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1 Introduction

The three-family A/ = 1 supersymmetric Pati-Salam models from intersecting D6-branes
have been studied extensively since we can generate the Yukawa couplings for the Standard
Model (SM) fermions, and break the Pati-Salam gauge symmetry down to the SM gauge
symmetry via the D-brane splitting and supersymmetry preserving Higgs mechanism [1-15].
Realizing the SM in D-brane vacua from Orbifold configuration and Gepner configurations
were also stuided in [16-29]. However, deriving all the possible Pati-Salam models is a
challenging topic due to the large amount of possible wrapping numbers [30-39]. The
full landscape of intersecting D-brane models have been under investigation via different
perspectives [40-49]. In the Type IIA string theory on T /(Zy X 7Zs) orientifold with
intersecting D6-branes, we propose a systematic method to construct all the possible 202752
N = 1 supersymmetric Pati-Salam models [50, 51]. After modding out the equivalent classes,
we obtain 33 physical independent models with 33 types of gauge coupling relations. The
main idea is to solve the common solutions of three generation conditions, and RR tadpole
cancellation conditions iteratively. Thus, we complete the landscape for one particular type
of intersecting D-brane models for the first time. However, how to realize the string-scale
gauge coupling relations in these models is still a big challenge.

It is well-known that gauge coupling unification can be achieved in the Minimal Super-
symmetric SM (MSSM) [52-54], which strongly suggested the Grand Unified Theory (GUT).



The unification scale or say GUT scale is around 2 x 10' GeV. On the other hand, the
string scale is about one order larger. For example, in the weakly coupled heterotic string
theory, the string scale M, is given by [55]

17
Mitring = Gstring X 527 x 107" GeV, (1.1)

where ggying is string coupling constant. Because gging ~ O(1) is an order one coupling
constant, we obtain
Mying = 5 % 10" GeV. . (1.2)

And then we have a factor about 25 between the GUT scale and string scale. Thus, how
to realize the string-scale gauge coupling unification is an important question in string
phenomenology. In principle, the string scale can be low due to the large volume of the extra-
dimension [56, 57|. However, recall that the Yang-Mills gauge coupling on the D6-brane
stack x at string scale is given by [55]
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where Mp; is the 4-dimensional Planck scale. To have the proper Yang-Mills coupling

gy v ~ O(1) at order one, the string scale is expected to be closer to the Planck scale Mp,
to have proper gauge couplings. Therefore, we set the string scale at M, = 5 X 10" GeV.

Gauge coupling unification has been studied extensively previously from various physics
point of view [58-68]. In general, to achieve the string-scale gauge coupling unification, we
need to introduce the new particles at the intermediate scale, such as the SM vector-like
particles, and the SU(3)/SU(2), adjoint particles. In particular, we need to obtain these
new particles from string model building as well. Moreover, there are two kinds of the
string-scale gauge coupling unification: one-step unification [58], and two-step unification for
flipped SU(5) x U(1) x models [59, 62, 64, 65], where the SU(3)s x SU(2), gauge symmetries
are unified around the traditional GUT scale, and then SU(5) x U(1) y gauge symmetries
are unified at the string scale.

In the three-family N' = 1 supersymmetric Pati-Salam models from the Type ITA string
theory on T°/(Zy x Z,) orientifold with intersecting D6-branes [50, 51], there is one and
only one model with gauge coupling unification at the string scale. For the rest 32 models,
the gauge couplings for SU(4)s, SU(2), and SU(2)g are not unified at the string scale,
and then we have the gauge coupling relations at the string scale as follows

2 2 2 5 9 2 2
k?’ga = ngb = kYQY = ky <3gY = 9gU ™~ Ystring » (14)

where g,, g, and gy are respectively the gauge couplings for SU(3)s, SU(2), and U(1)y,
and ks, ko, ky, and k, are rational numbers. The canonical normalization in SU(5) and
SO(10) models give k3 = 1, ky = 1 and ky = 5/3. For simplicity, we shall choose k3 = 1.
In the string model building, we generically have exotic particles, and thus need to study
how to decouple the exotic particles first. We explain that the exotic particles in most of
our models can be decoupled except Model 4, 23, and 32, which have chiral multiplets under



SU(4)c symmetric representation. To realize the string-scale gauge coupling relations, we
assume that the exotic particles in these three models can be decoupled as well. Moreover,
we can have two scenarios to obtain the string-scale gauge coupling relations: traditional one
step, and two steps where the SM gauge symmetry becomes Pati-Salam gauge symmetry at
the intermediate scale, and then their gauge couplings satisfy the gauge coupling relations
at string scale. In this paper, we only consider the first scenario, and will study the second
scenario in the future. Furthermore, we consider the adjoint chiral mulitplets for SU(4)s
and SU(2);, gauge symmetries, the SM vector-like particles from D6-brane intersections,
as well as the vector-like particles from the N' = 2 subsector. We show that the gauge
coupling relations at string scale can be achieved via two-loop renormalization group
equation (RGE) running for all these supersymmetric Pati-Salam models. Therefore, we
propose a concrete way to obtain the string-scale gauge coupling relations for the generic
intersecting D-brane models.

This paper is organized as follows. In section 2 we first review the construction of
supersymmetric Pati-Salam models and present the relevant knowledge. In section 3, we
discuss how to decouple the exotic particles. In section 4, we perform the two-loop RGEs
of gauge couplings as well as one-loop RGEs of Yukawa couplings. We show that the
string-scale gauge coupling relations are achieved after taking into account the contributions
from extra vector-like particles. In section 5 we finally conclude the results and make
an outlook.

2 The supersymmetric Pati-Salam models from Type ITA T°/(Z, X 7Z,)
orientifolds with intersecting D6-branes

The supersymmetric Pati-Salam models have been constructed on Type ITIA T° /(Zy % Zs)
orientifolds with D6-branes intersecting at generic angles. The orbifold group Zy x Z4 results
in generators ¢ and w and associated with twist vectors (1/2,—1/2,0) and (0,1/2,—1/2)
respectively. They act on the complex coordinates z; as [33, 45]

0 : (Zb 22, Z3) = (_zla —%2, 23) 9 (21)
w

(Zl’ 29, Z3) = (Zl’ —Z9, _23) .

The orientifold projection acts by gauging the Q2R symmetry, where €2 is world-sheet parity
and R acts on the complex coordinates as

R: (21,22,2’3) = (21722723) . (22)

Overall there are four kinds of orientifold 6-planes (O6-planes) contributes to the actions
of QR, QRA, QRw, and QROw respectively [31, 33, 45, 69]. Three stacks of N, D6-branes
wraps on the factorized three-cycles cancelling the RR charges of these O6-planes.

The homology classes of these three cycles are wrapped by the D6-brane stack, taking
the form for a rectangular torus as n’[a;] +m’[b;] and for a tilted torus as nl,[a}] +m’[b;],
with [a;] = [a;] + 2[b;]. We label the generic the generic one cycle by (n%,1%) in terms of the

so-called wrapping numbers, with lfl = mz for a rectangular and lfl = 27713 = 2my, + nfl for



Orientifold action | 06-Plane | (n',1") x (n%, %) x (n®,1%)
QR 1 (2%1,0) x (272,0) x (2, 0)
QRw 2 (2%, 0) x (0, —2%2) x (0,2%)
QROw 3 (0, —271) x (2%2,0) x (0,2%)
QR0 4 (0, —2f5’1) x (0,2%) x (2%, 0)

Table 1. The wrapping numbers for four O6-planes.

tilted two-torus respectively. Here lé — nfl is even for tilted two-tori, yet odd for rectangular
torus. Therefore, the wrapping number for stack a of D6-branes along the cycle are denoted
by (nfl, lé), Whlle the QR images a' stack of N, D6-branes can be labeled by wrapping
numbers (n —1; ) The homology three-cycles for a stack of D6-branes and its orientifold
image a’ results in
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in which 8; = 0 when the i-th two-torus is rectangular while 8; = 1 for tilted two-torus.
Furthermore, the homology three-cycles wrapped by the four O6-planes leads to

QR: [lgg| = 2°[a)] x [ag] x [ag],
QRw: (Mg, = —2°7%27%(a;] x [by] x [bs]
QROw : [Mope,] = =220y x [ag] x [bs],
QRO : [Hqg| = A [b1] x [bo] X [ag] . (2.3)

Based on these, the RR tadpole cancellation condition provides the restriction rule [13, 14, 45]
2k +ZNA —2FNC +ZNB

2" NG 4 ZNaCa —2"N@ 4 ZN D, (2.4)

where 2N is the number of D6-branes wrapping along the i-th O6-plane (filler branes)
and the last term represents the O6-planes with —4 RR Charges in D6-brane charge unit.

Note that for simplification, we denote A, = —n1n2n3 B, izili, C, = l alg, D, =
Ri2nd A, = 1212, B, = 1in2nd, C, = na12n2, D, = n1n2l3. These filler branes repre-

sent the USp group carrying the wrapping numbers with one of the O6-planes as shown in
table 1.

To have three family of chiral fermions under SU(4)s x SU(2); x SU(2)g gauge
symmetries, further constraints were imposed on the intersection numbers expressed in



Sector Representation

aa U(N,/2) vector multiplet

3 adjoint chiral multiplets
ab + ba 1, (O,,0p) fermions
ab' +ba I, (O4,0) fermions

l / 1 1 i
aa +aa | 5(I, . —51,06) OO fermions

%(Iaa/ + 31,06) H fermions

Table 2. General massless particle spectrum for intersecting D6-branes at generic angles.

terms of the wrapping numbers

3
Ly, = [I)[IL,) = 27 [ (nith — nill)
=1
k‘ 3 . . . .
I, = [,][0] = —27" [[(nily + nble) .
=1
3 . .
Iy = )] = 2> [[(niil)
=1
Los = M) [Hpe) = 2° (— 101203 + lon2nd + nylend + ninlll) (2.5)

where k = 1 + (5 + (3 is the total number of tilted two-tori, and [[Ipg] = [Ilggr| + [og.] +
Morew] + Mapre| is the sum of four O6-plane homology three-cycles. And the intersection
numbers shall follow

I+ 1,y =3, Ie=-3,1,=0, (2.6)

with ¢ and ¢ exchange as well.

The massless particle spectrum for the supersymmetric Pati-Salam is listed in table 2,
where the gauge symmetry results from Z, x Z, orbifold projection [60]. The representations
refer to U(N,/2) when the intersecting D6-branes are of number N, =8, N, =4, N, = 4.
Note that the chiral supermultiplets not only represents the scalars but also the fermions in
this supersymmetric constructions. Moreover, positive intersection numbers refer to the
left-handed chiral supermultiplets. In our later discussion, some of the introduced particles
for gauge coupling unification can be read off from the spectrum table as well.

In addition to the three generation conditions and tadpole cancellation condition, we
further need to require N = 1 supersymmetry preservation in four dimension, with the
equality and inequality conditions [5, 33]

wpA, +xpB, + :cCC‘a +apD, =0,
A,/xa+ By/xg+ Cy/xc+ D, /xp <0, (2.7)
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/X2X3, e /X1X3: Tp /X1X2- Here
Xi = RZ-2 /RZ1 represent the complex structure moduli of the ¢-th two-torus, and X is

where 4 = A\, xp

introduced as a positive parameter to put all the variables A, B, C, D at equal footing.

The supersymmetric Pati-Salam gauge symmetry SU(4)o x SU(2);, x SU(2)r can
then be broken down to the SM gauge symmetry via the D-brane splitting and Higgs
mechanism preserving supersymmetry. Concrete supersymmetric Pati-Salam models have
been constructed [46, 47], and such D-brane models have also been investigated with
powerful reinforcement machine learning methods [41, 42]. In [50, 51], we for the first
time propose a systematic method to construct all the three-family N' = 1 supersymmetric
Pati-Salam models and conclude that there are in total 202752 models with 33 different
gauge coupling relations. Among which, there is one class of models with gauge coupling
unification at GUT scale, while the others do not. The absence of gauge coupling unification
at the string scale appear be a generic problem. In [50], we propose that by introducing
vector-like particles from A = 2 subsector the gauge unification problem may be solved. In
particular, the number of these exotic particles are fully determined by the brane intersection
number. These additional particles can be decoupled as discussed in [30], and its gauge
coupling relation can be realized at string scale via two-loop RGE running. This leads to
our exploration that whether this solved for all the supersymmetric Pati-Salam models in
general. We will discuss in details for all the 33 representative models.

3 Decoupling of the exotic particles

In the string model building, there exist exotic particles in general. So we need to discuss
how to decouple the exotic particles first. In our Pati-Salam models which are given
in appendix A, we can decouple most of the exotic particles via Higgs mechanism and
instanton effects, etc, except the chiral multiplets under SU(4)s symmetric representation.
The key point is the gauge anomaly cancellation. First, the chiral multiplets under SU(4)o
anti-symmetric representation do not contribute to the gauge anomaly. Their mass terms
are forbidden by the anomalous U(1) gauge symmetries, and can be generated via the
instanton effects [70-72]. Thus, they can be decoupled. Second, for the models without
the chiral multiplets under SU(4) symmetric representation, all the exotic particles can
be decoupled via Higgs mechanism and instanton effects. For a concrete example, please
see [30, 31]. Third, for the models with the chiral multiplets under SU(4)s symmetric
representation, it seems to us that we cannot decouple the exotic particles. Therefore,
we cannot decouple the exotic particles only in Model 4, 23, and 32 in appendix A. To
study the gauge coupling unification, we assume the extoic particles in these models can be
decoupled as well.

4 String-scale gauge coupling relations

As presented with details in [50, 51], the full list of supersymmetric Pati-Salam models have
33 different gauge coupling relations, see appendix A. In these models, a stack of D6-branes
gives the U(4) gauge symmetry, b stack of D6-branes gives the U(2); gauge symmetry, and



¢ stack of D6-branes gives the U(2)p gauge symmetry. In particular, there is one class
of models with gauge coupling unification at GUT scale. Namely, the strong, weak and
hypercharge gauge couplings gg, gg and %g}% satisfy gg = gg = gg = (3 gy = 4\/7 me’
where ¢4 represents the dilaton field. However, not all the supersymmetry Pati-Salam models
are with gauge coupling unification at GUT scale. To have string-scale gauge coupling
relation, we utilize the Renormalization Group Equations (RGEs) evolution [50, 67, 68].
The RGEs for the gauge couplings at the two-loop level are given by [61, 63, 73, 74]

3
> Bygi— Y. diTr (B*Th%) ], (4.1)
j=1

a=u,d,e

d b,

3

where g;(i = 1,2, 3) are the SM gauge couplings and h*(« = u, d, ) are the Yukawa couplings.
The coefficients of beta functions in SM [75-78] and supersymmetric models [79-81] are
represented by

18 12 6 Fyhy 3 Fy
41 1 19 1 v
bSM = (7 A ’ 7) ) BSM - %k 1k %% 12% ) (42)
6 ky 6 ko 11Y12 0 ]1% 2
CE 2k, 26
171 31 d
gM: (6k}/72k272>1 dSM_(): dgM_Ov (43)
199 1 g _1 88 1
. 9 1Z Yk, 3 Fy
bSUSY - (117 7 _3> ) BSUSY - 3]{; 1k; 25% 24]% ) (4 4)
kY k'2 Y k5
vy el
Y 2
26 1 1 d
Susy = (3/~€Y7 6172, 4) ; dsusy = 0, Susy =0, (4.5)

where ky and k, are general normalization factors. By solving the two-loop RGEs for
SM gauge couplings, we perform numerically calculations including the one-loop RGEs for
Yukawa couplings and taking into account the new physics contributions and threshold.
The general one-loop RGEs for Yukawa couplings can be found in [74]. Starting from the
electroweak theory, we run the couplings up from Z boson mass scale My to high energies
with the boundary conditions for these equations at M, as

/7 g ﬁ 9
— y 92 MZ o~ ’ 93(MZ) 4.71'0{5. (46)
From M, up to a supersymmetry breaking scale MS, we consider only the non-
supersymmetric SM spectrum including a top quark pole mass at m; = 173.34 GeV.

From Mg scale, we perform the supersymmetric RGEs with all the states including the
introduced exotic vector-like particles at My,. Moreover, the Z boson mass, the Higgs
vacuum expectation value, strong coupling constant, fine structure constant, and weak

mixing angle at M, are choosen to be [82, 83|

My =91.1876 GeV, m; = 173.34 £ 0.27(stat) £ 0.71(syst) GeV, v = 174.10 GeV,

4.7
ag(My) = 0.1181 +0.0011, a_,.(My) = 128.91 £ 0.02, sin® by (M) = 0.23122. 4.7)



Based on the experimental lower limits of supersymmetry and gauge hierarchy preservation,
we have the supersymmetry breaking scale Mg at TeV scale, such as 2.5 TeV or 3.0 TeV.
The difference has effect less than 5% on the scale of unification My while the larger value
for Mg reduces the unification scale.
Utilizing the current precision electroweak data and setting the supersymmetry breaking
scale to be Mg ~ 3.0 TeV, we study the gauge coupling unification around string scale by
solving two-loop RGEs, with

My ~ Mg ~ 5 % 10' GeV. (4.8)

Recall that the generic gauge coupling relations at string scale for supersymmetric Pati-Salam
models read

2 2 2 2 2
9a = kagy = kygy = 9u ™~ Ystring> (49)
where ky and kg9 are constants for each model and will determine the value of the mixing
angel sin 0y, at the string scale. The string-scale gauge coupling relation in the evolution is

realized via
agt =it = (ayt +a31)/2 (4.10)

with a; = ky gv /AT, ay = kagi /4T, a3 = g2 /4, and the accuracy A = oy ' — ag | /ag s
limited to be less than 1.0%. Here, o and «y are traditional gauge couplings if and only if
ky =5/3 and ky = 1, respectively.

As discussed in [50], Model 1 in table 8 has a canonical hypercharge normalization
ky = 5/3, and then the gauge coupling unification is naturally achieved at most My ~
2x10' GeV, similar to the predicted unification scale in the MSSM. However, the unification
scale is about one order of magnitude smaller than string scale, where the discrepancy can
be diminished by the introducing additional vector-like particles [60].

Interestingly, we also find that the precise string-scale gauge coupling relation can be
achieved at two-loop level by introducing the extra vector-like particles from N = 2 subsector
or four-dimensional chiral sectors in other models. The quantum numbers for the vector-like
particles are the same as those of the SM fermions and their Hermitian conjugates. While,
the number ny, and the quantum numbers of these particles are highly model dependent
and can be determined by brane construction. Particularly, in our calculations, multi-pair
of extra particles appears naturally, and we only need to fine tune their masses to unify
the gauge coupling near the string scale Mg i,,. From the numerical results, we find
that the mass of these extra particles approach to the string scale as the number of these
particles increase.

The quantum numbers of vector-like particles under SU(3)s x SU(2);, x U(1)y and
their contributions to one-loop level beta functions [62, 63| are

XQ+XQ:<3,2,:5> ( ) Ab:<;,3,2>-
XU+ XU = (3,1, §> < ;) Ab = <§,0, 1) : (4.12)
) .

XD+XD:<3,1,—>< ;) Ab:(?,o,l



XL+ XL = 1,2,5) + <1,2,—1), Ab = <3 1,0) ; (4.14)

2 5’
XE+XFE=(1,1,1)+(1,1,-1), Ab = (g,o,o) : (4.15)
XG = (8,1,0), Ab=(0,0,3); (4.16)
XW = (1,3,0), Ab = (0,2,0). (4.17)

In our numerical calculations, the two-loop level beta functions from these particles are
used in supersymmetric models from egs. (B8)-(B11) in [63]. We integrate the renormaliza-
tion group equations in eq. (4.1) from My up to M, With three sections, from My to Mg,
from Mg to My, and from My to Mg, The precise energy scale where we realize the
string-scale gauge coupling relations depends on the number of the introduced particle, the
coefficients b;, B;; and di of the beta-function. The values of My, Myy are determined
by the intersection energy scale of section 2 (from Mg to My, ), and section 3 (from M,
to Mgiing) in the plot, where these exotic particles are introduced. Thus, the mass of the
exotic particles are determined by both the number of the particles, the beta functions and
the precise energy scale where we realize the string-scale gauge coupling relations.

Once these particles are included with mass My , the evolution of a; 1(L‘) is depressed
if Ab; # 0 and the turning point is at u = My,. Taking Model 1 as example, we find that
there are two bending points for the running of gauge couplings in figure 1; the first one is
corresponding to the supersymmetry breaking scale Mg ~ 3.0 TeV, while the second one
corresponds to the introduced particle My, with chiral multiplets XG and XW obtain the
same mass, i.e., Mxqg = Mxy = My. Recall that Aby(XW') = 2, the plotted lines for oyt
bend at M xy, where the particle XW is introduced. In the same way, the lines for agl bend
at the point My due to Abs(XG) = 3. Moreover, the degree of depression will increase as
Ab; increases. That’s to say, the inverse hypercharge coupling afl decreases more rapidly
in models with the particles XU + XU than that in models with XD + XD. And the
depression of the inverse strong coupling as ! from both pairs of vector-like particles are the
same. Note that when both particles XU + XU and XD + X D are added, there will be two
bending points at Mg and My, as these particles have the same mass My = Mxy = Mxp,
while there will be three bending points at Mg, Mxy and Mxp as the mass of these
particles are different.

4.1 Chiral multiplets from adjoint representations of SU(4)s and SU(2);,

For the Model 1 with k, = ky = 1, the gauge couplings naturally unifies at the traditional
GUT scale, one order of magnitude smaller than the string scale. Instead of introducing
the vector-like particle from a N = 2 subsector, we consider up to three chiral multiplets
in the adjoint representations of SU(4)~ and SU(2); with masses My (V = XG and XW).
These two particles XG and XW arise from the aa and bb sectors in the spectrum table 2,
and thus the maximum number is 3. The gauge couplings can be unified at close to the
string scale, My = 5.0 X 10'" GeV. The two-loop RGE running for the guage couplings are
shown in figure 1. As the number of particles increases, the mass of the particles increases
and approaches the string scale. Moreover, the splitting between the XW and X G masses
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Figure 1. Two-loop evolution of gauge couplings for the Model 1 with vector-like particles. In the
model, ky =1 X g and k, = 1. The string-scale gauge coupling relations can be achieved by adding
3(XG+ XW) (a), 2(XG+ XW) (b) and (XG + XW) (c).

will be reduced. Thus in the following calculations, we choose to add 3 (XG + XW). The
energy scale, number of the particles, and the mass of the particles for the Model 1-12 are
shown in table 3. Above My, the running of SU(3)s coupling and SU(2); coupling are
reducing due to the non-zero beta functions Absz(XG) and Aby(XW). For the models with
k, > 1 and ky < 1, the string-scale gauge coupling relation can also be achieved by adding
XW + XG from adjoint representation of SU(4) and SU(2). The two-loop RGE running for
the gauge couplings of the Model 2 is plotted in figure 2. Here we include the contributions
from 3(XW 4+ X@G) to reduce the mass splitting of these added particles. And the two-loop
RGE running of the gauge couplings for Model 3-5 are shown in figures 3, 4, 5, for Model
6-12 in figures 11, 12, 13, 14, 15, 16, 17 in appendix B, for Model 13-14 in figures 6 and 7.

4.2 The vector-like particles from N = 2 subsector with k,>1and k; <1

For the models like Model 2 in table 9, the evolution of afl(u) is depressed when k, > 1
and the evolution of ay 1(t) is raised when ky < 1. They induces that the intersection
point of ay *(¢) and a3 (¢) lines is below the line of oy '(t), as illustrated in figure 2(a). In
this case, to get an string-scale gauge coupling relation, we need introduce extra particles
XQ+ XQ or XW as well as X@ into the models, which will mainly modify the evolution
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Model k, ko ny Mxq(GeV)  Mxyw (GeV)  My(GeV)
No.

3 1.60 x 10'®  1.60 x 10'®  5.00 x 107
1 1 1 2 2.87 x 10" 2.87x 10"  5.00 x 107

1 1.65 x 10 1.65 x 10 5.00 x 107
2 85/61  4/9 3 2.76 x 10" 7.84x10°  5.00 x 10"
3 65/44  1/2 3 128 x 10" 1.34x 10" 5.00 x 10"
4 35/32  5/6 3 3.50 x 10 1.23x 10" 5.00 x 107
5 10/7  2/3 3 2.87 x 10" 2.00 x 10" 5.85 x 10"7
6 11/8  5/6 3 313 x 10" 3.06 x 10 5.00 x 107
7 25/19 1 3 3.98 x 10" 1.19x 10" 5.00 x 10"7
8 10/7 1 3 1.73x 10" 3.17x 10" 5.00 x 10"
9 11/8  1/6 3 2.63 x 10 2.06 x 10°  5.00 x 10'7
10 50/47  4/9 3 510 x 10" 6.90 x 10" 5.00 x 10"
11 1 1/3 3 121 x 10" 118 x 10" 5.00 x 107
12 35/32  1/6 3 1.22 x 10 4.49 x 10 5.00 x 107
13 11/8  5/14 3 318 x 10 245 x10°  5.00 x 10'7
14 35/32  35/66 3 462 x 10" 233x 10" 5.00 x 10"

Table 3. String-scale gauge coupling relations achieved with X G+ X W, from adjoint representation
of SU(4) and SU(2).

Two-loop 1
10"7GeV; ay'=15.9
A=1.% ]

™ Myg=2.76x10"GeV;Myw=7.84x10°GeV; ny=3 |

&6 8 10 12 14 16 18
logo(u/GeV)

(a) (b)

logyo(u/GeV)

Figure 2. Two-loop evolution of gauge couplings for the Model 2 with vector-like particles. In
the model, ky = % X g and ky = %. The string-scale gauge coupling relations can be achieved by
adding 3(XW + X@G) (a) and 5(XQ + XQ) (b).
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Model k, ko nxQ Mxq(GeV) My (GeV)
No.

2 85/61 4/9 5 2.51 x 10™ 3.75 x 107
3 65/44 1/2 1.26 x 10" 1.81 x 10"
4 25/32  5/6 1.07 x 10'° 1.09 x 107
Model k, ko nxQ Mxqg(GeV) nxg Mxq(GeV)  My(GeV)
No.

5 10/7  2/3 5 1.03x 10 3 1.18 x 10'"  5.00 x 10"
6 11/8  5/6 7 1.51x 10" 3 3.69 x 10"  5.00 x 107
7 25/19 1 3 143 x 10" 3 1.41 x 10'®  5.00 x 10'7
8 10/7 1 3 4.73x 10" 3 1.50 x 10" 5.00 x 107
Model k, ko nxQ Mxqg(GeV) nxw  Mxw(GeV)  My(GeV)
No.

9 11/8 1/6 5 3.84x 10" 3 8.10 x 10" 5.00 x 10"
10 50/47 4/9 5 513 x 10 3 4.39 x 10" 5.00 x 107
11 1 1/3 5 1.60 x 10'° 3 412 x 10" 5.00 x 10'"
12 35/32 1/6 5 1.66 x 10'° 3 1.44 x 10 5.00 x 107

Table 4. String-scale gauge coupling relations achieved by adding vector-like particles XQ + X @
as well as XG or XW, from N = 2 subsector. The number of vector-like particles are defined by
the intersection number on @ and b stacks, n, = 1.

of the electroweak and strong couplings without substantially affecting the U(1) coupling.
This is owing to the large contributions to Ab, and Abs, rather relatively small contributions
to Ab;. So as the energy rises from mass scale Mx, ag L and agl reduce rapidly. Therefore,
string-scale gauge coupling relations are achieved near My = 3.75 X 10" GeV by adding 5
sets of XQ + XQ at Mxg =2.51X 10* GeV. The evolution of gauge couplings for Model
2 with k, = 85/61 and ky = 4/9 is shown in figure 2(b) and the energy scale, the number
and mass of the added vector-like particles X @Q + X @ are list in table 4.

Similarly, for Model 3 and 4, the non-canonical constants are k, = 65/44, ky = 1/2
and k, = 25/32, ko = 5/6. The string-scale gauge coupling relation are also achieved by
bringing particles X Q +XQ into Model 3 at 1.26 x 102 GeV and Model 4 at 1.07 x 10*° GeV,
respectively. The evolution of gauge couplings are shown in figures 3 and 4, in which the
number of pairs of the new vector-like particles is 3 and 7, respectively. We note that the
mass of the extra particles is related to the number of pairs of particles. As the number
increases, the mass scale is pushed up to the high energy scale and thus the vector-like
particles decay at high energy scale.

Of course, the number of these extra vector-like particles is not random, yet from
brane constructions. From eqs. (4.11) and (4.17), the quantum numbers of these particles
under SU(3)¢ x SU(2);, x U(1)y are XQ = (3,2,1/6), and XQ = (3,2,—1/6). In the

- 12 —



70

Two-loop
BTNO"GeV; ay =149 ]

Two-loop ]
.00x10"GeV; ay~'=15. sof
A=1.% 1

‘_3 40 = 40
8 30 8 30}

20 20

10 -1 14 10 ] 10

as Myg=1.28x10""GeV;Myxw=1.34x10""GeV; ny=3
0 4 6 8 10 12 14 16 18 0 s 6 8 10 12 14 16 18
logo(k/GeV) logo(k/GeV)
(a) (b)

Figure 3. Two-loop evolution of gauge couplings for the Model 3 with vector-like particles. In
the model, ky = % X g and ky, = % The string-scale gauge coupling relations can be achieved by
adding 3(XW + XG) (a) and 3(XQ + XQ) (b).
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Figure 4. Two-loop evolution of gauge couplings for the Model 4 with vector-like particles. In

the model, ky = % X g and k, = %. The string-scale gauge coupling relations can be achieved by

adding 3(XW + X@) (a) and 7(XQ 4+ XQ) (b).

supersymmetric Pati-Salam models, these vector-like particles (X@Q + X @) arise from the
intersections between a and b stacks of D6-branes or a and b’ stacks of D6-brane. The
particle XW arise from bb sector of the adjoint representation of SU(2),,.

Base on the brane construction, the number of vector-like particles (XQ + X @) can be
determined by the intersection number of the a and b stacks of D6-brane, I,;, or a and b’
stacks of D6-brane, I ,/. For example, the intersection number is I ,, = —2°4+1)(1) = -5
in Model 2 (table 9) and the corresponding number of the additional particles (XQ + X Q)
is 5. If the wrapping numbers (nz, ZZ) and (n?,, I}) have the same value, indicating that
the D6-branes warpping on the i— torus are parallel to each other. Therefore, there is no
intersection on the i-torus, but only on the other two torus. From table 10, we see that
(n2,12) and (n,1}) for Model 3 are the same, thus the intersection number of the a and b
stacks are only calculated on the first two torus, i.e., I, = 2°(—2 — 5)(1) = 7. Namely, 7
pairs of X@Q + X@Q naturally arise from brane intersection.
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Figure 5. Two-loop evolution of gauge couplings for the Model 5 with vector-like particles. In

the model, ky = 1—70 X g and ko = % The string-scale gauge coupling relations can be achieved by

adding 3(XW + X@G) (a) and 5(XQ + XQ) + 3XG (b).

Based on the calculations, we know that the energy scale is pushed up to high energy
scale as k, or ky deceases. Thus, for the models with k, > 1, to obtain a string-scale gauge
coupling relation, the constant ky of the model should be smaller than 1/2. Otherwise, the
gauge couplings are unified at an intermediate energy scale 10" — 10'° GeV, little smaller
than the string scale. For Model 5 with k, > 1 and ky > 1/2, the gauge coupling relation
can be achieved at the string scale My ~ 5 x 1017 Gev by adding 5 pairs of XQ + X@Q
and 3 XG. For Models 5-8, the parameter k, is almost equal. And the parameter ky in
Models 6-8 is larger than that in Model 5. Thus, the energy scale is smaller than that in
Model 5. To increase the energy scale, we also need to introduce adjoint particle XG for
Models 6-8. The evolution of gauge couplings for Models 5-8 with vector-like particles
and X G are presented in figures 5, 11, 12 and 13, respectively. However, the parameter k,
should not be too small either, as this would realize the gauge coupling relation beyond
Planck level, where we do not know how to quantize gravity. This thorny issue will arise
when we deal with models 9-12. The evolution of gauge couplings for Models 9-12 is
shown in figures 14, 15, 16, 17, in appendix B. Note that the U(1) and strong couplings
are unified below the Planck scale. We find that the electroweak coupling can be unified
with other two couplings below the Planck scale by introducing X W, which only affects
the running of electroweak coupling due to Aby # 0. Take Model 11 as example, the U(1)
and strong couplings are unified at 1 x 10'® GeV, while the gauge couplings are unified at
same energy scale after introducing 3 XW at 1.4 x 10" GeV. To obtain string-scale gauge
coupling relation for these models, the additional particles are XQ + XQ as well as XW.
The numbers and the masses of these particles are given in the gauge revolution figures.

4.3 The vector-like particles from four-dimensional chiral sectors

On the other hand, Model 13 in table 20 with k, = 11/8 and k; = 5/14 also can achieve
string-scale gauge coupling relation while the vector-like particles X Q + X Q are added. The
number of these vector-like particles are defined by the fundamental minus anti-fundamental
representation, with 6 — 3 = 3. The evolution of gauge couplings for the model are shown in
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Figure 6. Two-loop evolution of gauge couplings for the Model 13 with vector-like particles. In

the model, ky = % X % and ky, = 15—4. Thistring—scale gauge coupling relations can be achieved by
adding 3(XW + X@G) (a) and 3(XQ + XQ) (b).

Model k, ko nxQ Mxq nxw  Mxw My (GeV)

No. (GeV)

13 11/8  5/14 3 1.99 x 10'? 8.53 x 107
1.525x 10 1 1.525 x 10

14 35/32  35/66 3 1.34 x 10" 2 1.30 x 106 5.00 x 10"
1.70 x 10" 3 2.75 x 10

Table 5. String-scale gauge coupling relations achieved by adding vector-like particles X@Q + X @
from four-dimensional chiral sectors as well as XW from bb sector.

figure 6. The energy scale is around 8 x 107 GeV, and the new vector-like particles decay
to the corresponding SM fermions below Myg ~ 2 x 10'? GeV. The number and mass of
new vector-like particles are also shown in the plot. Unlike Model 2—-12 discussed above,
the vector-like particles entered in this model come from the four-dimensional chiral sector
of the brane building. Furthermore, Model 14 in table 21 with k, = 35/32 and ky = 35/66,
also have a energy scale at 1.8 x 10'® GeV moderately larger than the string scale. As
discussed before, the contributions of the particle XW are also included in this model.
The particle XW comes from the bb sector of the brane configuration. Comparison of the
masses of vector-like particles with different XW numbers shows that the mass splitting
between X @ and XW increases with the number of XTW. When X W (s) is (are) added, the
XW acquires the same mass as the X @ from the naturalness point of view. Therefore, the
number of XW needs to be carefully chosen in order to reduce their mass splitting. The
evolution of gauge couplings for the model are shown in figure 7. The string-scale gauge
coupling relations for Model 13-14 are listed in table. 5.

4.4 The vector-like particles from N = 2 subsector with ky <1and ky; > 1

On the contrary, when k, <1 or ky > 1, the intersection of afl and ag ! lines lies above the
line of a; ' (£), which can be seen from Model 15 without vector-like particle in figure 8(a).
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Figure 7. Two-loop evolution of gauge couplings for the Model 14 with vector-like particles. In
the model, ky = % X g and k, = %. The string-scale gauge coupling relation can be achieved by
adding 3(XW + XG) (a) and 3(XQ + XQ) + XW (b).

And thus, if we want to push or pull back the energy scale to string scale My, the extra
particles arise from N = 2 subsector, like (XD 4+ X D) and (XU + XU), which will modify
the evolution of the U(1) and strong couplings rather than electroweak coupling. This is
due to the non-zero Ab; and Abs. As we mentioned earlier, since Ab (X D) < Ab;(XU),
the suppression of 041_1 is stronger in the models with X D + X D particles than that with
XU + XU particles. And thus, the energy scale is higher in the models with (XD + X D)
than that with (XU + XU). Of course, in some models with much smaller k, or much
larger ko, we need to add both particles to obtain the string-scale gauge coupling relation.
Additional, there is mass splitting between these two particles. The energy scale, the
number and mass of the added vector-like particles (XD + X D) and (XU + XU) are list in
table 6. Another vector-like particle (XE + X F), from N = 2 subsector, will only modify
the running of the U(1) coupling due to Ab;(XFE) # 0. When used with XG, from aa
sectors, the results are similar or even better than those of (XD + X D) and (XU + XU).
The energy scale, the number and mass of the added vector-like particles (X E + X E) and
XG@G are list in table 7.

Base on the brane construction, the number of vector-like particles (XD + X D),
(XU + XU) and (XE + XFE) can be determined by the intersection number of the a and
¢ stacks I,.. For example, the intersection number is I,, = 2°(1)(=2 — 5) = —7 in Model
15 (table 22) and the corresponding number of the vector-like particles (XD + X D) is 7.
In this model, the wrapping numbers (n>,12) and (n2,12) have the same value yet with
opposite sign, indicating that the D6-branes warpping on the third torus are parallel to
each other. Therefore, the intersection number of the a and ¢ stacks are only calculated on
the first two torus.

For Model 15, the parameters k, = 25/28 and ky = 7/6 slightly deviate from 1, the
string-scale gauge coupling relation can be achieved by introducing vector-like particles, e.g.,
a string-scale gauge coupling relation obtained at My = 7.22 x 10" Gev by adding 7 pair
of XD + X D. During the evolution of gauge couplings, the extra particles are introduced
around 5.6 x 10" GeV. While, when the same number of vector-like particles XU + XU are
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Figure 8. Two-loop evolution of gauge couplings for the Model 15 with vector-like particles. In

the model, ky = % X % and ky, = %. The string-scale gauge coupling relation can be achieved by

adding 7(XD + XD) (a) as well as 7(XU + XE) (b).

Model k, ko Ny Mxp(GeV)  Mxy(GeV)  My(GeV)
No.

15 25/28  7/6 7 5.60 x 10'° 7.22 x 10'7
16 10/7 2 3 6.9 x 10* 1.2 x 10"
17 1/4 11/6 3 3.70 x 10 1.43 x 10"
18 10/7  18/5 3 8.90 x 10 1.60 x 10" 3.25 x 10'"
19 1 5/3 3 2.00 x 10  1.40 x 107 4.90 x 107
20 1 2 3 3.71x 10" 1.05x 10" 5.00 x 10'"
21 1 54/19 3 213x10° 243 %10 5.00x 10"
22 1 9/5 3 1.80 x 10°  6.20 x 10 5.50 x 107
23 5/8 13/6 3 8.20 x 10 8.20x 10"  3.60 x 10'"
24 10/13 2 5 9.00 x 10" 8.00 x 10 5.58 x 107
25 4/7 17/9 5 1.08 x 10" 1.08 x 10" 6.61 x 107
26 25/28  11/6 7 8.71 x 10 275 x 10" 3.43 x 10"

Table 6. String-scale gauge coupling relations achieved by adding vector-like particles XD + X D
or/and XU + XU from N = 2 subsector. The number of vector-like particles are defined by the
intersection number on a and c stacks, n, = I,..

added at 7 x 10™ GeV, a GUT scale gauge coupling relation is obtained at 1.8 x 10" Gev.
Furthermore, adding both particles and fine-tuning their masses, My = 5.0 X 107 GeV can
be achieved and the accuracy is as small as 0.39%. The evolution of gauge couplings for the
model with vector-like particles are show in figure 8. Models 16 is similar and the evolution
of their gauge coupling is shown in figure 18.

For Model 17, the parameters k, = 1/4 and ky = 11/6 deviate significantly from 1,
the evolution for U(1) coupling afl cannot intersect the other two couplings. In order to
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Figure 9. Two-loop evolution of gauge couplings for the Model 17 with vector-like particles. In
the model, ky = i X % and ky = %. The string-scale gauge coupling relations can be achieved by
adding 5(XU + XU) (a) as well as 5(XD + X D) (b).
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Figure 10. Two-loop evolution of gauge couplings for the Mlodel 27 with vector-like particles. In

this model, ky = % X % and ky = 1—90. The string-scale gauge coupling relations can be achieved by

adding 5(XE + XE) + XG around 10" GéV.

get a string-scale gauge coupling relation, we choose to introduce 5 pairs of XU + XU at
3.7% 10" GeV. The evolution of gauge couplings for this model without and with vector-like
particles are shown in figure 9. Note that the energy scale is pushed above the Planck
scale by adding XD + XD. This is common for models with parameters k, < 1 and
ko > 1. In such case, we introduce additional XU 4 XU particles to pull the energy scale
to intermediate scales 10'* — 10'° GeV. Therefore, a string-scale gauge coupling relation
can be achieved by adding both XD + XD and XU + XU and fine-tuning their masses.
The masses for these vector-like particles My, and the energy scales for Models 18-26 are
listed in table 6, and the corresponding evolution of gauge couplings are illustrated in
figures 19, 20 and 21, in appendix B.

However, if one and only one of parameters k, and ky deviates significantly from 1,
the situations are more complicated. When ky ~ 1 and k, < 1, by adding (XD + X D)
and (XU 4 XU) the string-scale gauge coupling realtion is pushed too high and above
the Planck scale. Another kind of vector-like particles (XE + X F) from N = 2 subsector
as well as XG from aa sector are added in these models to obtain the string-scale gauge
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Model k, ko nxg Mxg(GeV) nxg Mxq(GeV) My(GeV)
No.

27 4/9  10/9 5 3.40 x 10" 1 6.20 x 10" 5.00 x 10"
28 5/11 1 5 550 x 10" 1 3.80 x 10" 5.00 x 10'7
29 /4 7/6 5 7.80 x 10° 1 1.70 x 10 5.00 x 10"
30 10/7  27/11 3 151 x 10" 3 3.11 x 10 5.00 x 10'"
31 5/3 13/5 3 1.36 x 10 3 4.98 x 10 5.00 x 10'7
32 7/4  21/10 3 572x 10" 3 1.94 x 10 5.00 x 10"
33 2 26/5 3 3.44 % 10° 2 4.92 x 10" 5.00 x 10'"

Table 7. String-scale gauge coupling relations achieved by adding vector-like particles XFE + X FE
from N = 2 subsector and XG from the adjiont sector. The number of X E + X F is defined by the
intersection number on a and c stacks, nyp = I,..

coupling relations. For Model 27 with k, = 4/9 and k; = 10/9, the gauge coupling relation
can be realized at the string scale My = 5.00 x 10'7 Gev by adding 5(XFE + XFE) + XG at
10" GeV. The details for Model 27, and 28-29 are listed in table 7 and the corresponding
running of gauge couplings are plotted in figures 10, and 22.

For Model 30-33, even the parameter k, is greater than 1, the intersection of al_l and
a3 ! is still above the line of Qo ! because ko is too large. Thus, to get a string-scale gauge
coupling relation, the vector-like particles added are (XE + X E) from N = 2 subsector as
well as XG from aa sectors. For Model 30, a string-scale gauge coupling relation is achieved
at 5.00 x 10*" GeV by fine-tuning the masses of X E and XG as well as the number of XG.
The appropriate number of XG are chosen to reduce the mass splitting. For Model 30-33,
the energy scales, number and mass of these additional particles are listed in table 7 and
the corresponding evolution are figured in figure 23 in appendix B.

5 Discussion and conclusions

In [51], we have constructed all the three-family N = 1 supersymmetric Pati-Salam models
in the Type IIA string theory on T° /(Zy X Zg) orientifold with intersecting D6-branes,
and obtained all the possible 33 independent models in total. However, how to realize
the string-scale gauge coupling relations for these models is still a big challenge. In this
paper, we systematically studied the string-scale gauge coupling relations for all these
models. First, we discussed how to decouple the exotic particles in these models. Second,
utilizing the two-loop RGEs revolutions, we obtained string-scale gauge coupling relations
by introducing additional particles from the adjoint representations of SU(4)s and SU(2),,
gauge symmetries, SM vector-like particles from four-dimensional chiral sectors, as well
as vector-like particles from N = 2 subsector. Although most of these supersymmetric
Pati-Salam models do not directly have traditional gauge coupling unification at string scale,
their gauge coupling relations can indeed be realized at string scale. Therefore, we solved
the string-scale gauge coupling relation problems for the generic intersecting D6-brane
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models. It seems to us that this systematic method can be applied to the other intersecting
D-brane model building as well.
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A Supersymmetric Pati-Salam models

In this appendix, we present the supersymmetric Pati-Salam models with 33 types of allowed
gauge coupling relations on the landscape of supersymmetric Pati-Salam model building.

Model 1 U(4) x U(2), x U(2)g x USp(2)*

stack | N [ (n', 1Y) x (n?,1%) x (n®,1%) T nB b o |ce|d | 1]2]3]4
a 8| (1,1) x (1,0) x (1,—1) 0 |0[3[0[0|-3]0][1|]0]-1
b 41 (-1,0)x (=1,3)x(1,1) | 2 |-2|—|[—|0] 0|0 ]0]=3|1
¢ 41 (0,1) x (-1,3) x (=1,1) | 2 |=2|—|— — =31/ 0|0
1 2 (1,0) x (1,0) x (2,0) Ta=irp=2c=32p
2 2| (1,0) x(0,-1) x (0,2) Bl =p3=p=p8{=-3
3 2| (0,-1) x (1,0) x (0,2) xi=1x2=1%, x3=2
4 2| (0,-1) x (0,1) x (2,0)

Table 8. D6-brane configurations and intersection numbers of Model 1, and its gauge coupling

4
relation is gz = gf = gg = (%g%) = 4\/g7re¢ .

Model 2 U(4) x U(2),, x U(2)g x USp(2)*
stack || N | (n', 1) x (n%,1%) x (n®,1%) T nB bl |c|cd |23 |4
a 8 (1,—1) x (1,0) x (1,1) 0 013[]0|0|-3|-1|01
b 4| (=1,4) x (0,1) x (=1,1) 3 |-3|—|—|-7| 00| 1]0
c 41 (=2,1) x (—1,1) x (1,1) 2| —6|—|—|—|—|—-1|-2]|2
2 2| (1,0) x (0,-1) x (0,2) T =trp=trco=t%xp
3 2| (0,-1) x(1,0) x (0,2) By ==3,P3==3, Bl =—
4 2| (0,-1) x(0,1) x (2,0) Xi=3 X2=2,x3=1
Table 9. D6-brane configurations and intersection numbers of Model 2, and its MSSM gauge
coupling relation is g2 = 2g7 = g2 = 8(347) = #

- 21 —



Model 3 U(4) x U(2), x U(2)p x USp(2)*

stack | N [ (n', 1Y) x (n®,1%) x (n®,1%) N nH bV |c|d|1]4
a 8| (-1,-1)x(1,1)x(1,1) | 0 |—4[0[3|0]|-3|1]|-1
b 4| (=5,2) x (=1,0) x (1,1) | =3 | 3 0] 1]0|5
c 41 (=2,-1)x(0,1) x (1,1) | 1 |-1 10
1 2 (1,0) x (1,0) x (2,0) x4 =Yrp=21c="Tap
4 21 (0,—1) x (0,1) x (2,0) B =-3p{=1

Xlz\@am:%,)@:%

Table 10. D6-brane configurations and intersection numbers of Model 3, and its gauge coupling

L 5 5(5 4 *
relation is g- = ggg = %gg = 2—2(5932/) = %53/ Vime? .

Model 4 U(4) x U(2);, x U(2)z x USp(4)

stack || N | (n',1") x (n?,1%) x (n®,1%) T nH bV | cl|d| 4
a s| @ux@oyx@-1) || 1 [-1[3[0]0|=3]-2
b 4] (Loyx(1,-3)x 1,1 || 2 |-2|—|—|-4/0]1
c 4] (-1,2)x (L) x (-1, 2 |6 |—|—|—|—|1

4 4| (0,-1)x(0,1) x (2,0) x) = 3xp =8zxc = Szp

pi=0
X1=4, x2 = 37X3—4

Table 11. D6-brane configurations and intersection numbers of Model 4, and its MSSM gauge

4
; o Ge g2 — 1.2 13 .2 65¢5 2y _ 16 /2 _ ¢
coupling relation is g; = 59, = ¢ 9. = 3;(59y) = 51/ 5me” .

Model 5 U(4) x U(2), x U(2)gr x USp(4)

stack || N | (n',1") x (n?,1%) x (n®,1%) N nH bl |cl|cd |3
a 8| (~1,1)x(=1,0)x(1,1) || 0 |o[3]o|lo|[=3]0
b 41 (=1,4) x (0,1) x (—1,1) 3 -3 81 0|1
c 41 (1,00 x(2,-3) x (1,1) || 1 [-1 — | — -3

3 41 (0,-1) x (1,0) x (0,2) TA=grp=trc=tap

5 =2
Xlz%aXQZ%aX:a:l

Table 12. D6-brane configurations and intersection numbers of Model 5, and its MSSM gauge

4
coupling relation is gi = %gf = 293 = %(% 12/) = 15—6 %7T6¢ .
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Model 6 U(4) x U(2);, x U(2)g x USp(2)
stack || N | (n,1") x (n?,1%) x (n®,1%) T nH b|b | c|cd |3
a 8| (1,—1)x (1,0) x (1,1) 0(3]0]0/[=3]0
b 4 (=2,5)x (0,1) x (=1,1) || 3 |-3|—|—|-8| 0] 2
c A1 (=2,1) x (=1,1) x (1,1) || =2 |=6|—|—| — | —| -2
3 21 (0,—-1)x(1,0) % (0,2) Ta=grp To = gTp
5= 2
5
X1 = %,m:%x:ﬂ:z@

Table 13. D6-brane configurations and intersection numbers of Model 6, and its MSSM gauge

4
; e g2 — 52 11 .2 11¢5 2y _ 8Y25% ne?
coupling relation is g; = 2g; = Hg. = L (Sgy) = N

Model 7 U(4) x U(2),, x U(2)g x USp(4)*

stack || NV | (n',1") x (n%,1%) x (n®,1%) N nH bl c|d |24
a 8| (1,1) x (1,0) x (1,—1) 0o lo|3lo|o|[=3/1]-1
b 41 (1,0)x(1,-3) x (1,1) || 2 |-2 4/ 00| 1
c 4] (1,2) x (=1,1) x (=1,1) || =2 | -6 — | —]2|-1

41 (1,0) x(0,-1) x(0,2) T = gap =T0 = gap

4 41 (0,=1) x(0,1) x (2,0) B3 = -2, B =-2
X1:17X2=%7X3=2

Table 14. D6-brane Conﬁgurations and intersectlon numbers of Model 7, and its MSSM gauge

coupling relation is g2 = g7 = 3gC =25(2 gy) =4 e
Model 8 U(4) x U(2),, x U(2)x x USp(2)*
stack || N | (n', 1) x (n?,1%) x (n®,1%) T nH b V| cel|d|1]2]4

a 8 (1,1) x (1,0) x (1,-1) 0 013|003 1]-1

b 4| (=1,0) x (—1,3) x (1,1) —2|—1—|-3]0 0 1

c 41 (0,1) x (=2,3) x (=1,1) 1 |-1]—|—|— -312|0

1 2 (1,0) x (1,0) x (2,0) x4 =2zp=2xc=3zp

2 2 (1?0) X (07_1> X (072) ﬁ = _3 62 = 27 54 =-3

4 2| (0,=1)x(0,1) x (2,0) = V2, x2 =%, x3 =22
Table 15. D6-brane configurations and intersection numbers of Model 8, and its MSSM gauge
coupling relation is g2 = g = 297 = L2(347) = 16 %f/%e(b
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Model 9 U(4) x U(2), x U(2)g x USp(2)?

stack || N | (n',1") x (n?,1%) x (n®,1%) T nH bV |c|d |14
a 8| (L,—1)x(~1,1)x(1,—=1)| 0 | 4 3|00 |=3|-1]1
b 41 (1,-4) x (1,0) x (1,1) 3 | -3 -7/ 0|01
c 4] (=2,1) x (2,1) x (=1,1) || =3 |-13 — | —|-1|-4

2 (1,0) x (1,0) x (2,0) xq=282p = Bac =Trp
4 2| (0,—1) x (0,1) x (2,0) By =-3p{=1
X1 = /55 xe = VIOL, x5 = 8,/ %

Table 16. D6-brane configurations and intersection numbers of Model 9, and its MSSM gauge

4
coupling relation is g2 = %gg = %gf = %(gg%) = = 161%/4/2re? .

Model 10 U(4) x U(2); x U(2)z x USp(2)? x USp(4)

stack || N | (n', 1Y) x (n?,1%) x (n®,1%) T nH bl |ce|d |1]3]4
a 8| (1,-1)x(1,1)x(1,1) || 0 |—4|0|3]|0|=3|1|-1|-1
b 4 (=4, x(-1,0)x(1,1) || =3 | 3 |—|—|0|2|0l0]4
c 4 (=2,-1)x(0,1)x(1,1) || 1 |=1|—|—|— 1]-2
1 4 (1,0) x (1,0) x (2,0) x4 =3z =2xc=10zp
3 2| (0,—-1) x (1,0) x (0,2) Bl =-3,6]=-28]{=0
4 21 (0,-1)x(0,1) x (2,0) X1 =2V2, 0= 5, X3 = V2

Table 17. D6-brane configurations and intersection numbers of Model 10, and its MSSM gauge
4
coupling relation is gs = %g? = %gz = %(gg%) = %23/4\/57re¢ .

Model 11 U(4) x U(2);, x U(2)g x USp(2) x USp(4)

stack || N | (n', 1Y) x (0%, 1) x (0, 1%) T nH bl |c|d 1|3
a 8| (~L1)x(-Lo)yx(,1) | o |o|3][olo|=30]o0
b 4 (-1, 4)x (0,1)x (=1,1) || 3 [-3|—|—|-4] 0 |-4]|1
c 4] L,0)x1,-3)x1,1) | 2 |2 —|—|—|—]0]-3
1 2| (1,0) x (1,0) x (2,0) Ta=150p=trc=p
3 4 (0,—1) x (1,0) x (0,2) By =-2, ] =-2

X1=3 X2=¢g x3=1

Table 18. D6-brane configurations and intersection numbers of Model 11, and its MSSM gauge
4
coupling relation is g2 = %gf =gi= (ggff) = 165’:;;: .
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Model 12 U(4) x U(2), x U(2)g x USp(2) x USp(4)

stack || N | (n', ") x (n?,1%) x (n®,1%) T nH bV |c|d |1] 4
a 8| (-1,-1)x(2,1)x(1,1) || 0 | -8/ 0|3 ]0|-3|1]-2
b 4 (4,-1)x (1,0) x (1,1) -3 13 —10|2|0] 4
c 4 (=2,-1)x (=1, 1) x (1,1)|| 2 | 6 — | ——11] 2

1 4 (1,0) x (1,0) x (2,0) zq=Paop=Bas=26zp

4 2| (0,—-1) x (0,1) x (2,0) B =-3, 8] =4

13
X1 = L;’,XQ=2\/%,X3=\/;

Table 19. D6-brane conﬁgurations and intersection numbers of Model 12, and its MSSM gauge

ch = 32(39Y) = 1= 263/4

. . . 2 1 2
coupling relation is g, = 59, = i35

Model 13 U(4) x U(2),, x U(2)x x USp(2)*

stack || N | (n', 1) x (n?,1%) x (n®,1%) T nB bV | ¢ | |14
a 8| (—1,-1)x (L) x(1,1) || 0 |—=4|/6[=3| 0 |=3|1]|-1
b 41 (-1,2) x (=1,0)x (5,1) || 9 |=9|—| —|—-10|-9|0| 1
¢ 4 (=2,-1)x(0,1)x(1,1) || 1 |=1|—|—| — | —|1]0

2 (1,0) x (1,0) x (2,0) x4 =22p =2xc = Hap

4 21 (0,-1) x(0,1) x (2,0) {=-3,8]=-3
X1:%aX2:%aX3:4\/g

Table 20. D6-brane configurations and intersection numbers of Model 13, and its MSSM gauge

4
coupling relation is g2 = %g? =4 g2 = (sgy) = 53/4\/117re¢

Model 14 U4) x U(2);, x U(2)g x USp(2)
stack || N | (n', ") x (n®,1%) x (n®,1%) ] nH bV |c|cd| 3
a 8| (1,-1) x(1,0) x (1,1) 0 |0 [-3]|6 -3 0
b 4] (=2,1)x (0,1) x (=5,1) || =9 | 9 —lo| 8] 10
c 41 (=2,1) x (-1,1) x (1,1) || =2 | -6 | =2
3 21 (0,—-1)x(1,0) % (0,2) vy =grp = 1020 = Z2p
-
xlzm,xQzé,x;«;:%@

Table 21. D6-brane configurations and intersection numbers of Model 14, and its MSSM gauge

4
35 2 8 ¥25% 4 re?

. o 2
coupling relation is g2 = 3¢y = 192 = 33(243) = >
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Model 15 U(4) x U(2),, x U(2) x USp(2)*

stack | N | (n',1') x (n®,1%) x (n*, 1) N nB bl |ce|ld | 1|4
a 8 [(1,—1)x (=1,1)x(1,=1)| 0 | 4|0 |3]|0|-3|-1]1
b 41 (0,1)x (=2,1)x(=1,1) | =1 | 1 |—|—|0|=1|=1] 0
¢ 41 (-1,0)x (5,2) x (=1,1) | 3 |=3|—|—|—| —|0]|=5
2 (1,0) x (1,0) x (2,0) x4 =2xp=Yzc="Tzp
4 2| (0,—1) x (0,1) x (2,0) Bl =-3,p]=1
X1=%7X2=\/5,X3=%

Table 22. D6-brane configurations and intersection numbers of Model 15, and its gauge coupling

.. 9 2 2 2 3/4 4
relation is g, = %gb = %gc = %(ggy) = %5 / Ve .

Model 16 U(4) x U(2)}, x U(2)x x USp(2)*
stack || N | (n', ") x (n®,1%) x (n*,1%) N nB bV |c|d |2]4
a 8| (1,1)x (1,0) x (1,-1) 0 |o0|2[1][0|=3]1|-1
b 4] (1,00 x (=2,)x(1,3) || =5 | 5 |—|—|8|8|0|6
c 41 (0,1)x(=2,3)x(=1,1) || 1 |=1|—|—|—|—12]0
2 2| (1,0) x (0,—1) x (0,2) T4 =3xp=t1c=322p
4 2 | (0,—1) % (0,1) x (2,0) B =—2 p=2
X1:%7X2:27X3:%

Table 23. D6-brane configurations and intersection numbers of Model 16, and its MSSM gauge

4

coupling relation is gZ = 1—5893 = 293 = %(%932/) = %
Model 17 U(4) x U(2),, x U(2)x x USp(2)*

stack || N | (n', ") x (n®,1%) x (n*,1%) T nB b b |c|d |2]4
a 8| (1,1) x(1,0) x (1,-1) 0O |0[310]0|-3|1|-1
b 41 (=1,0) x (—=2,3) x (1,1) 1 |=1|—|—]0] 0|02
c 41 (0,1) x (—2,3) x (—1,1) 1 | =1|—|—|—]—12|0

2| (1,0) x (0,—1) x (0,2) TA=3rp=12c=3Tp

4 2| (0,-1)x(0,1) % (2,0) By =-2, p]=-2
xi=1x2=3 x3=2

Table 24. D6-brane configurations and intersection numbers of Model 17, and its MSSM gauge

4
gme?

N

coupling relation is gg = 295 = 29(2; = 170(%93/) =
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Model 18 U(4) x U(2),, x U(2)x x USp(2)*
stack || N | (n', 1Y) x (n%,1%) x (0, 1%) T nB blV]ic|d|1]4
a 8| (-1,-1)x(L,)x(1,1) || 0 | =4|[3[0]0|-3]1]-1
b 41 (=2,1) x(2,1) x (=1,1) || =3 |=13|—|—| 7| 0 |—-1|—4
c 41 (1,-4) x (1,0) x (1,1) 3 | -3 —|— 011
2 (1,0) x (1,0) x (2,0) xa=28zp = Vac =Trp

4 2| (0,—1) x (0,1) x (2,0) B =-3p]=1

X1 = /5 xa = VIOL, x3 = 8/

Table 25. D6-brane conﬁgurations and intersection numbers of Model 18, and its MSSM gauge

coupling relation is g7 = g7 = 192 = L(543) = 5.\/2161%/*7¢e?
Model 19 U(4) x U(2),, x U(2)x x USp(4)*

stack || N | (n', 1) x (n®,1%) x (n®,1%) g nB bl |c|d | 2]4
a 8| (1,1) x (1,0) x (1,—-1) 0 |0[3]0 -3 1 |-1
b 41 (=2,1) x (=1,1) x (1,1) || =2 | =6 — 4]0 |-1]2
c 41 0,1)x(-1,3)x(-1,1) || 2 |-2|—|—|—|—]1]0

41 (1,0) x (0,-1) x (0,2) Tp=3Tp=2c=3Tp

4 41 (0,-1) x(0,1) x (2,0) B = -2, B =-2
x1 =1 x2 %7)(3_2

Table 26. D6-brane configurations and intersectlon numbers of Model 19, and its MSSM gauge
. . . 2 _ 52 _ 2 /5 2 d)
coupling relation is g, = 59, = 9. = (59y) =4 .

Model 20 U(4) x U(2),, x U(2)x x USp(2)*
stack || N | (n', 1Y) x (n?,1%) x (n®,1%) N nB bl |c|d |2]3]4

a 8 (1,1) x (1,0) x (1,-1) 0 013]010|=3|1]0|-1

b 41 (=1,0) x (=2,3) x (1,1) 1 | -1]—|— 010]-3] 2

c 41 (0,1) x (—-1,3) x (=1,1) 2 | =2|—|— — 111010

2 2| (1, )><(0,—1) (0,2) Tp=ixp=%r0=%Tp

3 2| (0,-1) x(1,0) x (0,2) B3 =-3,0§=-3, 8] =-2

4 2 (0,—1) x (0,1) x (2,0) X1 %JQ TZ,X:’):\@
Table 27. D6-brane configurations and intersection numbers of Model 20, and its MSSM gauge
coupling relation is gs = 292 = gz = (2932/) = 16{?/7;4)4
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Model 21 U(4) x U(2),, x U(2)x x USp(2)*

stack || N | (n',1") x (n%,1%) x (n®,1%) T nB bV |c|d |2]3]4
a 8| (1,1) % (1,0) x (1,-1) 0 |o0|2/1]0]=3[1]0]-1
b 4 (-L,0)x (=2,1)x(1,3) || =5 | 5 | —|—|10| 7 |0|-1| 6
c 41 (0,1) x (-1,3) x (=1,1) || 2 | -2 — | — 10
2 2| (1, )><(0,—1)><(0,2) Ta=3Tp = 1xTc = 1Tp
3 2| (0,-1) x (1,0) x (0,2) By =-3, 85 =—5, ] =2
4 2] (0,-1)x(0,1) x (2,0) X1 = 575 X2 = V2, x5 = %

Table 28. D6-brane configurations and intersection numbers of Model 21, and its MSSM gauge

4
coupling relation is gi = %gf = gf = (%g%) = %Wwe‘ﬁ

Model 22 U(4) x U(2)}, x U(2)z x USp(2)*

stack || N | (n', 1Y) x (0%, 1) x (n®,1%) T nH b v |ec|d | 11]23]4
a 8| (1,1) x (1,0) x (1,—1) 0 |o|2[1]0[=3]01(1]0]-1
b 4] (-1,0)x (-1, ) x(1,3) | =2 | 2 |—|—|4|4]0]|0]-1
¢ 41 (0,1)x (-1,3)x(=1,1) || 2 |[=2|—|—| | —|=3|1] 0|0
1 2 (1,0) x (1,0) x (2,0) TA=ixp =10 =%1p
2 21 (1,0)x(0,-1) x (0,2) Bl =-3p5=-3p=-5p]=-
3 21 (0,-1) x(1,0) x (0,2) xi1=%5x2=1x3=3
4 2 (0,—1) x (0,1) x (2,0)

Table 29. D6-brane configurations and intersection numbers of Model 22, and its MSSM gauge
4
coupling relation is gi = %gz = gz = (%g%) = 15—2\/§7re¢

Model 23 U(4) x U(2);, x U(2)g x USp(4)

stack || N | (n', 1) x (n%,1%) x (n®,1%) N nB bV |c|d |4
a 8| (—21)x(-1,00x(1,1) || —1 ] 1|3]0]0]=3]2
b 40(-L,2)x (-, ) x (-1, 2 |6 |—|—|4]0]1
c 4] 1,0 x (1L, -3)x1,1) || 2 |2 ||| |1

4 4| (0,-1)x(0,1) x (2,0) x4 =3xp=8xc=5zp

pi=0
X1=4, x2=735,x3=4

Table 30. D6-brane conﬁgurations and intersection numbers of Model 23, and its MSSM gauge

5(3 2)— 1 29"

coupling relation is gz = % g = 5 g2 = 39v) = 24/ 3%
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Model 24 U(4) x U(2), x U(2)g x USp(4)

stack || N | (n', 1Y) x (n?,1%) x (n®,1%) T nH bl |ce|ld |3
a 81 (1,1) x (=1,0) x (=1,1) 0 |0O[3/0]0]|=3]0
b 4] (1,0) x (2,-3) x (1,1) 1 |-1|— 8|0 |-3
c 4] (=1,4)x (0,1) x (=1,1) || 3 |-3|— — 1

3 4 (0,-1)x (1,0) x (0,2) Tp=3Tp = jTc = Tp

By = -2
XIZ%aX2:%7X3:1

Table 31. D6-brane configurations and intersection numbers of Model 24, and its MSSM gauge

. L2 2 2.2 10/5 2 16 [2_ ¢
coupling relation is g, = 2g;, = 59 = 13(39y) = % §7re¢ .

Model 25 U(4) x U(2),, x U(2)x x USp(2)*

stack || N | (n', 1) x (n?,1%) x (n®,1%) N nH bbb |c|cd| 2|34
a 8| (1,1) x(1,0) x (1,-1) 0 [0[3]0[0]|=3]1]0]-1
b 40 (2,-1)x(1,-1)x(1,1) || -2 | -6 710 |-1|-2] 2
c 4| (-1,4) x (0,1) x (=1,1) || 3 |-3 — 0]11]0
2 2 | (1,0) x (0,—1) x (0,2) TA=srp=%tr0=S3p
3 2| (0,—-1) x (1,0) x (0,2) J=-3,8]=-3,8/=-2
4 2] (0,-1)x(0,1) x (2,0) X1 =3 X2= 8, x3=1

Table 32. D6-brane configurations and intersection numbers of Model 25, and its MSSM gauge
4
¢
coupling relation is g2 = ggg = ggg = %(%g%) = 32Me

Model 26 U(4) x U(2)r, x U(2)z x USp(2)
stack || N | (n', 1Y) x (n?,1%) x (n®,1%) T nH bbb |cel|ld| 3
a 8| (L,1)x(1,0)x(1,—=1) | o o [3]lo|l0|=3]0
b 41 (2, -1)x(1,-1)x(1,1) || 2 [-6|—|—|8|0]|-2
c 4] (=2,5)x (0,1) x (=1,1) | 3 |-3|—|— 2
3 2| (0,-1)x (1,0) x (0,2) TA=3xp =210 =3%Tp

53:—2
5
X1 = %,Xzzf\é;»Xs:?\/g

Table 33. D6-brane configurations and intersection numbers of Model 26, and its MSSM gauge

4
- e g2 112 5.2 2505 2 8¥25°  re?
coupling relation is g; = 59, = 59 = 53(59y) = SRS me
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Model 27 U(4) x U(2), x U(2)p x USp(2)* x USp(4)

stack || N | (n',1") x (n%,1%) x (n®,1%) T nH bV ]ic|d | 1|24
a 8 |(1,-1)x (=1,1)x(1,=1)|| 0 |4 [0 |3|0|=3|-1[1]1
b 41 (0,1)x(=2,1)x(=1,1) || =1 | 1 |[—|—]0|=2|-1|2]0
c 4 (=1,0) x (4,1) x (=1,1) || 3 |=3|— —|—101|0|-4
1 4 (1,0) x (1,0) x (2,0) x4 =225 = 3xc=10zp
2 2| (1,0) x (0,—1) x (0,2) 9=-3,8=-28{=0
4 2| (0,-1)x(0,1) x (2,0) X1 = %7 X2 =2V2, x3 =2

Table 34. D6-brane configurations and intersection numbers of Model 27, and its MSSM gauge

4
coupling relation is gi = %gf = %gz = %(%g%) = ;—?23/4\/37645 .

Model 28 U(4) x U(2);, x U(2)g x USp(2) x USp(4)

stack || NV | (n', 1Y) x (n%,1%) x (n®,1%) T nH b Vel | 1]3
a 8 (1,1) x (—=1,0) x (—1,1) 0O |0[3][0[0|=3/01]0
b 41 (1,0) % (1,-3) x (1,1) 2 [—2|— 0 -3
c A1 (=1, x(0,1) x (=1,1) || 3 [=3|—|—|—|—|-4|1
1 2| (1,0) x (1,0) x (2,0) Ta=151p=trc=Sap
3 4 (0,-1) % (1,0) x (0,2) BY = -2, B = -2

X1=3Xx2=g x3=1

Table 35. D6-brane configurations and intersection numbers of Model 28, and its MSSM gauge

4
s
coupling relation is g = g; = %gf =2 (gg%) = 16me

11 5v3 "
Model 29 U(4) x U(2);, x U(2)g x USp(2) x USp(4)

stack || N | (n', 1Y) x (n%,1%) x (n®,1%) T nH bl |c|d|1]4
a 8 1(1,-1) x(-2,1) x(1,-1)|| 0 | 8 |03 -3 -1] 2
b 41 (-2,1) x (1,1) x (=1,1) || =2 | —=6|— 0|—-2|-1|-2
c 4|(-4,-1) x (1,0) x (=L,1) || 3 |-3|— —|—1 0 |4

1 4 (1,0) x (1,0) x (2,0) = Paop=Bars=26zp

4 2 (07_1) X (07 1) X (270) /Bi] = _37 Bfl] =4

i3
X1 = 1*23&(2:2\/%7)(3:\/2;

Table 36. D6-brane configurations and intersection numbers of Model 29, and its MSSM gauge

coupling relation is gg

2 2 5 2 3/4_ ¢*
oy = 39: = 1Ggv) = £26" me” .
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Model 30 U(4) x U(2),, x U(2)x x USp(2)*
stack || N | (n', 1Y) x (n?,1%) x (n®,1%) N nH bl |ce|d | 1]2]4
a 8| (L)x(1L,0)x(1,-1) || 0o |o|2|1]0]|-3 1)-1
b A1 (~1,00x (-1,1)x(1,3) || =2 | 2 |—|—|2|5]0]0]3
c 41 (0,1)x(=2,3)x (=1,1) || 1 |=1|—|—|—|—|-3|2
1 2 (1,0) x (1,0) x (2,0) Ta=3zp=3zc=32zp
2 2| (1,0) x (0,—1) x (0,2) B9 :—3 BY = -2, 642—
4 2| (0,-1) x(0,1) x (2,0) X1=%, x2=V2 x5 =
Table 37. D6-brane configurations and intersection numbfrs of Model 30, and its MSSM gauge
coupling relation is g2 = %gb =2¢2 = (Sgy) \4/§7re¢
Model 31 U(4) x U(2);, x U(2)g x USp(2) x USp(4)
stack || N | (n', ") x (n?,1%) x (n®,1%) N nH bl |ce|ld | 1]3
a 8| (L) x(-L0)x(=L,1) | o |o|2]1]0|=3]0]0
b 41 (Lo)yx(1,=1)x(1,3) || -2 |2 |—|— 410 |-1
c A1 (~1,4)x(0,1) x (=1,1) || 3 [=3|—|—|—|—|-4|1
1 2| (1,0) x (1,0) x (2,0) TA=3rp=12c=32p
3 4 (0,—1) x (1,0) x (0,2) ﬁf = -2, ﬁg =—4
X1=73 Xe=3,x3=1

Table 38. D6-brane configurations and intersection numbers of Model 31, and its MSSM gauge
4
gy =3g. = 3(59%) = L V3me?

. L. 9
coupling relation is g,

59 =

Model 32 U(4) x U(2);, x U(2)p x USp(4)

stack || N | (n', 1) x (n%,1%) x (n®,1%) T nH bV |c|d| 4
a 8| (2,1)x(1,0)x(1,-1) | 1 |[-1]2|1 —3| -2

b 40 (Lo)x(1,-1)x(1,3) | 2|2 |—|— 4] 3

412 x (-, ) x (=L, 2 |6 |—|—|—|—] 1

4 41 (0,-1) x (0,1) x (2,0) T)=21p = jx0=4ap
B-2

X1 =2y/2 xo = VB, xs =2,/2

Table 39. D6-brane conﬁgurations and intersection numbers of Model 32, and its MSSM gauge

21 .2 7 g _ 863/4 4
2Yc €

coupling relation is ga = %9

(g

2
39v) =

~ 31—



Model 33 U(4) x U(2), x U(2)g x USp(4)

stack || N | (n', 1Y) x (n?,1%) x (n®,1%) T nB bl |ce|ld |3
a 8| L) x(=1,00x(-=1,1) || o [of2|1]0]|=3]0
b 41 (Lo)x(2,-1)x(1,3) | =55 16| 8 | -1
c 41 (=1,4)x (0,1) x (=1,1) || 3 [-3 1

3 4| (0,-1)x (1,0) x (0,2) T4=3rp=12c=32p

5=
X12%7X2=37X3:1

Table 40. D6-brane configurations and intersection numbers of Model 33, and its MSSM gauge
. - 4
coupling relation is g2 = %gf =6g2 = 2(%93/) = 15—6\/57re¢ .
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B The evolution for the gauge couplings
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Figure 11. Two-loop evolution of gauge couplings for the Model 6 with vector-like particles. In

the model, ky =1 x 1L and ky = %. The string-scale gauge coupling relations can be achieved by

adding 3(XG + XW) 8(a) and 7(XQ + XQ) + 3XG (b).
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Figure 12. Two-loop evolution of gauge couplings for the Model 7 with vector-like particles. In

the model, ky = % X % and ky = 1. The string-scale gauge coupling relations can be achieved by

adding 3(XG + XW) (a) and 3(XQ + XQ) + 3XG (b).
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70 70

60k Two-loop ] sof Two-loop ]
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Figure 13. Two-loop evolution of gauge couplings for the Model 8 with vector-like particles. In

10 » 3 and ky = 1. The string-scale gauge coupling relations can be achieved by

the model, ky = = X 3
adding 3(XG + XW) (a) and 3(XQ + XQ) + 3XG (b).

200 Two-loop B 200+ Two-loop 7
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Figure 14. Two-loop evolution of gauge couplings for the Model 9 with vector-like particles. In

the model, ky = % X g and ky = %. The string-scale gauge coupling relation can be achieved by
adding 3(XG + XW) (a) and 5(XQ + XQ) + 3XW (b).
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Figure 15. Two-loop evolution of gauge couplings for the Model 10 with vector-like particles. In

the model, ky = i—g X g and ky = %. The string-scale gauge coupling relation can be achieved by
adding 3(XG + XW) (a) and 5(XQ + XQ) + 3XW (b).
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Figure 16. Two-loop evolution of gauge couplings for the Model 11 without and with vector-like
particles. In the model, ky = 1 X % and ky = % The string-scale gauge coupling relation can be
achieved by adding 3(XG + XW) (a) and 5(XQ + XQ) + 3XW (b).
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Figure 17. Two-loop evolution of gauge couplings for the Model 12 with vector-like particles. In

35

the model, ky = 53 X % and ky = %. The string-scale gauge coupling relation can be achieved by
adding 3(XG + XW) (a) and 5(XQ + XQ) + 3XW (b).
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Figure 18. Two-loop evolution of gauge couplings for the Model 16 with vector-like particles. In

10

this model, ky = = x % and k, = 2. The string-scale gauge coupling relation can be achieved by
adding 3(XD + X D) (a) as well as 3(XU + XU) (b).
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Figure 19. Two-loop evolution of gauge couplings for the Model 18 (a), Model 19 (b), Model
20 (c), Model 21 (d), Model 22 (e) and Model 23 (f) with vector-like particles. The string-scale
gauge coupling relation can be achieved by adding 3(XD + X D) + 3(XU + XU).
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Figure 20. Two-loop evolution of gauge couplings for the Model 24 (a) and Model 25 (b) with
vector-like particles. In this model, ky = % X g and ko = 2. The string-scale gauge coupling relation
can be achieved by adding 5(XD + X D) + 5(XU + XU).
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Figure 21. Two-loop evolution of gauge couplings for the Model 26 with vector-like particles. In

this model, ky = % X g and ky = %. The string-scale gauge coupling relation can be achieved by

adding 7(XD + XD) + 7(XU + XU).

140 ‘ 250 ; ; ; ; ; ; ; .
Two-loop Two-loop
[ ] R 17Gay. o -1
I P Mgur=5.00x10"7GeV; agyr~'=26. w0l @ My=5.00x10 Gt:Vo,/aU =223 |
100F A=1.% . A=1%
= sl ] 5 1] ]
T T
8 60 ] 8 100f ]
a0f ]
R < s0f -t ]
= 120\ 1560y . il
as MXE=5.§x10 (l'ieV,Mx\G=3.8x‘l10 GeY”'XE=5|‘HXG=1| 0—-ﬂé——llwx?71sx1ovqev;Mm=1’7,‘10126(;\(;"“:5;"} =1
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
logqo(1/GeV) logyo(u/GeV)
(a) (b)

Figure 22. Two-loop evolution of gauge couplings for the Model 28 (a) and Model29 (b)

with vector-like particles. The string-scale gauge coupling relation can be achieved by adding
5XE+ XE)+ XG.
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Figure 23. Two-loop evolution of gauge couplings for the Model 30 (a), Model 31 (b), Model
32 (c) and Model 33 (d) with vector-like particles. The string-scale gauge coupling relation can be
achieved by adding 3(XFE + XF) + 3XG.
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