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Based on the Z,_; orbifold compactification of heterotic string theory, we construct a flipped-SU(5)
model with three families of standard model matter and ingredients for dynamical supersymmetry
breaking through the hidden sector matter 10’ and 5’ of SU(5), which are neutral under the visible
sector flipped-SU(5). The appearance of one chiral set 10’ and 5’ is the new feature of the present flipped-
SU(5) string model with sin?69, = %. As required, all the exotic states are shown to decouple from low
energy physics. Above the compactification scale, the flipped-SU(5) gauge symmetry is enhanced to
SO(10) gauge symmetry by including the Kaluza-Klein modes. The threshold correction is calculated by

counting Kaluza-Klein modes, and we show that the model allows a very wide range for the hidden-sector

confining scale (10" GeV-10'6 GeV).

DOI: 10.1103/PhysRevD.80.115012

L. INTRODUCTION

The flipped-SU(5) model [ = SU(5) X U(1)x], called
SU(5)gip» Was contrived for the alternative embedding of
the standard model (SM) SU(2) singlets in the irreducible
representations of SU(5) [1-3], in contrast to the well-
known Georgi-Glashow SU(5)gg grand unified theory
(GUT) [4]. As a result, the doublet/triplet splitting in the
Higgs representations, 5 and 5, is so easy in SU(5)g;, [3]. A
distinctive feature of the SU(5)g;, model is the GUT break-

ing mechanism by the Higgs representations 10 and 10 of
SU(5) rather than the adjoint 24, reducing the rank of the
SU(5)gi, by one unit. With the advent of string construc-
tions of the supersymmetric (SUSY) GUT models, and,
particularly, with the difficulty in obtaining an adjoint
Higgs for GUT breaking in the heterotic string, the GUT
breaking by 10, and 10_, in the SU(5)gi, model becomes a
great advantage. Earlier string construction obtaining 4D
SU(5)gi, was done in the fermionic construction [5].
Recently, a realistic SU(5)p;, model was obtained in a
7., _; orbifold construction [6].

SUSY breaking is one of the important issues that a
realistic model should address. Dynamical SUSY breaking
(DSB) in the hidden sector can be realized simply by the
representations 10 plus 5’ of SU(5)’ [7], and 16’ of SO(10)’
[8]. Other hidden-sector gauge groups may be possible.
Recent DSB models at unstable vacua are known to be
possible with vectorlike representations in the hidden sec-
tor [9]. However, we will concentrate on the simple SU(5)’
model with only one chiral set, i.e. 10’ plus 5', because it
would be relatively easy to realize SU(5)' compared to
SO(10)/, in the compactification of the heterotic string. In
this spirit, DSB at an unstable vacuum and at a stable
vacuum has been discussed already [10,11]. We note that
here the minimal supersymmetric standard model (MSSM)
with the SU(5) gauge group with one chiral set (10’ ® 5')
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in the hidden sector was obtained, but the bare value of the
weak mixing angle was not % [11]. In principle, the weak
mixing angle could fit the observed one with the power-
law—type threshold effects from the Kaluza-Klein (KK)
towers, if relatively large extra dimensions are assumed
[12].

Even if SU(5)’ is a prominent example to clearly include
dynamical SUSY breaking (even in global SUSY), so far
the SU(5)’ hidden sector gauge group has not attracted
much attention. One reason may be that SU(5)’ is relatively
hard to obtain compared to the rank 4 gauge groups such as
SU(4) or SO(8)' [13]. Moreover, the requirement that one
family, (10’ @ 5'), in the hidden sector must be neutral
under the SM gauge group is much harder to satisfy
compared to obtaining just (5' @ 5')’s.

If the fundamental scale is 10'® GeV, where the visible-
and hidden-sector gauge couplings are unified, o, = ), =
1/25, the SU(5)’ confining scale with one family (10’ and
5') would be 10" GeV, which may be useful for SUSY
breaking by gauge mediation. But it is quite lower than the
conventional hidden-sector scale of order 10'3 GeV in
gravity mediation. In this paper, we will point out that
the confinement scale can be extremely sensitive to the
threshold correction by KK modes, and so including just a
few KK towers can lift the confinement scale up to
10'® GeV. Thus, if KK modes are considered, a very large
class of hidden-sector gauge groups that we did not yet
explore could be phenomenologically viable, allowing for
the possibility of the gauge coupling unification at the
fundamental scale.

The items discussed above from string compactifications
are obtained piecemeal: (1) the SM gauge group with three
families [14], (2) gauge coupling unification at Mgyt [15],
(3) DSB with one set of 10’ and 5/ [11], (4) the contribution
of the KK spectrum to the threshold correction [12], and
(5) all the exotics being vectorlike under SM gauge sym-
metry. In particular, the specific model presented in
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Ref. [11] has the Lee-Weinberg electroweak gauge group
with sin’6), = 1, which needs two scales of the gauge
group breaking by the Higgs mechanism.

In fact, the string models of SU(5)g;, satisfying condi-
tions (1), (2), and (5) are not known, except for those of
Refs. [5,6]. Actually, it is nontrivial to obtain 10, and 10,
from string theory, which are essential for breaking the
SU(5)g;, down to the SM gauge group.’ In this paper, we
present an interesting model which satisfies not only (1),
(2), and (5) but also all the above features, in particular,
sin?4%, = 3 at the string or GUT scale. The model is based
on the le,, orbifold compactification of the heterotic
string [6,11,12,16]. So, we give most of the construction
technique in a succinct form in the Appendix.

This paper is organized as follows. In Secs. II and III, we
will construct a SUSY GUT model SU(5)g;, X SU(5)’ and
present the massless spectra from the untwisted and twisted
sectors. In Sec. IV, we will discuss the Yukawa couplings
needed for the realization of the MSSM. Section V is
devoted to the derivation of the KK spectrum and the
discussion of its effect on the gauge couplings of the visible
and hidden sectors. Section VI gives our conclusion. In the
Appendix, we sketch the technique for obtaining the mass-
less spectrum and Yukawa couplings.

II. Z,_; ORBIFOLD MODEL AND U SECTOR
FIELDS

We employ the Z,,_; orbifold compactification scheme
for the extra 6D space, which preserves N = 1 SUSY in the
noncompact 4D spacetime [17,18]. Z,,_; orbifolds are
known to give phenomenologically interesting MSSMs
[6,12,16,18].

The Z,,_; orbifold is an SO(8) X SU(3) lattice, and the
Wilson lines W5 and W, ( = Wj3) can be introduced in the
2D SU(3) lattice [17,18]. We take the following shift vector
V and the Wilson line W5,

=00000;% ztH000004 12,
_ ~ (D
Wy=W,=W=(G3335039)G3330500),

which are associated with the boundary conditions of the
left-moving bosonic string. For modular invariance in
Z.,,_,; orbifold compactification, V and W should be spe-
cially related to the twist vector ¢ = (5 5 ). ¢ is
associated with the boundary conditions of the right-
moving superstrings, preserving only N =1 SUSY in
4D. The twist vector ¢ = (3 5 &) specifies the Z,_,
orbifold. This model gives

'In the flipped-SU(5), the R-parity violating operators do not
appear at the renormalizable Lagrangian level. If an exact R
parity is also required in the compactification, the number of
phenomenologically viable string SM models becomes drasti-
cally reduced.
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Hence, the modular invariance conditions in Z,_; orbifold
compactification are satisfied [18]: 12-(V? — ¢?) =
even integer, 12- W? = even integer, and 12V -W =
integer.

The massless gauge sector corresponds to the states
satisfying P - V = integer and P - W = integer, where P
is the Eg X Ef root vector. They are

SU(5): (1_—1000;0°)(0%), 3)
. 0 (1 —-1000000)
L e R

SUQR): = 03+ + + + + + + +), (5

where the underline means all possible permutations. Thus,

the gauge group is

[{SU(5) X U(1)x} X U(1)’] X [SU(5) X SU(2) X U(1)*],
(6)

where SU(5) X U(1)y is identified with the flipped-SU(5).
The U(1)yx charge operator of the flipped-SU(5) is [6]

1
X=— (-2 -2 —2 —2 —2:0%)(0%). 7
\/4_0( )(0°) @)
The normalization factor 72“6 is determined such that the

norm of the X [in general, all U(1) charge operators in the
level-one heterotic string theory [18]] is 715 This value is
exactly the one given as the normalization required for the
SU(5) X U(1)y embedded in SO(10). Since the standard
model hypercharge is defined as

=61 B0, ®

20, =1,

29

the weak mixing angle at the string scale is sin
From now on, we will drop the normalization factors “\/#4—0

'%n

and “ just for simplicity.

The massless states of chiral matter in the U sector (U)
are the states satisfying P+ V = {73 or ;5 or &}, and P -
W = integer. In Table I, the chiral fields in the U sector are
tabulated. Note that there does not appear to be any flipped-
SU(5) singlets in U. From the U sector, we obtain one

family of the MSSM matter,

TABLE I. The U sector chiral states. There are no hidden-
sector chiral states and no flipped-SU(5) singlets.

Visible states P-V X SU5)y
(b= = = =+ =)0 5 L | 5
++ + — —— — )0 5 L 10_,
(+ + + + +;— + —)0¥ i L 1_;
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10, + 5, +1_5 (and their CT P conjugates), (9)
where 10_,, 55, 1_5 contain {d§, q,, v$}, {u§, 1, }, and ¢,
respectively. It is tempting to interpret this as the third (top
quark) family, but the low dimensional Yukawa couplings
prefer one family in the twisted sector as the third family.

III. TWISTED SECTOR FIELDS

There are 11 twisted sectors, Tj with k= 1,2,..., 11.
The CT P conjugates of the chiral states in 7}, are provided
in T},_;. Thus, it is sufficient to consider k = 1,2, ..., 6.
While the U and Ty sectors contain both chiral states and
their CT P conjugates, Ty, T,, Ty, and T (Ty;, Ty, Ts, and
Ts) sectors yield only the left-handed (right-handed) chiral
states. The T3 (and Ty) sector includes both left- and right-
handed chiral states. So, to obtain the left-handed states we
will take CT P conjugations for the right-handed states of
the T3 and T'5 sectors. All the twisted sector fields are listed
in [19].

From untwisted and twisted sectors, altogether there
appear six pairs of Higgs doublets from 7, 7, and Ty,
among which the MSSM Higgs doublet pair is chosen. We
will explain in Sec. IV that, except one pair of {5_,, 5,}, the
other pairs of five-plets with X = *£2 in the Ty, T, and Ty
sectors achieve superheavy masses, when some singlets
under [SU(5) X U(1)x] X [SU(5) X SU(2)]' obtain vac-
uum expectation values (VEVs) of order the string scale.
There, we will also explain how to decouple the color
triplets from the electroweak doublets in the Higgs
quintets.

A. The flipped-SU(5) spectrum

The visible sector chiral states of the twisted sectors are

T4: Z(m_l + 53 + 1—5); 2(5_2 + 52), (10)

T3, Tg: (101 + ﬁ_l), (11)
Tr: (55 +5), (12)
Tg: 3(5_, + 5,). (13)

To get the left-handed states from the Ty and T sectors, we
applied the CT P conjugations to the right-handed states of
the 75 and T5 sectors. From Eq. (10), we note that two
families of the MSSM matter fields appear from 7. The
additional family needed appears from the U sector we
presented above.

To break the flipped-SU(5) down to the SM, we need 10,
(=10;) and 10_, ( = 10,), which appear from T5 and
Ty. As explained later, they couple to the {5_,,5,} ( =
{5,,5,}) so that the pseudo-Goldstone mode {D, D¢} in-
cluded in {10, 10} pairs up with the triplets contained in
{5_,,5,} and becomes superheavy.
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B. The hidden-sector SU(5)' spectrum

The hidden-sector fields appear from twisted sectors.
The chiral multiplets under SU(5)’ X SU(2)" are listed as
follows.

Ty: 305, 1) 553, 35,155, 2(1,2') 55, 2(1',2))s3,

(14)
Ty: (1,253, (1, 2)) 553, (15)

Tl: (E/’ ll)(): (5/) 2’/)0’ (g/» 1,)0’ (ll’ 2/)0: (g/: 1/)—5/37
(1/’ 2/)75/31 2(1/! 2/)5/31 (16)

T7: (5,155, 2(1,2)) 5,5, (1,2)s5. (17)

Again, we replaced the right-handed states in the 75 sector
by the left-handed ones in 75 by CT P conjugations. Yet
we have not included non-Abelian group singlets. The
vectorlike representations are assumed to obtain super-
heavy masses when the neutral singlet under the flipped-
SU(5) develops VEVs of order the string scale. We will
discuss this in Sec. IV.

Removing vectorlike representations from Egs. (14)—
(17), we still have

(1_0/: 1/)0’ (5/’ 21)0’ (gl) 11)0’ (1/’ 2/)0' (1 8)

The hidden-sector SU(2)’ is broken by a GUT scale VEV of
1/, 2") of (18). Then, out of the representations of (18),
one hidden-sector chiral set remains,

10, 5, (19)

which is the key toward the DSB with SU(5)’ [7].

Representations in (19) do not carry any visible sector
quantum numbers, and the flipped-SU(5) is not broken by
the DSB in the hidden sector. Our construction of one
hidden-sector chiral set 10’ + 5’ with additional vectorlike
pairs of 5’ and 5’ does not change the fate of DSB as noted
in [20]. But inclusion of supergravity effects gives a run-
away solution at large values of the dilaton field [21]. The
barrier separation between the SUSY breaking minimum
and the runaway point must be very high.

C. The other vectorlike exotic states

The remaining charged states under the flipped-SU(S)
are the singlets of SU(5) X SU(5)' X SU(2)’. They are
listed as follows.

Ty 41553 4155, (20)
To: 1 yos3, 2153, 1ygp3, 21553, (21
Ti: Lygyz, 31553, 1493, 2+ 1553, (22)
T7: Ligyz, 2+ 1553, 1493, 3+ 1553 (23)
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These are singlet exotics. Since they are also vectorlike
under the flipped-SU(5), they could obtain superheavy
masses if the needed neutral singlets develop VEVs of
order the string scale. Hence, we can get the same low
energy field spectrum as that of the MSSM. Such vector-
like superheavy exotics could be utilized [22] to explain
the recently reported high energy cosmic positron excess
[23-26].

IV. SINGLETS AND YUKAWA COUPLINGS

It is necessary to make exotics vectorlike and heavy. For
this purpose, many singlets are required to develop large
VEVs. In Table II, we list singlet fields. At least the
following fields are given large VEVs at the string scale,

S2’ SS: S4’ SS’ S7’ Sllr 512’ SIS’ S16r Sl7’ S18’ S21’ S22'

(24)

These VEVs are possible through higher dimensional
terms in the superpotential. The selection rules for the
allowed superpotential are summarized in the Appendix.
Our strategy is to construct composite singlets (CSs)
which have H-momenta, (1 00), (=1 00), (01 0), (0 —
10),(00 1), (00 — 1). Then, using only singlets devel-
oping VEVs at the string scale M, with any integer set
(I m n), we can attach an appropriate number of CSs such
that they make the total H-momentum (—1 1 1). Since

PHYSICAL REVIEW D 80, 115012 (2009)

their VEVs are of order My, generically the Yukawa
couplings multiplied by them are not suppressed.

A. Composite singlets

Specifically, let us consider a CS composed of S, with
(NL)] = li, S21 with (NL)] = {23, 12}, and S22 with
(NF); =21 from T3, T{, and T9, respectively. The CS
85,8515, fulfills selection rules (a) and (c) of the
Appendix, and its H—momentum is calculated as
(G 3 DFA00]+[F & H+0 -1 =2)]+
[(12 % 12)+(200):|—(20 —1). S5 with (N%); = 13,
1, or 13 from T3, Ss [(N*); =0] from Ts, and S,
[(N%); = 25] from T9 form another useful set. ““S3S587”
also fulfills (a) and (c), and its H-momentum is given by
O1 —=1), (=10 —=1), or (=11 —2). Similarly,
“SsS,” satisfies (a) and (c) and gives the H-momentum
of (=1 0 1). By properly multiplying S,S5;S2,, S3555;7,
S5S57 (and their higher powers), one can indeed construct
CSs whose H-momenta are (100), (=10 0),(010),(0 —
10), (00 1), (00 —1). For instance, (1, 0, 0) can be
obtained from 20 -1+ (=101), namely,
(525,182)(S5S7), and (0 O 1) is achieved from
(8255152,)(8557)*.

One can easily see that all the states in 7, and 7,
achieve string scale masses via (S,). The states in
{1y, Ty T, T}, and {T, T} pair up to be superheavy

TABLE II. Left-handed SU(5) X U(1)yx X SU(5)" X SU(2)’ singlet states. The right-handed states in T3 and T’s are converted to the
left-handed ones of Ty and 775, respectively.

Sectors Singlet states X (Nb); P(fo) Label
T9 00000;52 —32 =2)(08) L 0 3 S,
) 0000 0; ;2 1 Hdy L 17, 15, 13 2,3,2 S,
) 00000;1 72 ‘)(08)/ L 1y, 1o, 15 2,3,2 S3
) 0000 0 ’2)(08)’ L 11, 1o, 15 2,3,2 S,
T (00000010)(000001_10)’ L 0 2 Ss
T (00000;001)(00000’71%0)’ L 0 2 Se
T (00000;0—10)(00000%‘%0)’ L 0 2 S5
T (00000;00 —1)(00000 3 5 0) L 0 2 Sg
T, (00000,——1——1——1)(000003—1 S L 0 1 So
T, (00000;’1%5)(00000 TlTl, L 0 1 Sio
T; (00000;%%71)(0000071%’71)/ L 0 1 S
T, 00000:5 3 5HO0000 F L Yy L 1, 15 2,1 Sio
Ty (00000;%%1)(00000_3i%)’ L 0 1 Si3
Ty 00000;5 5+ 5H00000 32 § 3 L 0 2 Sia
Ty (00000’—1’711)(000003—173%)’ L 0 2 Sis
T, (00000‘1 = 000005 5 5 L 17, 15 I, 1 Sis
9 00000;5 52 5H00000 5t 1 0y L 21, 23 1,1 S17
T% (00000;:7: :T: %:)(00000%7371 01): L 27, 23 1,1 Sis
T%) (OOOOO;F1 5 _?1)(00000 F—% ?)/ L 33 1 Sio
T(l) (00000;?l —?1 E)(OOOOO% 177%) L 33 1 Sao
T; 00000;% = =)00000 3 ;7 5 L {11, 13}, {25, 15}, 65 1, 1,1 S
79 (000005%1’—1)(00000’1%%’ L 2 1 S
T 00000;% 2 HO0000 F+ 1y L 2 1 S
79 00000;2 2L 200000 7+ Y L 2; 1 Sos
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via (S,), (S3), and (S,). Similarly, the singlet states in
{1}, T7} and {T, T5 } pair up to be superheavy.

In order to break the flipped-SU(5) to the SM gauge
group, we need GUT scale ( = string scale in our case)
VEVs for EH and 104, which we have from 75 and T,
respectively. The u-type term 10,10, and terms with its
higher powers are allowed. Thus, SUSY vacua where
10,) = (10,) = Mgyine = Mgur can, in principle, exist.

We regard a pair of 5, and 5, in T3 as the Higgs fields
containing two Higgs doublets of the MSSM. For the
missing partner mechanism, we need the couplings
10,1045, and 10,10,5,. These couplings are allowed
in the superpotential by multiplying CSs, S;3S1;S1¢ and
817812515, respectively.

The vectorlike 5’s and 5’s appearing in the T sector
obtain string scale masses. Via (S,;) one pair of five-plets
in 79 can pair up with one pair of five-plets in 79 to be
superheavy. The remaining pair of 5 and 5 in T, i.e.
{5,,5,}, can get a mass term (or w term) via S,;5,5 and
S1. Note that while a VEV §;,5;g has been assumed, a
VEV §; is not yet assumed. But it can be determined by
soft terms such that u = (S;75;3 + S) = mj,, as in the
MSSM supplied by singlets (NMSSM).

The MSSM matter states in the 7§ sector couple to the
Higgs pair, 5, and 5,, in the same sector. Additionally,
(S,835,) can be multiplied to suppress the size of the
Yukawa couplings. The matter states in the untwisted
sector can couple to them via S,, S3, and Sy
10_,10_,5, X (S7), 10_,5;5, X (S,S,), and 1_55;5, X
(S,S83). Since there are in total 21 [ = (2 + 3 + 2) X 3]
states in S,, S3, and Sy, they can be utilized to suppress the
size of the Yukawa couplings.

B. White dwarf axions and one pair of Higgsino
doublets

In this subsection, we comment on how the needed
horizontal symmetry can arise from our heterotic string
compactification. But, we will not endeavor to discuss
accidental global symmetries arising at some specific va-
cua [27-29]. In Ref. [25], a variant very light axion has
been introduced to enhance the axion-electron coupling.
This enhancement was motivated from the unexpected
extra energy loss from the white dwarf evolution [30]. It
is needed to distinguish families by the quantum numbers
of an Abelian horizontal gauge symmetry U(1)y so that the
mixing angles are of O(10~")-O(1073). The Peccei-Quinn
symmetry broken at ~10'! GeV cannot achieve this goal
due to the small mixing F,/Mp ~ 1077, Let us choose the
H direction as

H=%(111113—11)(00000abc)’, (25)
where

b =2a — 20, c=%a—7. (26)

PHYSICAL REVIEW D 80, 115012 (2009)

The H quantum numbers of the visible sector quark and
Higgs fields are shown below in the square brackets:

U:10_, [0] T4:210_, [0], U: 5,5 [0],
T,:25.5[—1], U:1_5[0] Ty: 21 5 [+1],
T4: 2 5,2 [1], T4: 2 52 [O], T7: 572 [2], 52 [1]

27)

which have a U(1)y — SU(5)? anomaly. But this anomaly
is canceled by the Green-Schwarz mechanism [31]. The H
quantum numbers of (27) are minus those anticipated in
Ref. [25], and hence can act as the needed horizontal gauge
symmetry. To realize the scenario of [25], we need 5_, [1]
and 5, [1], which appear in T, and T, respectively.

As seen in the previous subsection, one quintet-
antiquintet pair in 75 is coupled to one quintet-antiquintet
pair in T via (S5;), and we assume that the other remaining
pair in 7, contains the MSSM Higgs. In this subsection, we
will assume that (S,;) and (S,S,¢) are fine-tuned to be zero.
This is possible because the quantum numbers of S,; and
S4S1¢ are the same. Instead, we need the following singlet
VEVs to remove two Higgs quintet-antiquintet pairs,

Ty: S [=1] T: Si9 [-2]
which break the U(1)y gauge symmetry. Note that the
VEVs of Eq. (24) break U(1)y. Here, we assume that
(S}) and (S,9) are the dominant U(1); breaking sources.

The U(1)y invariant couplings of the form T,7,T, re-
move two pairs of Higgs quintets and antiquintets of 7.
Note that in the previous subsection (S;) was adjusted to
give a light mass term (“u term”) of one quintet-
antiquintet pair in T,. The U(1)y invariant coupling of
the form 7,7,7; removes one Higgs quintet-antiquintet
pair from T and 7. Thus, the 3 X 3 Higgsino mass matrix
takes the form

Sil=11  Si[-1] 0 59,[11(T)
-1 -1 55 11T
Si=11  Si[=1] 0 2,[1(Ty) (28)
Si9[=2] Si9[-2] 0 5¢,12)(T7)
5,[01(T4) 52[00(Ts) 5:[1KT7)

It is obvious that 5,[1](T7) = 5EY is massless at this level.
If (S;) = V, and (S;9) = V, and the Yukawa couplings are
set to 1, the matching massless 5% is a linear combination
of §’s from 7, and 75,

—V,(59 + 5%) + 2V, 5
,/4V12 +2V3

where the superscripts a, b, and ¢ denote their origins from
T, and T5 as indicated in Eq. (28).

EW _—
SEY =

(29)
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V. KALUZA-KLEIN SPECTRUM

The relatively light KK modes (Mgg < 1/ Ja! ) associ-
ated with the relatively large extra dimensions can arise
only in the nonprime orbifolds such as Z;,_;. This is
because KK excitations are possible only under a trivial
(untwisted) boundary condition, which leads to N = 2 (or
N = 4) SUSY spectra. In the Z,_; orbifold, for instance,
the boundary conditions associated with the SU(3) sublat-
tice of the 6D compact space in the U, T3, T4, and Ty
sectors become trivial and allow N = 2 SUSY sectors [12].

The KK modes associated with the relatively large extra
dimensions R ( = R; = R,) of the SU(3) sublattice, whose
masses compose a KK tower of (integer)/R, should also
satisfy the mass shell conditions [12], Egs. (A1) and (A2)
of the Appendix, for Mgx < 1/ Ja'. Hence, the KK modes
in the U sector still arise from the Eg X E{ root vectors.?
But P - W = integer is not necessary for the KK states in
the decompactification limit. In addition, the Gliozzi-
Scherk-Olive (GSO) projection condition in the U sector
is relaxed from P - V = integer to P - 3V = integer [12].
The Eg X Ej roots satisfying these are

SO(10): (=1 _=1000;0 0 0)(0¥), (30)
SO@6): (00000;=1 =1 0)(08, (€2))]

(0%) (x1.+1000;000)

0% (+ = — — =+ + +)
0% (£ + + — =+ + +)
(0% (+ + + + 5+ + +),

(32)

SU2)k: =050 0000;1 —10). (33)

Thus, above the compactification scale the gauge group is
enhanced to

[SO(10) X SO(6)] X [E¢ X SUQR)x X U()].  (34)

In the visible sector, the flipped-SU(S) in the massless case
is embedded in the simple group SO(10). Therefore, be-
tween the GUT scale ( ~ compactification scale 1/R) and
the string scale 1/ Ja!, the MSSM gauge couplings are
unified, including the U(1)y coupling. SU(5)’ and SU(2)’ of
the hidden sector are embedded in E{. Note that the SU(2)
emerging in 6D space is different from the SU(2)" gauge
symmetry observed from the massless spectrum. The con-
dition for KK matter states from the U sector is also
relaxed from P+ V = {33, 35, {5} (mod Z) to P - 3V = =1
(mod Z) [12]. They form N = 2 hypermultiplets. The KK
matter states from the U sector are shown in Table III.
Among the twisted sectors of Z,_;, only T3, T¢, and Ty
can provide KK states. The KK states from 7y are all the
CT P conjugates of the KK states from T;. As in the U

>The states of Eg X E’8 weights, not satisfying P? =2, are the
string excited states with masses of (integer)/va’.

PHYSICAL REVIEW D 80, 115012 (2009)

TABLE III. The KK spectrum from the U sector. The 16
collectively denotes (+ — — — =), (+ + + — —),
and (+ + + + +), which are 5, 10, and 1, respectively, in
terms of SU(5). Here we drop the CT P conjugates so that the
fields listed above are all we need.

Visible states 4D y SO(10) X SO(6)
16;+ — —)(0%) L, R (16,4)

(16; + + +)(08) L, R

Hidden states 4D x Ef X SU(2)k
(0)(16: = — — LR -
(0%)(x£10000;100) L,R (27,2)
0%)00000;—10 — 1) L,R
0)00000;,—=101) L,R 12y

sector, the KK modes from T3, Ty, and T should also
satisfy the mass shell conditions. However, the required
GSO projection is also relaxed. Following the guide of
Ref. [12], where the authors discussed how the KK states
are consistent with the modular invariance, one can derive
the KK spectrum from the twisted sectors 75 and Tg. The
results are presented in Table IV. One can check that the
KK spectra in Tables III and IV cancel the 6D gauge
anomalies. The beta function coefficients bg:z of SO(10)

and E; by KK modes with N = 2 SUSY are

bN2_

NGy = "2X8+2X(2X8+1x10)=36 (35)

bg’,:2=—2><12+2><3><2=—12. (36)
6

The KK masses are nothing but the excited momenta
( = mj3, my) in the SU(3)-dual lattice of Fig. 1(b) in Z,_;.
The Wilson line W/ lifts some KK spectra and breaks the
gauge symmetry, say G to J{. This is because the mo-
mentum vectors 7, 1, are shifted by P/W!, where P’
indicates the Eg X Eg weight vectors. This is clearly seen

TABLE IV. The KK spectrum from the 75 and Ty sectors. All
the states are singlets under E{. The 16 in T collectively denotes
+- - =99+ + — —)and (+ + + + +),
which are 5, 10, and 1, respectively, in terms of SU(5). In the T
sector, we drop the C7 P conjugates.

P+ 3V T, (N%); 4D y SO(10) X SO(6)
XSU((2)k

0%+ 4+ 9)0%3 5 T3 0 LR 4x(1,42)

0= = =)0%3 3 I ‘1)’ T 0 LR

0%+ + —)(0% ‘ 7' P Ty 1,13 LR 8X(1,4:1)

(@;— - =)(0%5 Sy 20 15 1,13 LR -

(16;0 0 0)(0%; Tl 2)’ T, 0 L, R 4x(161;1)

P+ 6V T, (N%); 4D y SO(10) x SO(6)
XSU((2)k

(05; =1 0 0)(05; + — 0) Te 0 LR 3X%X(1,6;2)

(=1 0*: 0305 + — 0) Te, 0 L,R 5x(10,1;2)
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FIG. 1 (color online). The SU(3) lattice (a) and its dual
lattice (b). In panel (a) the torus is inside the light grey paral-
lelogram and the fundamental region is inside the dark grey
parallelogram.

from the expression for KK masses [12]:

(ma —P- W)(mh P W): (37)

M%(K = o 3R2
where R is the radius of the SU(3) torus, m,,, my, (a, b = 3,
4) are integers, and g® of the SU(3)-dual lattice is defined

as
2 1

5ab —

e =(1 1) (38)
We list the masses of the first two excited KK states for
P - W = integer:
M {§ for (m3, my) = £(1,0), (0, 1), £(1, —1)

KK = for (m3, my) = *£(1,1), =(2, —1), =(1, —2).

(39
See Fig. 2. For P - W = % + integer, we have

M2 — {% for (m3’ m4) = (Or 0)’ (1, 0)’ (0, 1)
KK % for (m5, my) = (1, 1), (1, = 1), (=1, 1).
(40)

In the next excited level, there are six KK states, whose

(40’ [3LA)V/2 Ko
.7 ! >

FIG. 2 (color online). The KK modes with P - W = integer.
The length of the solid arrows is (4a’/3L?)'/2 and that of the
thick dashed arrows is 2(a’/L%)!/2.

PHYSICAL REVIEW D 80, 115012 (2009)

|
I
I
I
I
S~ 7

FIG. 3 (color). The KK modes with P-W = mod integer.
The lengths of the red (short), blue (medium), and green (long)
arrows are 2(a'/L?)'/2, 4(a'/L*)'/?, and 2(7a'/L?)'/2, respec-
tively.

mass squared is R2 See Fig. 3. As seen from Eq. (37), the
KK mass squared for the states with P-W = —3 L+
integer and (—m3, —my) is the same as that for the states
with P - W = 1 + integer and (m3, m,). Nonvanishing vec-
tors (ms, my) do not affect the GSO projection conditions
[12]. In Table V, we display the KK states satisfying P -
W = integer. Thus the KK states in Tables III and IV also
contain the states of P - W = =1 3 plus an integer.

By the constraint P - W = 1nteger in the visible sector
6D SO(10) is broken to the flipped-SU(5), and SO(6) to
SU(2) X U(1)%. The 6D hidden-sector gauge group Ej is
also broken to SU(5) X SU(2) X U(1). But P-W =
integer still leaves N = 2 SUSY intact. While the root
vectors of the flipped-SU(5) and SU(5)" X SU(2)’ are those
of Egs. (3)—(5), the roots of the 6D SU(2) in the visible
sector are +(0°;0 1 1)(0%)'. They are broken to U(1) below
the compactification scale. The beta function coefficients
bs? via the states with P - W = integer are

bye = "2X5+2X(X12+3X5) =17, @)
1
N=2 _ 2 2
bU(l)X_%XZXB X 10+ 1% X 10
+12 X 40 + 22 X 50) = 17, (42)
bysay = ~2X5+2X5X3="-T7 (43)

The beta function coefficients b2 G/ via the ‘“‘matter”
states with P- W = =3 +integer are by > — b7
Since bSU(S) is the same as bU(l) , and both are included
in bsd(lo) in Eq. (35), the KK modes in this model, which

respect the N = 2 SUSY, do not affect the gauge coupling
unification of SU(5) and U(1)y. Accordingly, only the

115012-7
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TABLE V. The KK spectrum satisfying P - W =

PHYSICAL REVIEW D 80, 115012 (2009)
integer. Here we drop the C7 P conjugates.

0% = + H)0%; 3 )
05— — 2)0%y 3+ 5
0%+ + —)(05;4%714;31 ’21)’
(05+ + _)(05 -1 *l 1)/
(+ + + — —000)(05 2 Yy

(050 1 0)(0%; + — 0
0500 — 1)(05;+ — 0)

4% (1,2)1,1)

4% (1,1)
8 X (1, 1)(1, 1)
4 % (10, 1)(1, 1)
6 X (1,2)(1, 1)

P+ kV T 4D y (SU(5), SU(2))(SU(5), SU(2))
(+ = — — =+ + +H)0% U L. R (5,21, 1y
(+ — — — —:4+ = =)0¥ U L, R
(+ + + — —:— — +)0% U L, R (10, H(1, 1y
(+ + + + +;— + —)0% U L,R (1, 1), 1)
o+ - = — =+ — =) U L, R
oH(+ + + + +;+ — =) U L,R 1, 1)5,2)y
(0%(10000;100) U L, R
%00 —1 —1) U L, R
O+ + + — —:1— + =) U L,R 1, 1), 1)
00000 —1;01 0) U L,R
OH(— — — — +;— + —) U L, R (1, 1)(1,2)
050 0001;010) U L, R
0000000 —1 1) U L, R (1,1)(1,1)
T, L, R
T, L, R
T, L R
T, L, R
L, R
L, R
L R
L, R

(1040)(0% = + 0

10 X (5, 1)1, 1

fields in the N = 1 SUSY sector, i.e. the massless states,
affect the unification.

From the beta function coefficients, we can expect that
the MSSM gauge couplings rapidly increase in the ultra-
violet region. On the other hand, the hidden-sector gauge
coupling is asymptotically free. Therefore, a large disparity
between couplings of the visible and hidden sectors at the
compactification scale can be understood by going up
above the compactification scale. In other words, starting
with a unified coupling at the string scale, the hidden-
sector SU(5)’ coupling can be of order 1 near the GUT
scale.

When a gauge group G is broken to a subgroup H by
the Wilson line and further broken to {, by orbifolding,’
the renormalization group (RG) evolution of the gauge
coupling of H ,, including the effects by KK modes, is
described at low energies by

dm  Axw M?

+bN llOg 2+bN 2A0+bN ZA
asy, (W) a,

G/H

(44)

We assume that the dilaton has been stabilized by a non-
perturbative effect [32]. This can be discussed also in the
context of SUSY breaking as in Ref. [21]. In Eq. (44),
bN 2ZA0 (BN Y g_[A ) denotes the threshold correction by the

G = [SO(10) X SO(6)] X [E¢ X SU(2) X
Uy, = [SU(5) X U(1)y X SU(2) X U(1)?] X [SU(5) X
SUR) X U(1))Y, and  H,=[SUK5) X U(l)y X U1)*] X
[SU(5) X SU(2) x U(1)*7.

3
In our model,

KK modesof P- W =0( = _%) mod integer, respecting the
N = 2 SUSY. b(;_[o in Eq. (44) is the beta function coeffi-

cient contributed by the N = 1 SUSY sector states. As
discussed above, the KK mass towers by the states with P -
W =1 + integer and with P - W = — I + integer are the
same. bg/j{ is given by by~ — by,

As seen in Egs. (35), (36), and (41)—(43), the beta
function coefficients by KK modes are quite large.
Accordingly, only the KK states residing in the lowest
few layers of the KK mass tower would be involved in
the RG evolution of the visible SU(5) gauge coupling,
before it reaches O(1). So the field theory analysis, keeping
only such relatively light KK modes for the RG analysis of
the gauge couplings, would give a good approximation.
Reference [12] presents a full stringy analysis on the
threshold correction in Z,_;.

If 16/9R> < M2 < 28/9R?, A includes the contribu-
tions from six KK modes with mass squared 4/3R?, while
A7 (and also A7) includes contributions from three KK
modes of 4/9R? and three KK modes of 16/9R?. Thus, the
threshold corrections by such KK modes are given by

(45)

3R2M?
b’;,’{zon =17-6- 10g< )

N=2
bg/g—[A

2 M2 ORZM?
4 ) °g< 16 )]

(46)

=19-3- 2[log(9R
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where H =SU(5) and G=S0O(10). We assume 1/R =~
Mgur and a, = 1. With agys =3, we estimate
R2M? =~ 2.5,* which is consistent with our assumption
16/9R% < M2 < 28/9R?. With R2M2 = 1.9, and

bN1=

_ 1
SUGSY 3X5+5X3

+i=—12 @)

by (10/, 1')y, (5',2'),, and (5, 1), in Eq. (19), one can also
estimate the confining scale of the hidden SU(5)'. In the
beta function coefficient of (47), we also included
U(1)y-neutral (5’ ® 5') in addition to (19) to obtain the
lowest possible SU(5)’ confining scale. It is just below u =
4/3R =~ 0.8M,. Therefore, e.g., if M, =2 X 10'° GeV,
the confining scale of the hidden sector is 1.6 X
10'® GeV. Indeed, the string scale can be much lower
than 10'® GeV in strongly coupled heterotic string theory
(or heterotic M theory), if the compactified 11th dimension
is relatively large [33].

However, the hidden-sector confining scale is very sen-
sitive to RZM?2. If M? < 4/9R?, all the KK modes do not
contribute to the RG evolution of the gauge couplings up to
the string scale M., and so we should adopt only the usual
4D RG equation. If M, =2 X 10'° GeV and so ags, =

25 at that scale, the confining scale can be much lower,
down to 10! GeV. Here, we assume SU(2)’ is broken at
the compactification scale and only 10’ and 5’ draw down
the confining scale.

Below the confinement energy scale, the order parame-
ters are composite fields rather than SU(5)" gauginos and
quarks. As noticed in Ref. [21], the gaugino condensation
scale or N = 1 SUSY breaking scale can be much lower
than the confinement scale, as discussed in
Refs. [21,34,35].

The threshold correction by the KK modes allows a very
wide range of the SU(5)" confinement scale, from
10" GeV to 10'® GeV. Moreover, as noticed in
Ref. [21], the gaugino condensation scale can be quite
low compared to the confinement scale of SU(5)". Thus,
even in the case where the confinement scale is above
10"3 GeV, one can obtain N = 1 SUSY breaking effects
in the visible sector of order 10>~ GeV via gravity me-
diation. If the condensation scale is below 10'* GeV,
SUSY breaking effects in the visible sector by gauge
mediation can dominate over those by gravity mediation,
and here one may resort to the gauge mediation scenario
[11].

“Considering that the first excited KK mass squared is 4/ 9R2
one could define the effective compactification scale, R ¢ = fR
Then, R2,M> = 5.6. So at s = M, //5.6 = 0.4 X M, the first
excited KK modes appear.

PHYSICAL REVIEW D 80, 115012 (2009)
VI. CONCLUSION

We have constructed a phenomenologically viable
flipped-SU(5) X hidden-SU(5)’ model, based on the
Z.,,_,; orbifold compactification of heterotic string theory.
The flipped-SU(5) breaks down to the SM gauge group by
nonzero VEVs of 10, and 10,,. The doublet/triplet split-
ting problem is very easily resolved, because the missing
partner mechanism simply works in the flipped-SU(5). In
this model, we could obtain sin’6,, = % at the string (or
GUT) scale as desired. We have shown that all the extra
states beyond the MSSM field spectrum are vectorlike
under the flipped-SU(5) and obtain superheavy masses by
VEVs of some neutral singlets.

In this model, the KK modes do not affect the gauge
coupling unification in the visible sector, because the
flipped-SU(S) gauge symmetry is enhanced to the SO(10)
gauge symmetry above the compactification scale. On the
other hand, they could cause a big difference between the
visible and hidden gauge couplings at the compactification
scale. Depending on the size of such disparity between the
visible and hidden gauge couplings at the compactification
scale, a wide range of the confining scale of SU(5) is
possible: 10'' GeV-10'® GeV. With the hidden matter
10’ and 5, the gaugino condensation scale or the N = 1
SUSY breaking scale can be a few orders lower than the
hidden-sector SU(5)’ confinement scale.
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APPENDIX

The string excited states are irrelevant to low energy
physics. The masslessness conditions for the left- and
right-moving strings are

P+ kV,)? .
left-moving string : M + ZN,'LqSi — =0,
2 i
(A1)
+ k¢p)? .
right-moving string : s+ ko) + ZNleJi — ¢ =0,
(A2)
where k =0, 1,2,...,11; V; = (V + mW) with my = 0,

+1, —1; and i runs over {1,2,3, 1, 2, 3}. Here ¢, ke
mod Z such that 0 < ({Sj = 1,and q~5]—- = —k¢; mod Z such
that 0 < ¢b; = 1. N* and N¥ indicate oscillating numbers
for the left and right movers. P and s [ = (s, §)] are the
Eg X Eg and SO(8) weight vectors, respectively. The val-
ues of ¢, ¢ are listed as follows [17,18]:
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W p=1; 2 k=4
2 X ¢ = %,k=2; %,k=5 (A3)
B4 k=3 U k=6
and
k=1 1 k=4
2X e =14 k=20 U k=5 (A4)
3, k=3 1 k=6

The multiplicity for a given massless state is calculated
with the generalized GSO projector in the Z;,_; orbifold,

1 & .
Pf)= 53 D x(6%, 6110,
=0

where f ( = {fo, f1, f_}) denotes twist sectors associated
with kV, = kV, k(V + W), k(V — W). The phase O, is
given by

0, = S (NE - N+ (Pe3vi)vi=(s+350)8

where d;j = ¢; and (f), = —¢;. Here, %(6%, 6') denotes
the degeneracy factors, which are summarized in Table VI
[17,18]. Note that P;.(fo) = Pi(f.) = Pi(f_) for k = 0,
3, 6, 9. In addition, the left-moving states should satisfy

P-W =0 modZ in the T3, T, Tg sectors.

Neglecting the oscillator numbers, H-momenta of states
in various sectors, Hyomo [ = (5§ + k¢ + 7_)], are as-
signed as [6,17,18]

U;: (—1,0,0), U,: (0, 1,0), U;: (0,0, 1),
T, (i,i,i), Ty: <__1,‘_‘,l),
12°12'12 666
Ty: (;3,0, l), T, (;1,1,1),
474 3733
1 —4 -7 —1 1
Bman) (G0

T'<—14 7) T'(—103)
"\12° 12’12/ " \474)

from which 7’5 will not be used since the chiral fields there

(AS5)

PHYSICAL REVIEW D 80, 115012 (2009)

TABLE VI. The degeneracy factor y(6%, ') in the Z,_; orbi-
fold.

k\I o 1 2 3 4 5 6 7 8 9 10 11
1 33 3 3 3 3 3 3 3 3 3 3
2 33 3 3 3 3 3 3 3 3 3 3
3 4 1 1 4 1 1 4 1 1 4 1 1
4 27 3 3 327 3 3 327 3 3 3
5 33 3 3 3 3 3 3 3 3 3 3
6 16 1. 1 4 1 116 1 1 4 1 1

are right-handed while the other fields are represented as
left-handed. Including oscillators, the H-momenta [ =
(R}, Ry, R3)] are

(Hmom) i

(Hmom,o)j - (NL)j + (NL)]’ J=123.

(A6)

The superpotential terms by vertex operators should
respect the following selection rules [18]:
(a) Gauge invariance;

(b) H-momentum conservation with ¢ = (%, 4, L),

1271271

ZR1(Z) = —1mod 12, ZRz(Z) = 1 mod3,
Zz Z

D Ry(z) = 1 mod 12, (A7)

where z(= A, B, C, ...) denotes the index of states
participating in a vertex operator;
(c) Space group selection rules:

D k(z) = 0mod 12, (A8)

> [km](z) = 0mod 3. (A9)

If some singlets obtain string scale VEVs, however, con-
dition (b) can be merged into Eq. (A8) in (c). Then, it is
sufficient to consider (a) and (c) only.

There are 11 twisted sectors. For each twisted sector of
T, — Ty, the chiral fields are listed in the tables of
Ref. [19].
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