s are
N,, N3, N3, N,, v, +§, and ¥§ (Table I). The D flatness
condition requires that all these possible fields must grow

—(LNE 1D, . (2.6)
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VEV’s simultaneously. Actually, one sees that the VEV’s
must satisfy

(N,)?=(N)2+(N,)+(N;)?,

(2.7)
(79 2=(v§) 2+ ().
The potential reads, after discarding the D terms,
V=", +2 +2 aw , 2.8)

where W=W,+W__is the superpotential, with W con-
taining only the ﬁrst term in Eq. (2.2). Minimizing the
potential V with respect to the VEV’s, (N,),
(N,),{N3), {N,), as well as {(v§), (v§), and (¥$), we
found that the VEV’s are all of order
VEV~1.0X10"-1.0X10'° (GeV) 2.9)
or higher, for soft breaking scalar masses ~1 TeV. In
deriving (2.9), we have assumed some nonrenormalizable
interactions of the form (2727)* that contain L, and L,
nonets to ensure that N, and N, grow nonzero VEV’s.

C. Light generations

Because of the large VEV growth of scalar particles
discussed above, many massless modes will grow su-
perheavy masses, and this mass growth is governed by
the Yukawa couplings listed in Table II and the non-
renormalizable interactions of Eq. (2.3). We consider
only those terms up to order (2727)3, partly because we
do not have any information about the nonrenormaliz-
able interactions beyond this order.

In the quark (antiquark) sector, only D quarks grow su-
perheavy mass, via the Yukawa couplings of form
TrQLQ°¢, and the mass matrix reads

D, D, D,
D10 0 O
D510 a cf
D0 ¢ b

(2.10)

where

TABLE II. Yukawa couplings.

Coupling Tree value One-loop value Coupling Tree value One-loop value
Al —2.470X 1073 Al —2.470X 1073
Aligs 0.654 0.629 Al 0.654 0.629
Al 0.537 0.511 A3 0.537 0.511
A31so —1.868X1073 A0 0.635 0.630
}"3389 - 1.038)( 10_3
}L42‘2 —6.040)( 10_3 )\4313 —5408X 10_3
At 0.577 0.560 At 0.577 0.560
Ay 0.577 0.545 Aty 0.390 0.358
}\.4223 _5.189x 10_3 L4322 _5.189x 10_3
A.4232 - 9.077 X 10—4 A.4333 1.054 1.005
}\,4233 —3.925)( 10_3 A4332 *3.925)( ].0_3
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(2.11)

Thus only two of three color Higgs triplets D, ; become
superheavy, with mass 2 10'> GeV. The nonrenormaliz-
able couplings of any order cannot make D, heavy, be-
cause there are no mirror- (anti-) quark generations
which can pair up with D,. For example, there appears a
J

vE zH A13+Blg)+21 A;Hy+B,H,)

i=1 i=1

+C(HgH)+HoH

§)+D(HH,+H\H ) +eSe$
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coupling of the form [10]
(@ L,)(Q4 L)) =€""€,,nQy LU QS ) (Ly )i

at the (2727)2 level, but this does not contribute to the
mass growth for Q, or Q€. This is because the VEV
growth can only take place along the N, direction and
the €/ and ¢,,.,» symbols prevent this term from giving
rise to masses to any fields involved in the interaction.
Therefore, the light particles in the quark sector are D,
and D¢ [which are SU(2); XU(1)y singlets], in addition to
three SU(2), doublets g; and their conjugate fields of the
standard model.

In the lepton sector, the terms relevant for mass
growth are

(2.12)

+v§u S+ N3N, +151,)

+(E\Hg+E,Hy)H;+(E\Hy+E,Hy)H }+(E I3 +E,lg)[;+(E e{ +E,e$)e

+(E1‘V8+E2‘V9)

Here we define

A;=M5(VE), B, =A35(v5), i=1,2,3,

3
c=3 AMigg{N;) ,

i=1

D= (N3)(N2)+ (vg)(v9>( 9D, (214
E= gy )3(N3)(N2)(v9)(v3)
E2=?;l~3;3—(N3)(1\72)(v§>(V§ :
The sizes of these parameters, from Eq. (2.9), are

A;~B;,~C~10"-10"" GeV, D~10"-10" GeV, and
E,~E,~10°-10' GeV, respectively. Therefore, the
mass matrix for the lepton sector decomposes to two
parts: a matter-parity-even part

18 19 H_Z
H, |4, B, 0
H,| 4, B, 0], (2.15)
H,| A, B, D
I,|E, E, O

and a matter-parity-odd part
I, I, |3 Hy Hy H,
Hy |A, A, A; 0 C E,
Hy, |B, B, B C 0 E,|
0O 0 D 0 0 O
0O 0 O E E, O

(2.16)

T~
-

$+(E,Ny+E,Ny)N, +(2727 )*+higher order terms .

(2.13)

|
It is easy to read off the light particles from Egs. (2.10),
(2.13), (2.15), and (2.16). The light particles which will
survive down to the electroweak scale are as follows.

Leptons. The three lepton doublets are /., and 7, where
li=0t11+bi12+cif_{3 (2.17)

are the two states orthogonal to [ =ayl, +bol, +coH;,
where

g= Aigo
(W P (WP ()2
b= Mg
° {(}‘3189)2—*—(}‘3289)2 P)z}l/z ’
(2.18)
€T T332 f 2 2172 °
{(A7159) T (A7359)" +(p) }
p= (M <N3><N2><V3)
d Tis given by
—Bly (2.19)
where
_ (v§) _ (v§)
a (Vo) 2+ (15)2)172 (V524152172
(2.20)

Note that p= 1079, the heavy lepton ! lies almost entirely

along ayl, +byl,, thus the two light leptons, /; lie almost

totally along byl, —a,l, and H; directions, respectively.
Three right-handed electrons are ef , and

g°=aeg§—Pej . (2.21)
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Light Higgs bosons. There are four light Higgs bosons
H, and H' ,, where

boH,—ayH, l
+ , (2.22)
I
are the two states orthogonal to H=a,H,+byH,
+col;~aoH,+boH,.
Quarks. There are three quark doublets g;, i =1,2,3,
and their conjugate fields ¢f, i =1,2,3.

Hi=aiH1 +biH2+CiT3z

4935
Other exotic particles. There are 6 exotic particles
coming from lepton nonets, v{ 5, N ,, and
ve=avi—pv5, N=aNz—pBN,, (2.23)
and the color Higgs triplet D, and its conjugate field D{.

Couplings among light generations

The couplings among the light fields can be very easily
read off from Eq. (2.2) to be

A3 5o H; (voglg +255lg )+ H{(elo +e%lg) |+ A% 0 g, Hiu Sy +q,Hd |+ A% 5[  Hiu s +q3 Hid )

where the sum over i=1,2 is implied. Note that Egs.
(2.24) and (2.35) below do not contain any couplings
among D, (D{) and leptons. This will have a very im-
portant effect on proton stability which we will study in
the next subsection.

The couplings among leptons can be rewritten, in
terms of the light fields, as

—2aB[(A}goH | + A2 p0H, 0 T

(A3 goH | A H,ET];  (2.25)
one can easily convince oneself that the first almost
decouples because the heavy Higgs boson lies along
A3 ,g0H | +A%0H,. Then Eq. (2.25) reduces to

—2aB[6H_vT+yH'sT], (2.26)
where 8~107%, y =1, and H' ~A3gH +A3,sH. Thus
the mass ratio for the “electron” @ and the “neutrino” v
is

v

~1076% (H_
(H")

~3.0X1077%, (2.27)

m(?
for (H_)~30(H'). We may identify these particles as
the third generation of leptons. Thus this ratio is reason-
able to explain the lepton mass hierarchy. Notice that
this ratio comes from the second nonrenormalizable in-
teraction of Eq. (2.3), and hence implies that the non-
renormalizable interactions are a viable source to explain
the lepton-quark hierarchy. The first two lepton genera-
tions remain massless, due to the lack of their couplings
to the light Higgs bosons.

The mass matrices for the quarks are

U; uj d, dj
u%lvzz Uzs]r dslv'zz v3s) (2.28)
ujl vy v di|vys V3
where
v =A% (H\ ) +A%,,(H,)
vif]‘=k4ilj(H,1 >+}"4i2j<H,2> i,j=2,3. (2.29)

These two matrices are easily diagonalized as

+A%lq Hiu+q,H{d g Hiuy+ g3 HidS],  (2.24)
r
u, sin, cosf, | |u,
u_ |~ —cosf, sinf, | |u; |’
. (2.30)
d, sinf; cosf, | |d,
d_ |~ —cosf,; sinf, | |d;y |’
where
2v 205
tan20, = —>—, tan20,=——2— , (2.31)
U33 — U2 V33—V
and the masses are given by
mE= vy T3 E[(vg —v33 )2 +4(vy3)2]'2
u 2 ’
! ' ' 'y ' 21172 (2.32)
4 Vi E[(vy —33) +4vy)7]
mg = 2 ’

respectively. Then, the Kobayashi-Maskawa (KM) ma-
trix reads

d, 1 0 0 d,
d'. |= 10 cos(6,—6,;) —sin(,—6,;)| |d+
d"_ 0 sin(6,—6,;) cos(6,—06,) | |d_
(2.33)
Here,
“ sinf, cosé, | |d,
d"_ ] = —cosf, sinf, | |d, l : 2.34)

Notice that d; and u, are massless; it is natural to identi-
fy them as the first quark generation. Then Eq. (2.33)
predicts a zero value for the Cabibbo angle.

D. Proton stability

The proton stability is a crucial test for any grand
unified theory. As shown above, there appears a
dangerous color Higgs triplet D, in the low-energy spec-
trum of the model, which might mediate rapid proton de-
cay. From the structure of the Yukawa couplings, Eq.
(2.2), we see that the first generation of quarks does not
couple to any leptons. Also, D; and its conjugate D€, do
not couple to g;:
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eaa’a"[)"llzzdgug, +)‘1133d3a“‘31' 'H‘lm(dg“ 3’ +d‘3'u§' )]D7”

oy

aa'a 1 c c 1 c c 1 c c c c c
+e (A 122d5,u 50 T A 133d 50 U5, T A p3(d5us, +d5,u5,)1D

Hence if we identify g, as the usual standard model up
and down quark doublet, we can assign a baryon number
to these light color Higgs triplets without having them
trigger the fast proton decay. Then proton decay is medi-
ated only by D, ; and their conjugate fields, D¢, ;, which
are superheavy with mass ~10'°-10!® GeV. Another re-
markable factor that prevents fast proton decay is that, as
we mentioned in Sec. II, there is no mirror generation of
quarks and their conjugate fields. Hence, of the many
channels leading to fast proton decay discussed in [20],
only the first (via heavy color Higgs triplets) appears, and
because of the superheavy mass of these fields, decay will
be sufficiently inhibited.

III. CONCLUSIONS

We have already summarized the results in the Intro-
duction. The Gepner three generation model has great
problems to overcome for it to be phenomenologically vi-
able. The above analysis shows that the nonrenormaliz-
able interactions of the form (2727)", where n =3, pro-
vide a viable mechanism to solve the lepton-quark mass
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(2.35)

r
hierarchy problem. For example, although the first two
generations of the leptons remain massless, the mass ratio
of the third generation of leptons, Eq. (2.27), does come
out correctly, due to the smallness of the parameter p,
which comes from the nonrenormalizable interactions, as
shown in Egs. (2.3) and (2.18). Recall that the Gepner
model corresponds only to the symmetric Schimmrigk
model where all the moduli are zero. Therefore, one may
have to go beyond the symmetric point (i.e., the
Schimmrigk model with nonzero moduli) to find a phe-
nomenologically more interesting model, as shown in
Ref. [13] for a simple case with only one nonvanishing
modulus, where an interesting model has been found
which demonstrates an automatic CP violation. It is thus
of interest to study the model represented in Ref. [13] in
more detail.
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