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Abstract In string compactifications, frequently the
anomalous U(1l) gauge symmetry appears which belongs
to Eg x Eé of the heterotic string. This anomalous U(1)
gauge boson obtains mass at the compactification scale
(~ 10'8 GeV) by absorbing one pseudoscalar (correspond-
ing to the model-independent axion) from the second rank
antisymmetric tensor field By,y. Below the compactifica-
tion scale a global symmetry U (1)anom results whose charge
Qanom 18 the original gauge U(1) charge. This is the most nat-
ural global symmetry, realizing the “invisible” axion. This
global symmetry U (1)anom 1s suitable for a flavor symme-
try. In the simplest compactification model with the flipped
SU(5) grand unification, all the low energy parameters are
calculated in terms of the vacuum expectation values of the
standard model singlets.

1 Introduction

In the effective theory low energy global symmetries are of
fundamental importance for the strong CP solutions [1] and
cosmology [2—4]. Using the bottom-up approach, the Kim—
Shifman—Vainstein—Zhakarov (KSVZ) axion model [5,6]
and the Dine-Fischer—Srednicki—Zhitnitsky (DFSZ) axion
model [7,8] are of practical interest.! However, these global
symmetries might be badly broken by gravitational effects
[11-13].

On the other hand, a consistent top-down approach, a so-
called string model, does not allow any global symmetry.
In the compactifications of the heterotic string [14] there
always exists the pseudoscalar from the second rank anti-

! For the DFSZ model, only in the supersymmetric extension of the
standard model the fine-tuning problem [9] is evaded by the n term
[10].

 e-mail: jihnekim @gmail.com

symmetric tensor field By, (u, v = 1,2, 3,4) [15], which
is the so-called “model-independent axion (MI-axion)” [16].
If the MI axion is physical, its decay constant is of order
10'5 GeV [17], which is shown in Fig. 1 of Ref. [18]. When
this MI-axion degree is removed at the compactification scale
a global U(1) symmetry can survive in breaking down to
realize the “invisible” axions at the intermediate scale Min;
[5-8]. This happens in the compactifications with an anoma-
lous U(1) gauge symmetry [19,20]. The anomalous U(1)
gauge symmetry is a U(1) subgroup of the Eg x Eg gauge
group and the corresponding gauge boson obtains mass at
the compactification scale (= 10'® GeV) by absorbing the
Ml-axion degree. In this case a global symmetry called
U (1)anom 1s surviving down to a lower energy scale. Note
that the so-called “model-dependent axions (MD-axions)”
from Byy (M, N = 5,...,10) [21] do not match to any
U(1) subgroup of Eg x Eé because the heterotic string has
only one anomalous U(1) gauge symmetry. Because there is
no global symmetry except the U (1)anom global symmetry,
the MD-axions must be removed at the compactification scale
unless they become accidentally light [22]. Thus, those used
in Refs. [23,24] must be accidentally realized. In the string
compactification accidental symmetries are pointed out to
be related to axions [25,26] and R symmetry [27]. Here we
identify U (1)anom as the needed Peccei—Quinn (PQ) sym-
metry [1] for the “invisible” axion [5-8]. Now a reasonable
compactification model with an U (1)apom Symmetry can be
considered in full detail. In this paper the model presented in
Ref. [28] is chosen, based on Z,_; orbifold compactifica-
tion.2 The model presented in Ref. [30] could also have been
chosen. This model, however, contains many more singlets
and hence is more complicated to be completely presented
here. Even though the analyses are presented in the specific

2 Recently, a comparison of orbifold compactifications and free
fermionic models has been studied [29].
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model, the current method can be applied to any model in
order to obtain complete knowledge on the “invisible” axion
and flavor parameters.

The low energy gauge group obtained in [28] is SU (5) x
U(xxU(1)® x SU(5) x SU(2)" where the primed non-
Abelian groups are from the hidden sector E¢. The first two
factors SU(5) x U(1)x are the so-called rank-5 flipped-
SU(5) [31-33]. Being a GUT, the flipped-SU(5) must resolve
the doublet—triplet splitting problem in the Higgs quintets 5
and 5: “Why are the color triplets superheavy while Higgs
doublets remain light?” In this paper it is shown how the
splitting is realized in terms of the complete spectrum in the
model. It is in fact done beyond the dimensional analyses.

The global symmetry U (1)anom is beyond the flipped-
SU(5). Hence it can be used as a family symmetry. Since
all the quantum numbers Qanom Of the global symmetry
U (1) anomare known, the order of magnitude of all the Yukawa
couplings can be obtained, resolving the family parame-
ters. That is, the mass matrices of the SM fermions can be
obtained. Basically, it turns out that the flavor matrices are
given by the multiples of the Yukawa coupling constants [27]
instead of by the mass power suppressions via the Froggatt—
Nielsen powers [34].

In Sect. 2 the definition of the quantum numbers and
expression for Qunom are presented in terms of six U(1) gauge
charges of Eg x Eg. It is derived which pair of 5 and 5is
remaining toward the needed pair in the SUSY SM. Here
we also discuss the 't Hooft mechanism which is working
for the transfer of the global symmetry down to the axion
window. In Sect. 3, the mass scales in the model where
U (1)anom 1s surviving as a PQ symmetry down to an inter-
mediate scale, are discussed. In Sect. 4, the Yukawa mass
matrices of Qe = —i—% and —% quarks, Qem = —1 charged
leptons, and light SM neutrinos are presented. Section 5 is
our conclusion. In the appendix the 't Hooft mechanism in
the compactification process is discussed. For this occasion
the correct entries for the previous tables of Refs. [35,36],
taking into account its erratum, are presented.

2 Global charges and one pair of Higgs doublets in
SUSY

In the open string theory with n Chan—Paton factors string
amplitudes are U(n) invariant. This U(n), constructed with
n(fundamental)-7(anti-fundamental), is the world sheet
global symmetry; viz. p. 374 of Ref. [37]. In the target space
this is coordinate (x ) dependent and hence U(n) is promoted
to a gauge symmetry, which is the reason that the string the-
ory does not allow any global symmetry. The basic reason
might be the string movement in the world sheet. However,
if the location of the string is fixed at a fixed point, varia-
tion of the string in the world sheet is not allowed. Hence in
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the target space global symmetry may not be promoted to a
gauge symmetry. Fixed points are present in the symmetric
orbifold compactifications and the existence of a global sym-
metry is not ruled out. However, in the smooth compactifica-
tions there will be no global symmetry. Thus an anomalous
U(1) may not arise in smooth compactifications. To obtain
a global symmetry producing an anomalous U(1) and hence
the “invisible” axion, the orbifold compactification is being
considered.

An Eg x Eg heterotic string model compactifiedon Z 12 ;
orbifold gives SU(5)x SU(5)’ x SU(2) with seven U(1)s [28].
This GUT model has been studied for various aspects in
Refs. [35,36,38,39]. Extra U(1)s are just a problem in orb-
ifold compactification. In the Calabi—Yau compactifications
for example, the rank due to extra U(1)s is easily reduced.
But there is one important U(1) factor which is a part of
the flipped SU(5) GUT [31]. Because of the difficulty of
obtaining an adjoint representation for a Higgs multiplet for
breaking SU(5), the flipped SU(5) is probably the most favor-
able GUT in the orbifold compactification [37].3 First we
pay attention to the factor SU(5)gip where our definition of
SU(5)aip is containing a gauge group U(1): SU(5) x U(1)x.
The second factor is the anomalous U(1). Except these two
U(1) factors, U(1)x and U (1)anom, the non-Abelian gauge
group is SU(5)x SU(5)' xSU(2) and the rest of the anomaly
free factors are U(1)°. Since the rank of the original gauge
group Eg x Eg is 16, the total number of U(1) factors is 7.
Their charges are named X and Q; (i = 1, ..., 6). Qanom 18
a linear combination of Q; (i = 1, ..., 6). In Refs. [35,36]
these charges are defined on the lattice as*

X=(-2,-2,-2,-2,-2:0%)(0%, 1)
Qanom = 8401 + 14707 — 4203 — 6305 — 90s, (2)

where

01 = (0°;12,0,0)(0%,

0> = (00, 12,0) (0%,

03 = (0%0,0, 12)(0%,

04 = (0%)(0*,0; 12, — 12, 0Y,

0s = (0%)(0*,0; — 6, — 6, 12,

06 = (0% (—6,—6,—6,—6,18;0,0,6) .

In the orbifold compactification, there frequently appears
an anomalous U(1)4 gauge field A, from a subgroup of
Eg x Eg [19,20]. The charge of this anomalous U(1)4

3 The Pati-Salam model [40] is also good but to break the part
SUQ2);, xSU(2)g, contained in the PS model, down to SU2)xU(1)
one needs a VEV of A (= 3 under SU(2)g); hence it is like an adjoint
of SU(2). Anyway, because of this complexity, it may be said that the
flipped SU(5) is ‘most favored’ for the string compactification.

4 For the definition, see Refs. [37,41].
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is given in Eq. (2). In addition, the anomaly cancella-
tion in 10 dimensions (10D) requires the so-called Green—
Schwarz (GS) term in terms of the second rank antisym-
metric tensor field Byy (M, N = 1,2,...,10) [15]. This
GS term always introduces the MI axion ami, duamr
€uvpe H'PC (,etc. = 1,2,3,4) where H"’? is the field
strength of BP? [16]. In this compactification with U(1)4,
A, absorbs apy to become massive at the compactification
scale m4 ~ 10'8 GeV.> Below the scale m 4 there remains
a global symmetry which is called U (1)anom. Its charge is
given by Qanom presented in Eq. (2). In detail it works as fol-
lows. Suppose that five fJ(l) charges out of Q. ¢ are bro-
ken and there is only one gauge symmetry remaining which
we identify as U (1)anom. Then two continuous parameters
can be considered, the MI-axion direction and the phase of
the U(1)anom transformation. Out of two continuous direc-
tions, only one phase or pseudoscalar is absorbed by the
U(Danom gauge boson and one continuous direction sur-
vives. The remaining continuous degree corresponds to a
global symmetry which is called the 't Hooft mechanism
[43,44]: “If both a gauge symmetry and a global symmetry
are broken by one scalar vacuum expectation value (VEV),
the gauge symmetry is broken and a global symmetry is sur-
viving”. The resulting global charge is a linear combination
of the original gauge and global charges. This will briefly
be reviewed in the appendix. This counting of pseudoscalar
degrees is not affected by changing the scales of the VEVs.
Thus, when the anomalous U(1) is arising at the compacti-
fication scale, the gauge symmetry U (1)anom is broken and
the MI-axion degree is removed and in addition the global
U (1)anom symmetry below the compactification scale results.
The dilaton partner of the MI axion must remain heavy as in
the usual Higgs mechanism since it does not find its partner
below the compactification scale.

2.1 No gauged anomalous U(1) below the compactification
scale

There have been many discussions on the Fayet—Iliopoulos
(FI) D-term for U (1)anom gauge symmetry at the GUT scale,
e.g. in Ref. [45]. However, there is no gauged U(1) corre-
sponding to the anomalous symmetry below the compactifi-
cation scale. In models with a hierarchy between the com-
pactification scale and the GUT scale there is no need to con-
sider the U (1) 3nom D-term, f d*o & D, below the compactifi-
cation scale. The & term is in the D-term potential, %Dz, with
D = —&—e¢p*Qq¢p where e isthe U(1)anom gauge coupling.
Our U (1)anom is derived from the orbifold compactification
of the Eg x Eg heterotic string. After compactification of the
six internal space M4 x K can be considered where My is the

3 If there is no anomalous U(1) gauge symmetry, the MI axion is an
axion at myy ~ 10'° GeV [17].

Minkowski space and K is the internal space. In Fig. 1 some
relevant fields living in K are shown. The effective symme-
try group in the My Lagrangian is gauge symmetries times
some discrete groups without any global symmetry except
that corresponding to By,,,. The 4D scalar B;; are called the
MD-axions, a, (n > 1), determined by the topology of the
internal space. Reference [45] shows that the classical sym-
metries corresponding to @, — a, + (constant) are broken by
the world-sheet instanton effects. Figure 1 shows these fields
living in K with some U(1) gauge fields. In the compacti-
fication of Eg x Eg heterotic string there appears only one
anomalous U(1) if any of such terms are present. If so, the
corresponding gauge boson obtains mass by absorbing aw
as shown in the appendix and Fig. 1b. All the other U(1)s
are anomaly free. a, are not absorbed to gauge bosons at this
stage. Now the massless states a, and non-anomalous six
U(1)s below the compactification scale can be considered as
well as their Kahler potentials and FI D terms. However, for
U (Danom we do not need to consider the corresponding D
term.

For a consistency check, consider Fig. 1a again. If the
throat is not cut, the space is still 10D. In this 10D the
U(1)anom subgroup of Eg x Eé can be considered. Let
us consider the subgroup SUQ3) ¢x SU®2)rx U(l)yx
U(1)anom X ]_[f=1 U(1); of Eg x E{ where U (1); are anomaly
free. Before cutting the throat Eg x Eg is broken in order
to separate U (1)anom by the VEV of an appropriate adjoint
representation (in 4D language) in the bulk. Of course,
this adjoint representation is not present in our massless
spectrum but is good enough to see the resulting effective
low energy theory. If U(1)anom 1S separated in this way it
obtains mass by absorbing the MI axion by the VEVs of
F;j as shown in the appendix. Then superheavy masses are
assigned to the adjoint representation introduced. So far,
nothing has been introduced violating the effective symmetry

\ 0y,
) A,/
/ «—)—
I L I I L I
(a) (b)

Fig. 1 Compactification, leading to M4 x K . The parallelogram depicts
My, € is a compactification size of K and L in one direction is shown
pictorially as a neck

@ Springer
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SUQB) ¢x SUR)L x U(l)y x U(1)anom X ]_[f=1 U(1);. Next,
the throat is cut to obtain the effective 4D theory which is
SUB)exSUR) . xU(1)y x ]_[?:1 U(1);. There cannot be a
FI D term for U (1)anom in this interpretation.

Even if we consider the FI term with a nonvanishing &,
in case there is no hierarchy between the compactification
scale and the GUT scale [46], it can be shown that a global
symmetry can be derived below the scale of the anomalous
gauge boson mass. Therefore, the following equation can be
considered, including the D term with a nonvanishing &,

2
1
EaﬂaMlay.aMl + MmiA 3% avn + |—§ + e 242: Quta
a
+[|(aﬂ —ieA)pi + - ]
= (Mmid*amr — eVid*anA, + -+, 3)

where ¢, are assumed to carry only the anomalous charge
for a moment, not carrying any non-anomalous charge ¥ and
Q,- (i=1,...,5).Letone ¢,, say ¢1 develops a VEV, Vi, by
minimizing the FI term. Here, two phase fields, amp and ag
[= the phase of ¢ (= (V| + ,Ol)e"‘”/vl )/ﬁ] are considered
and only one Goldstone boson is absorbed to A,

\/m (cosbg ami — sinbg ay) 4)

where tan g = eV /M. The orthogonal direction
amr . ai
+ sinfg
| Ml leVi]
is surviving as a global direction below the scale
‘/MI%/H + e Vlz. With this global symmetry, breaking the

0’ = cosfOg

&)

five non-anomalous f](l)’s around the GUT scale can be
considered, leaving only one global symmetry to the axion
window. If one gauge symmetry U (1)anom Were the whole
story for the global symmetry, the next lower scale VEV
of a scalar carrying nonzero VEV (probably at a GUT
scale) will break the global U (1)a0m- In the orbifold com-
pactification however, there appear many gauge U(1)s (six
in our example) which are anomaly-free except the above
U (D) anom, say U(1)4 in our example. The D term of U(1)4
is |¢ik Q4¢2|2. Generally, ¢ carries the U (1)an0om charge, for
example in Table 2 any ¢, carrying nonzero Q4 also car-
ries Qanom- S0, the VEV of ¢, will break both U(1)4 and
the global U (1)4n0m Obtained above. Below (¢,) appears the
global symmetry U (1)anom. Applying the °t Hooft mech-
anism repeatedly until all anomaly-free gauge U(1)s are
broken except U(1)y, the global U(1)anom interpretable as
U (1)pq from string compactification is obtained.® Then, at

6 It is easy to see this by counting the number of continuous degrees.
Two phases are introduced, ay; and a1 . One combination is absorbed to
Al om. One may worry that the other combination, (5), might become
massive because two terms for ay and a; are considered. However, it

@ Springer

the intermediate scale 10°~!! GeV, one U (1)anom breaking
VEV f, of aSM singlet scalar ® breaks the global symmetry
U (1)anom spontaneously and the needed “invisible” axion at
the intermediate scale results. The global symmetry whose
shift angle 6’ is broken at an intermediate scale to create the
“invisible” axion by some scalar field carrying the anoma-
lous charge. To observe this only one scalar field ¢ develops
a VEV V| as before. Now a global charge surviving below

the scale ,/ MI%/H + 2 V12 is defined as’

Ql = Qanom +x Q4 (6)

where Q, is an anomaly-free gauge U(1) charge. For the
condition Q’|¢1) = 0 so that Q' is a good generator of the
global symmetry, x = —Qanom (¢1)/ Q4 (1) is fixed. Since
Q, is an anomaly-free generator, a constant multiple of Q,
in Eq. (6) can be added to give the same anomaly coefficient
for U(1)’-SU3).~SU(3).. A new global charge can be taken

Q/ = Qanom- (7)

Actually, a more general proof was given in Ref. [43]. Con-
sider 0" = Qanom + x1Qa + x20) where O, and Q)
are Aanomaly—free gauge charges. Then Tr Q’ = Qanom and
Tr Q/Qp Q4 = Qanom @ p Oy where {p, g} = {a, b}. In fact,
in Ref. [43] instead of Qanom Of Eq. (2), it was shown to have
exactly the same traces with

0’ = 63(0%; 16, 28, — 8)(0°; 6, 6, — 12)’. )

In the tables of the present paper Qanom iS used, and in the
Tables of [43] Q’ is used but the anomaly-related quantities
such as Tr Q' 0% 1or Qfolor and Tr O’ Qem Qem are exactly the
same in both cases.

2.2 “Invisible” axion in the axion window

For simplicity’s sake, a hierarchy is assumed between the
compactification and the GUT scales. ¢ is chosen, not car-
rying any gauge charge. The VEV of ¢ is assumed to be at
the axion window and breaks the U (1)apom global symme-
try. In this case, the actual global symmetry breaking scale
is a mixture of two effects: the MI-axion direction and the
hypothetical intermediate scale axion direction (the phase of
¢). When the original anomalous gauge charge of ¢ is Q,,
¢ (~ ve'®/V), the QCD axion a created at the intermediate
scale (determined by the VEV of ¢) is a combination of a
and ami,

Footnote 6 continued

does not work that way because both generators, U (1)anom and Q, in
the FI D-term in Eq. (3), are proportional. Equation (4) explicitly shows
that only one combination is removed to Al om.

7 The sign in front of Qanom belongs to the sign convention of the 0
term and we choose + sign here.
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Table1 The SU(5)x U (1)x states. Here, + represents helicity +% and
— represents helicity —%. Sum of Qanom is multiplied by the index of
the fundamental representation of SU(3),, % The PQ symmetry, being

chiral, counts quark and antiquark in the same way. The right-handed
states in 73 and T5 are converted to the left-handed ones of Ty and 77,
respectively. The bold entries in the column Qnom are Qanom/126

Sect.  Colored states SUB)xy Mult. Q1 02 03 04 Os 0O Ounom Label QL7
U (44 ——1——+)0O% 10, -6 —6 46 0 0 0 —1638(-13) C,  —3276
U (+=—=———:i+—-—-)0©% 5.3 +6 -6 -6 0 0 0 —126(-1) Cy —294
) (== — =)oY 5,3 2 -2 -2 =20 0 0 —378(=3) 203 —882
) (4 — =) 0%y 0., 2 -2 -2 -2 0 0 0 —378(=3) 204 —756
7} (10000; 41 %)©% 5, 2 +4 +4 44 0 0 0  +756(+6) 2Cs  +1008
7} (=10000; 14 1)©0% 5. 2 +4 +4 44 0 0 0  +756(+6)  2Cs  +1008
70 (10000:000) (0% 5 Loy 5, 3 0 0 0 -12 0 0 0 3¢, 0
70 (=10000;000) (0% &L Loy 5, 3 0 0 0 +12 0 0 0 3Ccs 0
) (=10000; F 2 )0 F F Yy 5, 1 -2 -2 =20 +9  +3 —972(=3%) Co  —1296
) (+10000; 2 F )% F F )y 5, 1 -2 -2 =20 +9  +3 -972(=3) Cjp  —129
Y (+++-—-:000)©%F F B 10, 1 0 0 0 0 +9  +3 —594(=) ¢ —1188
) (++-———:000)©; L2210, 1 0 0 0 0 -9 =3 4+5%(+3F) C;p  +1188
—16 —28 +8 0 +18 +6 —3492 —5406
a = cosfap + sinf ayy, with sin6 group SU3)cxSUR2)r xU(1)y. They appear in T30 and
_ g0.v © T90 in Table 1. The vacuum expectation values (VEVs) of

VM + 2030

where the antisymmetric tensor field strength is the MI-axion,
Hyup = Myr€,0p00%apr [16]. Thus, for v < My the
desired “invisible” axion at the intermediate scale is obtained.

Here we stress again that the exact global symmetries from
the string compactification require anomalous gauge sym-
metries after compactification. From the Eg x Eg heterotic
string there is only one such anomalous gauge symmetry
as discussed above.® Any other global symmetries must be
accidental as discussed for QCD axions in [25,26] and for
axion-like particles in [48].

2.3 Three families in the flipped SU(5)

The three families of the minimal supersymmetric stan-
dard model (MSSM) and one pair of Higgs doublets are
required as a result. To have the “invisible” axion, it is further
required that U (1)anom 1s broken at the intermediate scale,
Min ~ 10! GeV. At the SU(5)nip GUT level, three copies of
10_, @53@1_5 are necessary. In Table 1 SU(5) non-singlet
fields with the global quantum numbers where the axion—
photon—photon couplings are presented in the last column
are presented. One family appears in the untwisted sector U
and two families appear in the twisted sector T40.

In the SU(5)pip GUT, a pair of 10, @ 104 is needed
to break the rank 5 group SU(5)gjp down to the rank 4

8 There can be more anomalous gauge symmetries from Type-I and
Type II-B [47].

these pairs achieve the doublet—triplet splitting discussed in
Sect. 4.1.

For the Higgs quintets T has pairs with multiplicity 3.
More importantly, two pairs appear in Tf and one pair
appears in T70. The two pairs appearing in T40 are not distin-
guished and the Higgsino mass matrix elements are demo-
cratic. Their Yukawa couplings take the form of C5Cgo that
conserves the U (1)apom Symmetry,

M M
M M
where M ~ (o1). The o1 multiplicity is 3, as shown in Table
2. The twisted sector T40 satisfies the Z3 orbifold selection
rules and the multiplicity 3 belonging to the permutation sym-

metry S3 splits into S3 representations 269 1. Three o ’s under
S3 in the Z3 compactification can be combined to [49,50]

M2><2 _

demo

(10)

&y = %<Uf+af+af>,
¢+_%<af+waf+d)of>, (1)
d_ = % <al“ +c?)(71b +a)0f),

where w = ¢*"/3 and @ = ¢*"'/3 are the cube roots of unity.

d is a singlet 1 and & and ®_ form a doublet 2. Suppose
that (®g) # 0 and (P4) = (P_) = 0. Cs5 and Cg belong to
2 of §3, and their multiplication gives2 x 2 =1® 1’ & 2,

@ Springer
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Table 2 Left-handed SU (5) x U (1)x xSU(5) x SU(2) singlet states.
(N j is the notation for the oscillator mode of the oscillating string
with j denoting the coordinate in the internal space. P(fo 4, —) is the

multiplicity of the corresponding spectrum in the twisted sector 70+~
In this table there is only P( fy). The right-handed states in 73 and 75
are converted to the left-handed ones of Ty and 77, respectively

Sectors  Neutral singlet states SUB)x (NY) j P(fo) Qi 0> 03 [on 05 06 Qanom La.
T (0°: 52 32 ) (0% 1o 0 3 -8 -8 -8 0 0 0  —I512(-12) o
T 0°: 52 1 1)y 1y I, 1,13 2,32 -8 44 +4 0 0 0 —252(-2) o
T (0°: 132 1)y 1o lj. 1o, 13 2,32 +4 -8 +4 0 0 0 —1008(—8) o3
1) 0°: 4357 @ 1o I 1,13 2,3,2 +4  +4 -8 0 0 0  +1260(+10) oy
Ts (03;010) (051 = o) 1o 0 2 0 +12 0 +12 0 0  +1764(+14) o5
Ts (0°;001) (05 % 1 0) 1y 0 2 0 0 +12 —12 0 0  —504(—4) 6
Te (03;0 — 10)(0° 52 Loy 1o 0 2 0 -12 0 12 0 0 —1764(-14) oy
Ts (03;00— 1) (051 5to) 1o 0 2 0 0 —12 412 0 0 +504(+4) o3
Ty ©:5FFFHoFi0 1 2,23 L1 -4 -4 -4 —-12.0 0 —756(—6) 9
Ty ;5 FFHo izt 1 21,23 L1 -4 -4 —4 412 0 0 —756(-6) 10
T3 052 02 3 19 0 1 -6 —6 -6 +12 -9 -3 —540(-3%) oy
T ;5 L0025y 1o 0 1 -6 +6 46 +12 -9 -3 +720+%) o
T3 ;1150 F 35 1o 0 1 +6 4+6 -6 —12 -9 -3 42232+ oy
T3 ;1150 F Ly 1o 1, 15 21 46 +6 —6 0 19 43 1044+ oy
Ty ©03;1 11y P2 1Ly 1o 0 1 +6 46 +6 —12 +9 +3 +540(+%) o5
Ty ©0;1 5t by P2 1Ly 1o 0 +6 -6 —6 —12 49 +3 -T720-%) o
Ty 0 ;5 FH L 2Ly 1o 0 2 -6 —6 +6 +12 +9 +3 —2232(- m) o1
Ty 0 F S H L5 1o 17.15 L1 -6 -6 46 0 —9 —3 —1044(=B) o5
Ty ©: L L HoeFIhy 1 33 1 -2 -2 -2 —12 49 43 -972(- 7) 019
0 (R e LA B D S 33 1 -2 =2 =2 412 49 43 -92(=3H) oy
Ty 0z FL Do 1 {11, 13} 1 -2 -2 -2 0 -9 =3 4+216(+%) oy
{23, 12} 1
63 1
o (05 ;2L %1) O D 1) 27 1 +10 -2 -2 0 +9 43 +36(+2) o
o (05 ;=2 %1) o ZF Ly 1 27 1 -2 410 -2 0 +9 +3 +792+%) o
79 (05 FEHHEF LY 1 2% 1 —2 -2 410 0 49 +3 —1476(-%2) on
Wy = — (C(I)C(l) C(2)C(2)) in the same way. Since it belongs to T we consider the Z,
\/— and S> permutation which allows only the following singlet
W) = 7 (Cm c—c® C<2)) combinations:
(12 @ _ 1 ( DD | D@ | BB
v@ = — (e’ + P + P ),
W, = 7 (C(I)C(Z) C(Z)C(l)) ’ \/5 7 >3 7“8
w® — (C<1)C(1) cPc? +cPc ))
De® 4 2 ~M) 7 >3
vo= (C( c? +acPc).
ﬁ 5 ﬁ (1 ~@) 2~ 33 (1
. O = — ( ).
where W and W_ form a doublet under interchange (1) <> Nz GG+ GG -GG
(2/). Thus., the singlet YEV (®g) can couple with el'ther ) (?r w@ _ L COED _ c@e@ B e®
W,. In this way one pair becomes superheavy. This result is - V3 7 8 7 8 7 ~8 )

equivalent to the democratic mass matrix (10). Namely, the
determinant of Mgexnfo is 0 and only one pair obtains mass
2M. The remaining pair is massless at this stage. For the

three pairs in T¢ the Higgsino mass matrix can be studied

@ Springer

If we require the invariance of the mass matrix under S,
i.e. under the interchange of any two pairs out of (1), (2)
and (3), only the term W@ is allowed. Then only one
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pair obtains a superheavy mass and two pairs remain light.
Again it is like taking a democratic mass matrix. Even
if the two pairs from Tg remain light, their contribution
to the unification point of couplings is null because they
are the SU(5)a;p complete multiplets. However, the abso-
lute magnitude of the gauge coupling constant at the uni-
fication point is affected. Nevertheless we will not discuss
these complete multiplets anymore in this paper since the
massless pairs do not affect our discussion on the flavor
problems.

There are the Yukawa couplings C5C11021 and CeC12071
which conserve the U (1)anom Symmetry. Among the remain-
ing two light pairs (one from Tf and the other from T70) one
obtains mass and finally there will be only one light pair left.
We have the 3 x 3 Higgsino mass matrix’

T4 T4 T7
Hu( )1 Hu( )2 HLE )

M M m\ H
3x3 _ (T4)
MH?ggSino - M M m Hd(T7)2 (14)
m m 0 H;

where m ~ (071). As expected, the determinant of Mlifsgsino
is 0, and there remain two light pairs as far as the (33) element
is 0. The heaviest eigenstate of (14) is

0 0
wMe — (\111T4 + \U2T4) , mass = 2M, (15)

where ¥ is H, 4. The Higgsino pair of the MSSM contains

1 70
o= — (xy —

VAN
The other state with a nonzero (33) element will be presented
later.

Ty
w,* ), mass = 0. (16)

3 Mass scales

Below the Planck scale Mp four scales are being consid-
ered: the compactification scale allowing large masses Myec
to vector-like pairs, the GUT scale Mgur, the intermediate
M;y and the electroweak scale vey. The principle of remov-
ing vector-like pairs is just the gauge principle as emphasized
in [43]. If extra symmetries are introduced one must include
another assumption(s) how those extra symmetries are bro-
ken. The hierarchy of scales that we consider is

Eg x Eg — GUT —

vec Mgur

SM and “invisible” axion) —> SU@B)c x U(1)em

int Vew

9 In the (33) position, & will be introduced later.

where M\,ec2 is the order of the string tension, &’ ~1 The parti-
cles removed at the compactification scale are the vector-like
sets. In Table 3 charged singlets are listed. The vector-like
sets, including the charges Qanom and Z1 orbifolds, must be
removed at My, . The U(1)s which can be broken at the GUT
scales are five anomaly free U)’s. U(Danom global symme-
try is required to be broken at the axion window and works
as a global symmetry at the GUT scale. Any singlet of Table
3 can have a GUT scale VEV, leaving a global symmetry
below Mgyt via the 't Hooft mechanism [44]. This process
can be repeated in order to break all five anomaly free fJ(l)’s,
leaving only U (1)anom global symmetry below Mgyt. The
doublet—triplet splitting can be of the form “colored parti-
cles=GUT scale and H, 4=light”. Even if the masses of col-
ored particles are a bit smaller than Mgy, proton stability
can be achieved. Proton decay by dimension 6 operators of
quarks and leptons (by the exchange of colored scalars) is
helped by the Yukawa couplings for the first family mem-
bers by order 1073, Then it is not problematic. With the
SUSY assumption dimension 5 operators of quark and lepton
superfields, Wa 10_; -10_; - 10_, - 543 are the leading
contribution. This is disastrously dangerous if the colored
scalar masses are somewhat smaller than Mgyt. There can
arise a Z4 from a subgroup of an anomaly free U(1) gauge
group, eliminating W4 as shown in [38]. There is no fast
proton decay problem [51].

There are two GUT scale sets,
Cre+cge, ci+ 3. (17)
These are SU (5) x U (1) x non-singlets and these vector-like
sets cannot be external light fields. In addition the superpo-
tential terms cannot be generated through the intermediate
states of these vector-like fields. Diagrams with these internal
Mgyt mass states must contain loops which cannot generate
superpotential terms because of the non-renomalization the-
orem. Thus high dimension superpotential terms composed
of light fields cannot be generated with a suppression factor
Mgut or Mye. in our model.

If a high dimension superpotential term of light fields is
generated, the relevant mass suppression factor must be the
intermediate scale Miy; . This conclusion, depending on our
detailed model, is very different from the general strategy in
the MSSM where the i term for example has the suppression
factor Mgyt or Mp [10].

4 Yukawa couplings

Now, we search for a possibility for anonzero (33) element of
M}31ng3gsino in Eq. (14) which respects the U (1) apom Symmetry
and the Z,_; selection rules. At the level of dimension 10

there appears one

@ Springer
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Table 3 Electromagnetically charged singlets

Sect. Charged singlet states SUB)x Mu. 01 Q2 03 04 Os 0s  Qaom La. 44
U (+++++;—+—)0% 15 -6 46 -6 0 0 0 +630+5) S +630
P +++++:F3F)0 1s 2 -2 -2 -2.0 0 0  —378-=3) Sy 378
@S FEDEIEER R L 2 -2 2 46 4 410 S0 a6 s T
(B2 EEE 25 1y 2 2 42 46 -8 -8 —l6 +52GD) 5 45
N (S SR e O N (T e I T 2 -2 -6 42 —4 —10 +10 -594(-F) 5 —66
(S R Y (e ) I 7 2 -2 -6 +2 +8 +8 +16 —1782(-=%) S5  —198
F (%S ho)((F L Foly 105 |1 -4 +4 0 -4 +8 +16 -396(-%) S —176
(F5 L Dy 203 153 1 42 -2 +6 +8 —10 +10 +162(+7) S  +18
(FH3 L Dy 5toly 153 1 42 -2 +6 -4 +8 +16 —1026(-T) s3 114
7, (G Fol)y (il losy 1 1 -4 0 +4 +4 -8 —16 +144+YH 5 +o64
(S istahy@diilot 201y 15, 1 +2 -6 -2 -8 +10 —10 —1170(=%) S, —130
(Ssistahy@ditiztoloZly 155 1 42 -6 -2 +4 -8 —16 +18(+d) S 42
(G R IR S L Zlo) 15 1 20 42 46 44 41 —13 -72(=H) S, —32
(s 322o)y(Liblolol Zlo)y 155 1 -8 48 0 +4 +1  —13 +558+3) 53 +62
(b3 15loyd bl 1 —lgy ls3 2 +4 -4 0 44 +1 —13 —198-%) 285, -22
/
T () <%‘)4%;%%0) s 1 =2 46 42 48 —1 +13 +576(+2) §5 +256
!’
«%55:¥0%”(F§f%?%‘30) Is/3 I =8 0 -4 48 —1 413 —558(=%) S —62
/
(cgf,§0§)0%54%,%:}o) Iy 1 +4 0 +8 +8 —1 413 —54(=3) S, —6
!
T ((E) L) gggg%agggo) L 1 =2 42 —6 —8 +1 —13 +42+2) Sz +192
’
((Bs430) (a3t 40) Ly 1 +4 48 0 -8 +1 —13 +1566(+%) S0 +174
/
«@5;§:;0)(gééggkg§%0) Ly 1 =8 —4 0 -8 41 —13 —1206(=5) Sy —134
7 (D% FE D (EH L Lo 1i0/3 1 -2 -6 +2 -4 —1 +13 -1188(-%) s —528
—1 . =202 —1 1.-11 4 59
((F»:503)((F)*5: 75 10) 1s3 1 =8 0 +8 —4 —1  +13 —1062(-=%) S»n —118
(Z5: tozh) (s s Loy 1s3 2 +4 0 —4 -4 —1 413 +4504+%) S +100
—16 —28 +8 0 +18 442 -7632 — 1162
W o 1 H(TQ)H;T% 01(2T3)G2(3T70) 2(1T70)62(1T70) US(TG) and the massless one is still Eq. (16),
7 u
int 1
(T6) _(T6) (T 0 =19 1
xaog Cog Vot (18) 5T4,54:E —1], mass =0. (20)
0

where we used the Miy; as the suppression factor. This term
introduces anonzero entry ¢ in the (33) element which cannot
be very small because the VEVs of the singlets are also at
the scale Mjy, . In this case, the remaining two eigenstates of
(14) are

19)

@ Springer

At this level, the Higgs doublets are those appearing in T40.
However, the doublets from Tf obtain mass at the elec-
troweak scale when soft masses of order m% Jp are introduced,
which is a well-known fact in the supergravity phenomenol-
ogy. This will not be discussed here.

4.1 Doublet-triplet splitting

For the successful MSSM, the multiplet (20) must split into
heavy colored ones and light Higgs doublets. This doublet—
triplet splitting problem is achieved by the VEVs of 10_;
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Table 4 Three left-handed states belonging to the vector-like spectrum appearing in Fig. 2

Sect. P +kV SUG)y Mult. Q1 0 03 Qs ©Os 0Os Quom Label
Ty (k4= = = AL O 10, 2 +2 42 42 0 0 +378E2)  Cy
T (4 - — 2= =lyedy o0, 2 -2 -2 -2 0 0 -38(3)  Can
79 (=10000; £ £y 05 L £ 2y 5, 1 +2 42 42 0 -9 -3 +4IN(EH) (g
Fig. 2 A high dimensional 70 70

term. The fractional numbers in < 1 0 1 <+712> > < 1 0 1 ( +’;2 ) >

the brackets are Qanom/126

and 10, | appearing in 73 and Ty. Here it is explicitly shown
from the detailed string compactification model discussed
above. It is shown that the suppression factor is the mass of
the vector-like pair Mye.. The VEVs of 10_; and 10, give
0
mass to the colored triplets of the Higgs quintets, 5?‘2 and

=17 . .
5 _;’2. But the problem is the scale for the effective operator.

We find the following operators:

o 0 0 0
VEV of 10: — (TP oy ) oy ) CT
vecHint
— dfromlT)_| d§0m§+2, 2D
70 T? T}
VEV of 10: Y2 (C1T29><019] )(‘7201 ) C1T29 C54
vec Mint
= dfrom 104 dirom5_5> (22)

where the 1/Mye. suppression exists because there appear
heavy vector-like states in the tree diagram.'? Two thick lines
of Fig. 2 are vector-like states of Ref. [28] because there is no
massless (left-handed) states in TE? and TSO. The cross in the

0
RHS is of the order M;,; because 1g7 (_754) is present in Table
2. On the other hand the cross in the LHS is expected to be of

the order My because ET‘? (_TZI) does not appear in Table 2.
Even though the left-handed states of Table 2 do not contain
a state with Qanom = _Tzl, the vector-like pairs (10 and 10
shown as two thick arrows) can fulfill the quantum numbers
because we will not require the masslessness conditions in

10 [oop diagrams are not considered because of the non-
renormalization theorem.

the orbifold selection rules for the vector-like states. Also, the
thick arrow line for 5, does not appear in Table 2. These
three states are denoted by the ‘vector-like states” which are
shown in Table 4. The left-mover and right-mover masses
in the heterotic string with Z1,_; compactification in the kth
twisted sector are given

P+kV)2 28 2N
M} = (PHEV)” 26 =L (23)
2 2 2
(5 +kp)?  2ck  2Ng
My ="""" "2 4= 24
2 5 > + > (24)

where N 1.r are the oscillator numbers and 2¢4 8 = % and
2c48 = % are given in Ref. [41]. In the model of [41], the L
and R vectors are

-1 -1 -1 1 1 -2y

6 66 47 4 4
b= 5 4 1 26)
T\’ 1)

The QCD-color field in 5., finds the partner in 10_;,
both of which are shown in red in Fig. 2. Similarly, 5_»
finds the partner in 10, . Thus there remain only massless
Higgs doublets from Eq. (20), H, and H;. The doublet—
triplet splitting is realized. One pair of 5_, and 5, needs
one pair of 10,1 and 10_; for the splitting.

In view of the longevity of proton, note that the dangerous
105 -10-10 -5 and 10 - 5 - 5 - 1 couplings are allowed in
SU(5) x U(1)x, judging from the gauge quantum numbers
alone. In the ordinary SO(10), which is the covering group

@ Springer
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Table 5 The SU(5) representations. Notations are the same as in Table 1

P +kV SUGY  Mu. O Oy 03 04 0Os 0Os  Qunom La. Q)
) (0 E ) =1030; 1Ly 10, 1 -2 -2 -2 0 +3 49 -—648-%F) 1/ 0
R B B | 11 -1-11.-1-1
055 3)G17 3 30770
) (05; % 2 2)10000; 13 2% 1 -2 -2 -2 0 43 -3 -540(=3) F 0
(0% 3 5 %) ©00000: 3 32 5
@ DAF TS ST
@ FE DA R
P (0 FE L) GFE i FE G35 1 2 2 2 0 +3 —15 -432-%) F 0
(0°: 3= ) 0000 —1: 551y
! —
T (Bs50)(Fakttib o) S 1 4 -4 0 44 41 +11 —414=3) F -230
1\5. 1 —1 -1 =1 =1 =1n. 7 11y
(:350)(F 53550 577)
T (4=l 11y (25151210, 100) 5 300 2 2 6 4 -2 2 —18(-1 F,  —10
(@ Fs) 3333 053 ~5/3 + +6 + + 7 4
1\5. =111 11 111.,=1-=1-=1Y
(%5 53)(ss662:5 2 7)
!/ —
T, «%P;%s%é)ﬁ%%%%oy%oo) 555 32 6 +2 -4 42 -2 —1242(=%) F, —690
—1\5. =1 =11 —1\4=1.111Y
(75 76 (G Fi633)
i
T (cgﬁ;go%q(g:l%l%lglpggo) 555 I +4 0 -4 —4 —1 —11 +666(+3) F. +370
—1\5. 1 —1 1111, =7 =1-=1Y
(59:505)533330: 375
—16 —28 +8 0 418 +6 —3492 —1960
. . . 1 _
of SU(5) x U(1)y, these terms are forbidden by imposing W(SM singlets of Table 2) - T0_;535_». Q27)

the R-parity quantum numbers — 1 and + 1, respectively, for
the matter and Higgs fields. In our case the GUT scale Higgs
boson 10 and 10y are C;; and Cy, of Table 1. These are
from T30 and T90. The orbifold selection rules allow for the
superpotential term C11C17 but do not allow for C11C4C4C3
and C11C3C3 -1 from the fields in Table 1. In the latter opera-
tor containing the L-violating LL E€, 1 may be chosen from
T]0 such as 0192021 of Table 2. However, L L E€ alone does
not trigger proton decay. Basically, the R-parity interpreta-
tion for the proton longevity in SO(10) GUT, up to dimen-
sion 5 operators, is automatic from our orbifold selection
rules [37] in case of the SU(5) x U(1)x. However, a com-
plete study of the proton longevity is outside the scope of this

paper.

4.2 The CKM and PMNS matrices

Earlier an attempt was made to obtain a CKM matrix from
standard-like models implied by a Z, x Z, fermionic con-
struction [42]. Obtaining CKM and PMNS matrices based
on the model of Ref. [28] was attempted. As commented on
before, if a high dimension superpotential term of light fields
is generated, the relevant mass suppression factor must be
the intermediate scale Miy . Suppose we have an effective
operator for the Qem = % quarks,

@ Springer

In Tables 5 and 6, all the particles that transform non-
trivially under SU(5)’ x SU(2)' are listed. There is no vector-
like pair including Qanom charges. Thus there is no tree dia-
gram of an intermediate state with mass M. and any opera-
tor with sub-GUT scale fields must have the mass suppression
parameter Miy . Thus the suppression mass in Eq. (27) must
be My .

With this in mind the Yukawa matrices and the fermion
masses are discussed. The Qem = +% quark mass matrix,
consistent with the U (1)apnom sSymmetry, the orbifold selec-
tion rules and the multiplicity 2 conditions of the Higgs dou-
blets and matter fermions in T40, is

A S
v li 2l
57 537 53
U

E 0204 ooy
_/% M2’ 0’ Min

int

M,oc10 | 0. 0, 1
7S
104 \Fp L 0

v, , with (H,) =

(=4
SIS

(28)

where superscripts S and A in T40 denote the symmetric and
antisymmetric combinations of the multiplicity 2 fields and
o1 and oy are coupling parameters. Similarly, the Qe = —%
quark mass matrix is given by
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Table 6 The SU(2) representations. Notations are the same as in Table 1. We listed only the upper component of SU(2)’ from which the lower

component can be obtained by applying 7~ of SU(2)

Sect. P +kV SU(2Y  Mult. 0 03 04 0Os Qs  Qauom Label A4

P (0% = F)ao000; 1Ly (5.2) 1 -2 2 2 0 43 -3 -540(-F) D In
(0 2 L ) ooooo; 22 Sy Table 5

70 (0% 7 2 ) (0oo0r; LTy 2 1 -2 =2 0 43 421 —756(-6) D, 0
T (i Fo) (Ll L3y 25, 1 +4 -4 0 -8 =5 +5 +18(+d D +4
(€ St LR ICEETIEE EY A T 0 —4 -4 45 -5 Ted) e -
(503 (35550: ) 2% 1 4 0 48 —4 45 -5 20=%) D5 —60
i@ NG00 K, 1 42 -2 e —4 -4 -8 sich D -1
Ty (B2 F)GEs5:508) 2, 1 +2 -6 -2 +4 +4 +8 -954-%) D, 212
@SR GEEEREY 2 2 2 2 w6 <8 w4 a8 —a0-H) Dy 10
T, (3 FE ) (G3550:300) 2, 2 2 6 +2 +8 -4 -8 -810(-%¥) Dy  —180
F o ((itloy(iill T 1oy 2%, 1 +4 48 0  +4 -5 +5 +1782(+%) Dy +396
B (@ F TG AL %, 40 44 =5 45 90CH) Dy -2

I

T ((%)%%0%)(%%%%0;%%%) 2, 1 +4 0 —4 48 45 -5 42+ pDp 452
-28 +8 0 418 +6 3492 Y, = —784
10V | Eif; 10{4? The effective interaction for M, based on SU(3) ¢ x SU(2)
U 5 X U(l)y x U(1)anom introduces two H,, insertions. Note that

o X R —

10—} Mé, ) ﬁ,l,f;f . u-type quarks obtain mass from the coupling 10_; - 543 -5,
MdO(ﬁ?l 0. 0. 1 va , with (Hy)= L, where 5, is 5_5 in the flipped SU(5). Hence the neutrino
F)Tf Proa 0 V2 mass matrix comes from the square of this which introduces
1 \ M 29) v,%. The coefficientof 5,353 v% canbe (10_1)?/(suppression

where B is a coupling parameter.

In Table 3 charged singlets are listed that will be needed
for the charged lepton Yukawa couplings. Here 1_5 in U and
T40 are Qem = +1 charged leptons. Thus the Qe = —1
charged lepton mass matrix is

TA TS
5%’ 5% 53¢
1Y, /2o o no
;A Mizm > Ming
M,oc 1% | 0, 0, 1 |va. (30)
1T4; ﬁ:ﬁ, 1, O

Similarly, the neutrino mass matrix can be written

A S
sV, s 5n
+3 +3 +3
U 0402013016 0 {0304, 020500}
3 ) ) — 3
+2 M, ing
T (7|304 vf
MV X 5+3 0, 0, M_S M_t
N int m
5_7&3 {0220‘4, 020509} 0'1303 O
3 5
Mim ’ Mim ’

€1y

mass)’ = MGUT2 /(suppression mass)> which we take as
1/ M. In addition there are nonzero factors of o3 / Mi?n or
US/MiSm. As illustration, o/ Mjp = 0.1 — 0.5 and the largest
neutrinomass m,,,. = 0.5 eV are taken. Then Mjy; & 108 —
10'" GeV. Obtaining M;, from first principles is beyond the
scope of this paper.

Inspecting the mass matrices it is concluded that a phys-
ical phase in o4 leads to the CKM and PMNS phases.!! For
example, there can be a phase generated by the following
superpotential:

1
W = mogog + m%mazaf (32)

where m and M are real parameters, and all fields develop
nonvanishing VEVs. Then

o8
mM? ——
0207

1/2
o4 = %i el (P8 =02=07)/2 (33)

where §; are the phases of o;. If §g = 6, = §7 = 0, the CKM
and PMNS phases are determined as 7.

Il The phases of other singlets can be rotated away by redefining the
phases of some fermions.
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The form of mass matrices in Egs. (28), (29), (30), and
(31) can describe the quark and lepton masses successfully
by various ratios of the singlet VEVs. Here, however, we will
not try to find the relevant ratios.

4.3 The axion—photon—photon coupling

Because all the Qunom charges of the electromagnetically
charged fermions are known, the axion—photon—photon cou-
pling ¢4y, can be calculated. In Tables 5 and 6 the typos in
the previous tables [35,36] are corrected. Summing the QZ 4
columns of Tables 1, 3, 5, and 6, we obtain

—9312 2
~ — = -, (34)
—3492 3

Cayy

which must be the case if U(1)apom is the PQ symmetry
[39]. The subtraction of ~ 2 for m, /mg >~ 0.5 is due to the
contribution from the condensation of light quarks.

5 Conclusion

The only allowed global symmetry U (1)apom from the het-
erotic string is used to find the flavor structure of the SM. This
global symmetry is the most natural choice for the “invisible”
axion from string theory. In addition, U (1)anom is describing
a flavor symmetry. In the flipped SU(5) grand unification of
Ref. [28] the mass matrices of quarks and leptons are cal-
culated. It turns out that the fermion mass hierarchy in the
SM results from the number of powers of Yukawa couplings,
which is a common case in string compactification. Also it is
shown how the doublet—triplet splitting in the flipped SU(5)
GUT is realized in the model.
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Appendix: On the ’t Hooft mechanism
Superstring axions arising from the mother gauge symmetry

Eg x Eg have been considered very early [52]. However, the
case has been realized in [53-55] with the anomalous U(1)

@ Springer

[19,20] after the orbifold compactification is known which
is possible even from the mother gauge symmetry SO(32)
because the anomalous U(1) may arise from the spectrum in
the twisted sectors. Basically, Barr excluded SO(32) from the
untwisted sector spectrum [52]. In all these cases the work-
ing principle is the 't Hooft mechanism with the anomalous
gauge U(1) from compactification where the U(1) is a sub-
group of Eg x Eg or SO(32). In this string compactification
the Green—Schwarz (GS) counter term [15] is essential.

The conventional 't Hooft mechanism in gauge theories
[44] is the following. Out of two continuous transformation
parameters o (x) and S, acting on the field ¢,

¢ N eia(x)anugeeiﬂleobal(p’ (35)

the o direction becomes the longitudinal mode of heavy
gauge boson. The above transformation can be rewritten

¢) — ei (a(x)+B) anuge ei/S(leobal - anuge) ¢ X (36)
Redefining the local direction as o’ (x) = a(x) + B the trans-
formation is obtained

» — eiﬂ/(x)anugeeiﬂ(leobal*anuge)(ﬁ. (37)
Thus the charge Qglobal — Qgauge 18 reinterpreted as the new
global charge and is not broken by the VEV, (¢). Basically,
the direction B remains as the unbroken continuous direction.

When considering the MI-axion kinetic energy term in
10D [15],

3 2
— 2 HynpHMVP with M, N, P={1,2,...,10},
284 ¢?

(38)
which is parametrized after compactification to 4D
;HHWH‘“’", with w,v, p ={1,2,3,4}. (39)
2-3IM3,

The GS action in the differential form is [15]
S| = 1oscaoo / {308 [ar1 P22 + (2 P22 = ey P2 o P2
o] (40)

where trq and tr, are for the Eg and Eé representations, which
is relevant for our model discussed in the paper. In4D, it leads
to an interaction

. ’
St o = e | Hunp Ao €77 €04 ) (Fig) (F)
1
4. } N ifuvpﬂHﬂvaa (41)

where we have taken VEVs of internal gauge field strengths,
Fjj etc. The superstring carries the electric field A, whose
group space value is simply denoted A, a kind of matrix.
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Fig. 4 The GS terms

First, it is noted how the VEVs are assigned to the field
strengths in Eq. (41). Then ’t Hooft mechanism is dis-
cussed. The line integral around a fixed point gives an inte-
ger. However, in the orbifold compactification we need to
line-integrate only a part of 2. In Fig. 3 the (limegreen)
fundamental domain of Z3 is shown. The line integral is for
the matrix value gauge field A, which in our case is denoted
by the shift vector and Wilson lines, V, V £ a; in the (i)
internal plane. By Stokes’ theorem, it is % of the surface inte-
gral of F;; which is assumed to be located at the fixed point
F;j8%(0 — o) where oy is the location of the fixed point in
the two-torus. This delta function limit of a zero-length string
must be neglected for the string tension contribution. In this
way, VEVs are assigned to field strengths in Eq. (41).

Itis noted that one scalar degree H,,, is the MI axion [16]

Hy,v,o = MMIE;wpU %apm. (42)

In Fig. 4a, the first term of Eq. (41) is shown, transferring
one derivative of F),, to B,s. Equations (39) and (42) result
in the following:

1
Eap’aMlaMaMI—i-MM[AuaﬂaM[. 43)
The global direction with respect to the 't Hooft mechanismis

the apsr direction. Equation (43) can be expressed by adding
the contribution of Fig. 4b [which is obtained from Fig. 4a],

1 5 "
5(3M61M1) + My A= amg

1, L1 1 2
+ EMMIAMA — EMMI (AM + M_MIaMaMI> . (44)
Thus the MI-axion degree is completely removed below the
gauge boson mass scale where the heavy anomalous gauge
boson including the longitudinal degree is defined to be
Au = A, + (1/Mpyp)dyap;. The MI axion is dynami-
caly removed from the theory except that it couples to the
anomaly [56]. This coupling is defining a § parameter at low
energy depending on some cosmological determination of
(am1)- The resulting global symmetry is broken by the usual
Higgs mechanism and it is expected that it is achieved at the
intermediate scale.

Now, the charge of the U(1), subgroup of Eg x Eg is
denoted Q,, that was anomalous in the beginning. Supposing
that ¢ carries nonzero gauge charge Q,. All terms involving
¢ should respect the original U(1), gauge symmetry. Thus
the potential V is a function of ¢*¢ only.

Below Mp;; we do not consider the FI term because
there is no U(1), gauge symmetry. However, to discuss the
scales of the U(1)anom breaking, we consider the ¢ couplings
together with the ays; degree. The ¢ coupling to A, is given
for ¢ = (“£)el0/",

1Duol* = (0 — igQuA ol
1 2 w 82 2242
= 5(8ﬂa¢) —804A,0 a¢+7 aV Ay
2 2
8 2.2 1
== A, — o . 45
2 a? ( : gQqv a¢> ()

The gauge boson A, obtains its mass from two contributions,
Egs. (44) and (45); this can be written as

1
5 (M3 + 82 030%) (4.
+ A, (Myrd*amr — gQavdtay)
1
+5 [@uann? + @ ap?]. O (46)

A new global degree is defined, a, interpretable as the “invis-
ible” axion

a =cosfagy +sinfayy 47
where
sinf = §Qav (48)

M2, 1 g20202

Thus, if v << My, the global symmetry breaking scale can
be at the intermediate scale. The axion has the dominant
component from the phase of ¢. The determination of v in
the effective field theory framework is such that the coef-
ficient of ¢*¢ in the potential is given by —(intermediate
scale)?.
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