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Abstract

We realize a supersymmetric trinification model with three families(2%y; + 27yi + 274) by the Z3 orbifold
compactification with two Wilson lines. It is possible to break the trinification group to the supersymmetric standard model.
This model has several interesting features:higercharge quantization, ﬁﬂe‘, = 3/8, naturally light neutrino masses, and
introduction of R-parity. Thehypercharge quantizatiois realized by the choice of the vacuum, naturally leading toward a
supersymmetric standard model.
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1. Introduction

Unification of fundamental faes in the last three decadébhas been a partially successful endeavor. Probably,
the most attractive feature of the unification is the quantisation of the electromagnetic oBafgproton =
— Qem(electron. However, the most serious problem in this old grand unification (GUT) is the existence of the fine-
tuning problem the so-called gauge hierarchy problem. To understand the gauge hierarchy problem, supersymmetry
has been considered, which is then extended to a consistent superstring theory with a big gauge group in ten
dimensions (10D). One particularly interesting superstring model is ghe [E; heterotic strind2], because &
contains a chain of symmetry breaking down t9-& Eg [3] and then down to £— SQ(10) — SU(5). In this
Esg x Eg heterotic string, the intermediate stepgeems to play a crucial role in the classification of standard model
(SM) particles. This is becausiee spinor representation 8(10) is included in the fundamental representation
27 of Es.
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For the unification of all fundamental forces, the old GUT idea has to be unified with gravity also, which seems
to be possible in string theofg]. Thus, the unification of all forces is better studied in tilge<EEg heterotic string:

In this theory, there must be a reasonable compactification down to four dimensions (4D) so that the SM results as
an effective theory at low energy world. The most powerful compactification toward applications in obtaining 4D
effective theories seems to beetorbifold compactificatiofb,6]. However, the adjoint repsentation needed for
breaking the GUT group is not present at the Kac—Moody levell 2 This led to 4D string constructions toward
standard-likemodelg[8] and flippedSU(5) models[9].

Here, in obtaining an effective 4D model we include all the possibilities of assigning the vacuum expectation
values (VEV's) to Higgs fields. For example, if &U(5) model does (not) include an adjoint representafién
then we say that a SM is (not) possible from this model.

However, the standard-like models and the flipp&ll5) models suffer from the s?rvg, (=the value atthe GUT
scale) problem toward unificatidd0]. The SU(5), SO(10) or Es GUT’s with the SM fermions in the spinor(or
fundamental) representation giveszsﬁﬁ, = 3/8, which will be called theU(1)y hypercharge quantization, or
simply hypercharge quantization. The §i@|‘9l, problem is the hypercharge quantization problem.

The hypercharge quantization problenan be understood in the orbifold constructi¢h8] if the 4D gauge
group is the trinification typeSU(3)3 gauge group with 27 chiral fields (let us define thi2@g) in one family,
suggested in the middle of eightidsl]. Nevertheless, supersymmetrization of the trinification model does not lead
to naturally small neutrino masses. Therefore, it was suggested that in the supersymmetric trinification one must
add another vectorlike7y; + 27y [12].

So far, the trinification with small neutrino masses from the orbifold compactification was possible with the
bare value of si?ﬂeev = 1/4, where one obtains just vectorlike lepton humors in additio7%4g [13], which
however does not satisfy the hypercharge quantization. [f/ttigy hypercharge quantization is not satisfied, one
must introduce an intermediate scale to fit with data. This is called the optical unifi§adihrvhich depends on
details of the intermediate scale particles and the magnitudes of the intermediate scalesUkbyttepercharge
quantization, one needs vectorlik&y; 4 27yi)’s, not just vectorlike lepton-humor(g)3].

Therefore, for thé/ (1)y hypercharge quantization it is of utmost importance to obtain vecta@likg + 27yi)'s.

In this Letter, we fulfil such an objective with an orbifold compactification, and hence obtain the bare value of
sin? 09, = 3/8 naturally.

2. Trinification with threemore (27 @ 27)'s
Choosing the hypercharge generatoras —%(—211 + Y1+ Y>2), let us denote the trinification spectrum under
SU(3)3 as,
2%wi=(33,D+(133+ 313, @)
where

B3 D =¥~ Y110 = Yetio(H)_1 + Y30 (H2) 1 + %3003

+ l1’(;]_’3,0)(]\75)0 + W(Z?,’o) (e+)+l + W(:_J,’?,’O)(NlO)Ov (2)
(1,33 = lI/q d lp(oj’a) = W(O,f,a)(Q)J,_% + W(o,g,a)(D)_%, (3)
(3. 1.3) =¥ — Y08 = Y104 @)y +Y¥eo0m @) 2 + k”<3,o,&)(5)+%, (4)

1 with duality, one can argue that the perturbative heterotic string can have other realizations. Here, we stick to the pertgmbﬁ@ye E
heterotic string.
2 At higherk's, it is possible to have an adjoint representation. See, for exafiiple,
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where the representations will belled carrying three differetmumorsas denoted by subscriptepton-, quark-,
andantiquark-humorsThese names are convenient to remember since they contain the designated SM fields. Note
thatlepton-humoifield contains also a pair of Higgs doublets which do not carry color charge. With three sets of
trinification spectrum, there exist three pairs of Higgs doublets.

We take the following orbifold model with two Wilson liné€],

v=(000003212)00000000,
a1=(000 0032 3)(000003 % 2),
az=(33%00000(332%00000 (5)
which results to a gauge grod(3)* x [SU(3)'1*.2 The massless fields appear only from the twisted sectors, as
listed inTable 1
To obtain all the possible vacuum structure of the compactification, we consider all the possible VEV's also as

commented in the Introduction. In this spirit, let there exist the following vacuum expectation values of the scalar
components of the fields appearingliable 1,

((1,1,1,3/(1,1,1,))#0,  ((1,1,1,1)(1,1,1,3)#0, (6)

so that the last factors iBU(3)?'s, i.e., SU(3)4 x SU(3),, are completely broken, and furthermore, the following
link fields for identifications of the primed and unprim8d(3)’s,

((1,3,1,1)(3,1,1,1)) #0,

((1,1,3,1)(1,3,1, 1)) #0,

(31,1, 1)(1,1,3 1)#0. (7)
Namely, we identify3 and3 of SU(3); as3 and3 of SU(3),, 3 and3 of SU(3),, as3 and3 of SU(3)3, and3 and3

of SU); as3 and3 of SU(3)1, respectively. Then, the effective theory will B&J(3)3 with the spectrum given in
Table 2 Note that there result the needed three families,

3 [27xi ® 27w © 27w (8)
Table 1
The massless spectrum of the orbif¢f) with the gauge grougu(3)8
Sector Twist Multiplicity Massless fields
U None
TO \%4 9 (1,1,1,3)(1,1,1,1)
3 BG3LDELLLD+(L33DELLL)+B L3 DAL LLY
T1 V+a 3 1.113@ 113
T2 V—ay 9 (1,1,1,1(1,1,1,3) B _
3 (1,1,1,1)(3,1,3,1) +(1,1,1, 1)(3,3,1, 1)+ (1,1,1,1)(1,3,3,1)
T3 V+az 3 (1,31,1)@ 111
T4 V —az 3 (11,3, 1)@ 1LY
T5 V +a1+az 3 (1,1,3,1)(1,3,1,1)
T6 V+ay—as 3 (13,111,131
T7 V—ay+a3 3 31,111,131
T8 V —ay —az 3 (3,1,1,1)(1,3,11)

3 SU(3)8 was considered before in Rét5].
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Since the full trinification spectrum is added with the vectorlike combination[@7g @ 27y], the bare weak
mixing angle is siRdy = 3/8, fulfilling the hypercharge quantizatigho].

3. Phenomenology

There are many indices we deal with: the untwisted and the twisted sector number, the humor (gauge group),
and the family indices. So, we use the following convention
Witamily] (SECLOF (humoy - 9)

For example ¥j2)(T0) ) represents the second (out of the three) antiquark hu@dr, 3), appearing in the
twisted sector TO. This notation will be generalized to respective fields such afier the symmetry breaking
SUB)% — SU?2) x U(1)y x SU®)., and by identifying the three remaining light families of fermions. Each
twisted sector inTables 1 and Zomes in three copies: so it is more accurate to represent, for example, the TO
sectors as T0-1, TO-2, and TO-3. The family indices can be dropped off if unnecessary.

3.1. Neutrino mass

The trinification fields of 27yi @ 274i) in Table 2can be removed at a large mass scale of oMerby giving
VEV's to all singlets in TO

(¥ (T0)(1,1,1)=Mq. (10)
The superpotential can be taken as
gABcpE[Y (T0) (11,1 ] [¥1a1(T2) () ¥ 5)(T6) O¥c1(T3)@,1,0%01(TO) (1,1, ¥1E1(TO) 1,1,1)
+ Ya1(T2) () ¥iB1(TH G ¥1c1(TD 1.0 ¥p1(TO (1,11 ¥ £1 (TO) (1.1.1)
+ ¥A1(T2) () ¥181(T8) @ Y1 (TD 1,11 ¥p1(TD 1.0 Y1 (T3 @11 ] + h.c,

(11)
whereg s pcpr are the couplings and we multiplied three singlet fields to satisfy the point group selecti@itijule
For the case of11), the three light fermions result from TO. On the other hand, if we change indi¢e if11)
from 0 <> 2, then there result light fermions from T2. Alsoprere complicated family structure can be obtained

Table 2
The massless spectrum with the identificat{@h The gauge group iSU3)3. The symbol( } in the last column denotes that some entries are
Goldstone bosons and some are heavy ones

Sector Twist Multiplicity Massless fields
U None
TO 1% 27 {(1,1,1)}

3 (3,3, 1)+(1,33+(3,13
T1 V4a 27 {(1,1,1)}
T2 V—ay 27 {(1,1,1)}

3 (3,3, 1)+(1,33+(3,13
T3 V+az 3 link S_l_l(3)’l — SU(3)§: {18}
T4 V —az 3 1,3,3
T5 V +ay+az 3 link SU3), — SUR)%: (1@ 8}
T6 V +aq—as 3 3,31
T7 V —a1+a3 3 link SU3); — SUR);: (1@ 8)
T8 V —aq —ag 3 3,13
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by assigning couplings and VEV'’s judiciously. One can see (thitgives only the Dirac neutrino masses. For a
see-saw mechanism, we need a huge Majorana neutrino mass at high energy scale. So, we consider the following
nonrenormalizable couplings in the superpotential alloweddwgrbifold,

AABCDEF
B [%141(TO) 1y ¥151(TO) 1y W11 (T6) (W01 (T6) 3y Vi1 (TD (.1 ¥ r1 (T D (1.1, ) (12)

whereM is of order the string scale. We will assign huge VEV’sNig's in T6 and singlets in T7. Inserting these
VEV’s to (12), Ns’s in TO obtain huge Majorana masses since the VEV's @hdre considered to be of the same
order. TheNs's in TO couple to light lepton doublets bys(T0)/(T0) H2(TO) which render the Dirac neutrino
masses of order the electroweak scale. Thus, we havwbealhgredients needed for the light see-saw neutrino
masses.

3.2. R-parity

The breaking of the trinification gauge group down to the standard model gauge group is achieved by VEV'’s of
N10 and N5 directions[13] (or N1p and Ns, or N5 and N1g, or N1g and Ns). Note thatN1p and N5 appear in the
T6 sector.

Let us choose the VEV’s o9 and Ns, where Ns's appear only in T6. These VEV’s certainly break
SUB3)* — SUR)y x U(1) x SUB). [10], but the important thing to note is thak (T6 : Ns) ;) does not couple
(Hz)% field with the lepton doubleﬂl)f%, since with the notation given i&q. (2) N5 = Va0, H2=¥3, 0, and
I =¥43; 0 Thus, we obtain a kind of discrete symmetry naturally, forbidding the mixir(gigf_% and(l)_% ; the
R-parity is introducedand the proton longevity is understood. Certaittg introduction of this discrete symmetry
is by not allowing VEV's tavs fieldswhich would have mixeujHl)i% and(l)i% if allowed. This is a choice of a
specific string vacuum from a multitude of vacua. )

_ The existence of the above discrete symmetry can be understood in the following ways Thé€3, 3, 1) and
N5 in (3, 3, 1) has the following SM quantum numbers in termg2)t

Ns : lp(i,3,0)’ N5 : W(l,é,O)'

Thus, N5 can couple to
NsHol, NsDd°, (13)

while there is no field whictVs can couple to. We assign a huge VEV(16s), but forbid a VEV ofNs. As stressed
before, this is chosen by the string vacuum. Note, however, there are two sectors (TO and TG)yvappear.

With our exampl€11)the N5's and N1g's in T2 are removed. Of cours#s’s in TO and T2 do not develop VEV's

to forbid H1 — I mixing. But, all N1g's can develop VEV's. Sinc&/5(T2)’s are removed at a high energy scale,
they have the opposite property froN(T0)’s.* Thus, the coupling$13) can be considered as the low energy
effective couplings. If we consider the corresponding couplings Wit 2), they would give highly suppressed
effects at low energy phenomenology. This differentiation through the vacuum allows us to assign an effective low
energy R-parityR, to R(N5(T0)) = — and R(Ns(T6)) = R(Ns(T2)) = +. On the other handy1g’s in TO and T2

can develop huge VEV’s, leading ®(N10) = +. Since there is the coupling1oH1 H2, H1 and H> have the same
R-parity quantum number. The R-parity of the Higgs fields must be positive so that their VEV'’s do not break the
R-parity. From the Yukawa couplings:¢ H> andgd® H1, u¢ andd® must have the same R-parity. From the second
term of(13), D andd® have the opposite R-parity. Alsél; and/ have the opposite R-parity, i.é has the negative
R-parity, implyinge© also has the negative R-parity. Thus, we obtain the standard R-parity quantum number for

4 Even if more complicated couplings are introduced, three combinatioNg'sfremain light.
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leptons,
R()=-1, R(ef)=-1 (14)

However, this does not fix the R-parity quantum number of the light quathks,, d¢. But it is predicted that the
R-parity is opposite for“ and D¢.

If R(D°) = +1, then we obtain the standard R-parity quantum numbR¢g, u, d°) = R(l,e) = —1 and
proton lifetime fromggqgl can be made sufficiently long. On the other handR{{D¢) = —1, then we obtain
R(q,u‘,d®) = —R(l,e°) = +1. (Thus, the R-parity can be considdras the lepton parity.) In this caséd“d’c is
forbidden by the gauge symmetry(not by the R-parity) afuf D¢ is forbidden by the R-parity. Also, dimension-5
operators in the superpotential suchyag! are forbidden by R-parity.So, it is hopeless to observe proton decay
at the current underground detectors.

3.3. D-flat directions

For the low energyv = 1 supersymmetry to be valid, there must exist F-flat and D-flat directions. It is easy to
find F-flat directions. For the asymmetric VEV's as we have assignag tut not toNs, search of D-flat directions
is nontrivial. Alas, we already have so many VEV's for the consistency of our vacuum. For the D-flatness, we must
find at least a directio®* F,,®@ = 0 for all «, where® is the grand column matrix for all the scalar fields and
are the gauge group generators. The relevant VEV's for our D-flatness are defined as

(VTN @11113.0) = diagVz, Vza, V7o), (Ns) = (¥(130) = Vys
(N10) = (q’(é,&o)) = V1o, (1\710) = (11/(3’30)> = Vm.
Thus, the conditions for the D-flatness lead to

1
o'(13)10 = §(|VN—5|2 + 1 Vaul? = [V2a?) =0,
@T(T3),0 =0,

1
@WYn¢=gowﬁﬁ+2wwwﬁ—2wwmﬁ+|wu?vaF—ZW%F)=Q

2
@"(1)20 = S(IVisl® — [Vaaol + [Vyol’) = 0.

where the subscripts of the generators represent3tig8) factors of the trinification group, ands =

diag, —3.0) andY = diag 3. 1, —%). There are enough independef¥EV|?)’s with negative and positive

signs to satisfy the above D-flatness conditions. From the above expression, however, our simplified linkage
SU(3); — SU(3); in Table 2has more structures suchés 1,3,1) — (3,1,1,1), but SU3)5 andSU(3); are
completely broken.

Some string orbifold models contain a mechanigon the doublet—triplet splittip by not allowing extra
vectorlike quarks but allowing Higgsing8]. This has been reconsidered in field theoretic orbifolds by assigning
appropriate discrete quantum numbers to the bulk fields so that extra massless vectorlike quarks are forbidden
[17]. In essence, the string theory interpretation of dioeblet—triplet splitting mustrése from the study of the
selection rules, summarized in REE6]. In our case, the doublet—triplet splittirmust occur after the breaking of
the trinification gauge group down to the standard model gauge group by VEWg0N10, andNs. In principle,

(N10) can remove all th@® — D¢ fields (D — D¢ also) andH; — H> fields (H; — H> also). But phenomenologically,
we need just one pair of light Higgsinos of the MSSM, surviving this removal process. It is thepioblem[18]

5 Only nonperturbative effects such as by instantons can break thisti-gitdow energy. Then, the dimension 5 operator will be sufficiently
suppressed.
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or the MSSM problenfil 3]. At the perturbative level, we have not found such a mechanism yet. But, there may be
strong dynamics at high energy so that the determinant of the Higgsino mass matrix v§t@hesich we do

not pursue here. In our case, there is no anomalaids symmetry from the string compactification since rank 16

is saturated bpU(3)8. Thus, it is possible to consider the model-independent axion degree which can translate to
a Peccei—Quinn symmetry at low enefd®]. This may help to allow a pair of light Higgs doubléis8].

4, Conclusion

We constructed a supersymmetric trinification model with three familie@afi + 27y + 274i) by the Z3
orbifold compactification with two Wilson lines. It is shown that a correct symmetry breaking pattern to the
supersymmetric standard model can be achieved. One of the most attractive features is liyaetblearge
gquantization, i.e., the bare value %Hﬁ, = %, is realized by the choice of vacuum. It is an important observation
since there is n@3 orbifold model with any number of Wilson lines which can directly lead to the needed spectrum
(27wi + 274i + 274i). The model presented in this Letter gives naturally light neutrino masses, and allows an
introduction of R-parity. For one choice of the R-charge, fhe- 4 and D=5 baryon number violating operators
are excluded, closing the window thet proton decay experiment. A nedli solution of the MSSM problem,
however, has to be implemented, which we hope to discuss in a future communication.
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