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Baryon number violation is discussed in gauge unified orbifold models of type II string theory with
intersecting Dirichlet branes. We consider setups of D6-branes which extend along the flat Minkowski
space-time directions and wrap around three cycles of the internal 6D manifold. Our study is motivated by
the enhancement effect of low energy amplitudes anticipated for M theory and type II string theory models
with matter modes localized at points of the internal manifold. The conformal field theory formalism is
used to evaluate the open string amplitudes at tree level. We study the single baryon number violating
processes of dimension 6 and 5, involving four quarks and leptons and in supersymmetry models, two
pairs of matter fermions and superpartner sfermions. The higher order processes associated with the
baryon number violating operators of dimension 7 and 9 are also examined, but in a qualitative way. We
discuss the low energy representation of string theory amplitudes in terms of infinite series of poles
associated to exchange of string Regge resonance and compactification modes. The comparison of string
amplitudes with the equivalent field theory amplitudes is first studied in the large compactification radius
limit. Proceeding next to the finite compactification radius case, we present a numerical study of the ratio
of string to field theory amplitudes based on semirealistic gauge unified nonsupersymmetric and super-
symmetric models employing the Z; and Z, X Z, orbifolds. We find a moderate enhancement of string
amplitudes which becomes manifest in the regime where the gauge symmetry breaking mass parameter
exceeds the compactification mass parameter, corresponding to a gauge unification in a seven dimensional

space-time.
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I. INTRODUCTION

By suggesting the possibility that the standard model
(SM) gauge and gravitational interactions unify in a higher
dimensional space-time, string theory [1,2] has opened up
novel perspectives for the gauge unification proposal [3].
Based on the approach of Calabi-Yau (CY) manifold com-
pactification, the string theory applications focused ini-
tially on the heterotic string in the regimes of weak
coupling [4] and strong coupling [5—8]. These studies
were soon followed by explicit constructions using orbi-
fold compactification [9,10] and free fermion [11] models
of the heterotic string, which were later extended to orbi-
fold compactification models of the type II string theories
with single Dp-branes [12] or the Dp/Dp’, [p' # p]
branes-inside-branes type backgrounds [13].

The chief distinctive features of string gauge unification
reside in the discrete gauge symmetry breaking scheme by
Wilson flux lines [14] and the heavy string threshold
effects [15]. Regarding, however, the issue of matter in-
stability caused by baryon number violation, it is fair to say
that no specific stringy effect has emerged from the earlier
studies using the weakly coupled heterotic and type II
string theories. A different situation seems to take place
in the 11D M-theory supersymmetric compactification on
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7D internal manifolds X; of G, holonomy [16], as dis-
cussed by Friedman and Witten [17]. The non-Abelian
gauge symmetries in these models are supported on 7D
submanifolds, B = M, X Q, loci for R4/ I" orbifold type
singularities in the directions transverse to B, while the
chiral massless fermions are supported at isolated
singularities of the 3D submanifolds, Q. This causes
the existence of a natural regime where the grand unifica-
tion occurs in a 7D dimensional space-time with localized
matter fermions. In comparison to the nucleon decay
amplitudes of the equivalent unified gauge field theories,

the string amplitudes are enhanced by a power a;(l/ 3 of
the unified gauge coupling constant, which reflects on
the short distance singularities from summing over the
momentum modes propagating in the submanifold Q.
As to the size of the enhancement effect, however, no
definite conclusions could be drawn because of the poor
understanding of M-theory perturbation theory, not men-
tioning the greater complexity of G, holonomy manifolds
[18].

Fortunately, it is possible to examine the enhancement
effect in a controlled way by considering the weak cou-
pling dual models based on type Ila string theory orienti-
fold compactification on M, X X4 with D6-branes
wrapped around intersecting three cycles of the internal
Calabi-Yau complex threefold, X4. Using a toy model
realizing SU(5) gauge unification, Klebanov and Witten
[19] showed that the four fermion string amplitude for
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localized matter modes in the gauge group representations,
10 - 10 - 10 - 10T, featured a power dependence on the
unified gauge coupling constant of same form as in the
M-theory model, namely, A o af(/ 3. In the most favorable
case where the fermion modes sit at coincident intersection
points of the D-branes, the enhancement due to the gauge
coupling constant dependence was found to be offset by
certain constant factors which resulted in a rather modest
net effect.

Our goal in the present work is to document the enhance-
ment of string amplitudes anticipated in M theory [17] by
developing further semiquantitative calculations in models
with intersecting D-branes. The initiating discussion in
Ref. [19] made use of the large compactification radius
limit in which predictions are largely insensitive to the
Wilson line mechanism responsible for the unified gauge
symmetry breaking. We extend this study in three main
directions. First, we consider semirealistic orbifold-
orientifold models realizing the SU(5) gauge unification
with a chiral spectrum of massless matter modes that
closely reproduces the standard model spectrum. Second,
we evaluate the nucleon decay four-point amplitudes in the
two independent configurations of gauge group matter
representations, 10 - 10t - 10- 10T and 10-5-10% - 5T,
which contribute to the proton two-body decay channels
with emission of left and right helicity positrons, p —
m + eZ g- This allows us to quantitatively assess the M-
theory prediction for the ordering of partial decay rates,
[(p— 7 +ef)>T(p— 7+ ef). Third, we discuss
the string amplitudes at finite compactification radii, in
order to weigh the importance of the string momentum
and winding excitations relative to the string Regge reso-
nances. Studying the interplay between the compactifica-
tion and unified symmetry breaking mass scale parameters,
M, and My, proves crucial in assessing the size of the
enhancement effect.

The contributions to nucleon decay processes from
physics at high energy scales are conveniently represented
by nonrenormalizable local operators in the quark and
lepton fields [20,21], which violate the baryon and lepton
numbers B and L. In unified gauge theories, the exchange
of massive gauge bosons with leptoquark quantum num-
bers induces in the effective action, (B + L) violating,
(B — L) conserving operators of dimension D = 6. In
supersymmetry models, the exchange of massive color
triplet matter Higgsino like modes also induces dangerous
operators in the quark and lepton superfields of dimension
D = 5. Higher dimension operators initiating the exotic
nucleon decay processes can possibly arise from mass
scales significantly lower than the gauge interactions uni-
fication scale, My =~ 3. X 10'® GeV. Of special interest
are the B — L violating operators of dimension D = 7,
and the double baryon number violating operators of di-
mension 2 =9, responsible for nucleon-antinucleon
oscillation.
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The 2D conformal quantum field theory [22] provides a
powerful approach for calculating the on-shell string the-
ory amplitudes. The construction of string amplitudes [23]
from vacuum correlators of open string vertex operators
inserted on the world sheet disk boundary is readily applied
to the 4D amplitudes describing the nucleon decay pro-
cesses. The tree level contributions to the dimension D =
6, 5 operators involve four fermions, *, or two pairs of
fermions and bosons, ¢*>¢>. For the intersecting brane
models with matter modes localized in the internal direc-
tions, the calculations are made nontrivial by the need to
account for the twisted like boundary conditions of the
world sheet fields. Fortunately, the energy source ap-
proach, which was initially invented [24—28] and subse-
quently developed [29—-31] in the context of closed string
twisted sectors of orbifolds, can be readily extended to the
localized open string sectors of intersecting brane models.
Following previous studies devoted to the discussion of
open string modes with mixed Neumann-Dirichlet (ND)
boundary conditions in Dp/Dp’-brane models [32-35],
the implementation of this approach for intersecting brane
models has been clarified in discussions by Cvetic and
Papadimitriou [36], Abel and Owen [37], Klebanov and
Witten [19], Jones and Tye [38], Liist et al, [39] and
Antoniadis and Tuckmantel [40]. A comprehensive review
of the first quantization and conformal field theory formal-
isms for the open string string sectors of D-brane models is
currently under preparation [41]. We should also mention
here the studies by Billo et al., [42], Bertolini et al., [43],
and Russo and Sciuto [44], which develop the alternative
approach based on the operator formalism.

An intense activity has been devoted in recent years to
the discussion type II string theory compactification using
intersecting D-brane backgrounds [45-47]. To be com-
plete, we should mention the parallel development on
T-dual D-brane models using magnetized backgrounds
[48,49] and on the magnetic field deformations of
the heterotic string [50]. Important efforts towards building
satisfactory models have been spent in works by Aldazabal
et al., [51-56], Kokorelis [57-59], Blumenhagen et al.,
[60-67], and Cvetic et al., [68—74]. A useful review is
presented in Ref. [75]. To develop our applications in the
present work, we consider semirealistic models already
disc ussed in the literature. First, we should note that the
minimal toroidal orientifold models developed by
Cremades et al., [53-55] are of little use to us in the
present work, because these realize direct compactifica-
tions to the standard model (SM), the minimal supersym-
metric standard model (MSSM) [53—55], or the Pati-Salam
type unified model , which all accommodate a built-in
U(1)p. ;. global symmetry which guarantees B and L num-
ber conservation. A better answer to our needs is provided
by the orbifold models [60,61,66-72,76—85] owing to
their richer structure and more constrained character. We
have selected the two classes of nonsupersymmetric and
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supersymmetric gauge unified models realizing a minimal
type SU(5) gauge unification. The first class relates to the
works of Blumenhagen et al., [66] and Ellis et al., [78]
using the Z; orbifold, and the second class to the work of
Cvetic et al., [68] using the Z, X Z, orbifold. It is impor-
tant to emphasize at this point that the calculation of string
amplitudes relies on features of the nonchiral mass spec-
trum and the wave functions of low-lying modes which are
not directly addressed in these works. For instance, the
application to Z; orbifold models rely on data involving the
real wrapping numbers rather than the effective ones which
are defined by summing over the orbifold group orbits.

The discussion in the present paper is organized into five
sections. In Sec. II, we review the first quantization and
conformal field theory formalisms for type II orientifold
models with intersecting D6-branes. The open string sec-
tors are discussed first for tori and next for orbifolds. A
review of the energy source approach for calculating the
correlators of coordinate twist field operators is provided in
Appendix A. In Sec. III, we discuss the calculation of
string amplitudes for nucleon decay processes in the gauge
unified models. The world sheet disk amplitudes are con-
sidered in succession for the processes involving four
massless fermions, two pairs of massless fermions and
bosons, four massless fermions and a scalar, and six mass-
less fermions. These are described by operators of dimen-
sion, D=6 and 5, D=7, and D =9, obeying the
selection rules, AB= AL = —1, AB= —AL = —1 and
AB = -2, AL = 0. In Sec. IV, we discuss the relations
linking the low energy gauge and gravitational interaction
coupling constants to the fundamental string theory pa-
rameters g, and m,, and to the mass parameters represent-
ing the average compactification radius of wrapped three
cycles, r = 1/M., and the unified gauge symmetry break-
ing My, arising as an infrared mass cutoff. We consider in
turn two distinct regularization procedures of the string
amplitudes. The first uses the subtraction prescription re-
placing the massless pole terms by massive ones, and the
second uses the displacement prescription splitting the
unified D-brane into separated stacks. To illustrate the
dependence of four fermion string amplitudes on the
D-branes intersection angles, an initial numerical applica-
tion is considered within the large compactification radius
limit. However, the main thrust of the present work bears
on the study of baryon number violating string amplitudes
at finite compactification radius. The results illustrating the
enhancement of nucleon decay string amplitudes are pre-
sented in Sec. V. We consider first the nonsupersymmetric
SU(5) unified models of the Z; orbifold due to
Blumenhagen et al., [66] and Ellis et al., [78] and next
the supersymmetric SU(5) unified model of the Z, X Z,
orbifold due to Cvetic et al., [68]. In Sec. VI, we summa-
rize our main conclusions. For completeness, we provide a
brief review of the Z; orbifold models in Appendix B and a
brief review of baryon number violating processes for
gauge unified theories in Appendix C.
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II. REVIEW OF TYPE II STRING ORIENTIFOLDS
IN INTERSECTING D6-BRANE BACKGROUNDS

We present in this section a brief review of the open
string sector of type II string theory orientifolds with
intersecting D6-branes. The first-quantized and vertex
operators formalisms are discussed for toroidal compacti-
fication in Secs. I A and II B and for orbifold compactifi-
cation in Sec. II C.

A. Toroidal compactification
1. World sheet field theory

The Neveu-Schwarz-Ramond type Ila string theory
deals with 2D world sheet Riemann surfaces on which
live the coordinate and Majorana-Weyl 2D spinor fields
parameterizing the 10D target space-time with signature
(= + -+ - +). For a flat space-time, one uses the diagonal
representation of the metric tensor —mg) = N, =
N.m = 1, associated to the orthogonal field basis XM
M, M= (u,m)=0,1--,9,u=0123m=
4,5,6,7,8,9] with the complexified basis of coordinate
fields, X4, X4, [A =0, 1, - - -, 4] defined by

XM = [xr; xm] =[xk X4, X1],
[A=(a,0)=(1,40),1=1,273]

5 X0+ X! i X2 *ix?
[Xt = (X% X% = T’ (x4 X*) = T;;
_ X! + ix! X21+2 + 'X21+3
(!, X1y =102 = ] e
V2 V2

with similar linear combinations for the complexified basis
of spinor fields, /*, *. We consider the orientifold toroi-
dal compactification on M, X T%/(QR(—1)f*), with fac-
torisable 6D tori 7° =[[;_, 77, symmetric under the
product of parities associated with the world sheet orienta-
tion twist (), the antiholomorphic space reflection R, and
the left sector space-time fermion number F’; . For definite-
ness, we choose the orientifold reflection about the real
axes of the three complex planes R = R,: X/ — X'. The
T? tori may also be parameterized by the pairs of hatted
real lattice coordinates )Afé = (X!, X'é), [a = 1, 2] of perio-
dicities 277 each, X! = X! + 2. Except in special instan-
ces where the dependence on «’ is made explicit, we
generally use units for the string length scale such that
o =1.

We focus our discussion on the open string perturbation
theory tree level with the world sheet surface given by the
disk. The complex plane and strip parameterizations of the
disk are described by the variables, z € C,, 7 € C_, and
o €[0, 7], t €E[—o0, +00], related as, z = e = 771,
7= e "W = ¢ 7% with the derivatives replaced as 9, —
i(d — 9), 3, — —(d + 9). The string equations of motion
are solved by writing the coordinate and spinor fields in
terms of independent holomorphic and antiholomorphic
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(left and right moving) functions
XM(z,2) = XM(2) + XM(2),
YM(z,2) = (M (2), P ),

living in the upper and lower halves of the complex plane.
The complexified spinor fields are also equivalently repre-
sented by the complex boson fields, H(z), HA(Z), [A =
(a,0) =(1,2,3,4,0)] through the exponential map
[ (2), P ()] ~ e @ and [§4(2), " ()] ~ '@,

The coordinate fields obey one of the two possible
boundary conditions at the open string end points, o =
(0, 7r): Neumann or free type, d,X = 0, and Dirichlet or
fixed type, 9,X™ = 0. The Neumann and Dirichlet bound-
ary conditions (abbreviated as N and D) for the coordinate
and the spinor fields read in the complex plane formalism
as (9 — XM =0, (yM ¥ gM) =0, and (9 + 9)XM = 0,
(yM = M) = 0, with the upper and lower signs corre-
sponding to the R and NS sectors (R and NS are used as
abbreviations for Ramond and Neveu-Schwarz). In the
doubling trick representation of the open string sector,
one joins together the holomorphic and antiholomorphic
coordinate and spinor fields into single holomorphic fields,
XM(z), ™ (z), living in the full complex plane C, by means
of boundary conditions along the real axis x = N(z) =
N(Z) € R. These are implemented by having the holomor-
phic fields coincide with the left moving fields X¥(z),
#M(z) on C, and identifying them with the right moving
fields, up to a sign change for D directions, on C_.
Specifically, XM(z) = +XM(z2), yM(z) = +dM(z), [z €
C_], where the upper and lower signs are in correspon-
dence with N and D boundary conditions. The holomorphic
superconformal generators are defined in the lower half
complex plane as T(Z) = T(Z), Tr(Z) = Tx(Z). The bound-
ary conditions on the coordinate and spinor fields exactly
combine to leave invariant the linear combination of su-
persymmetry generators Tx(z) + Tx(Z), corresponding to
the 2D supersymmetry transformation, X = i(ey — &),
Sy = €dX, 6y = —€d X, with e = —&. For complete-
ness, we note that in the presence of constant fluxes of
Neveu-Schwarz-Neveu-Schwarz (NSNS) and magnetic
two-form fields, Byy and Fjy, the doubling prescription
for N directions [86—88] with the constant metric tensor,
Gyy, takes the matrix notation form XM (Z) =
(D XN (2), [D=-G'"+2(G+F) ", Fun =
Byn +2ma'Fyy, 7 € C_].

2.2)

2. Geometric data

We consider general nonorthogonal (oblique) 2D tori
symmetric under the reflection R,. For definiteness, we
choose the upwards tilted 77 tori with lattice generated by
the pairs of complex cycles or vielbein vectors, el =
rlel(@/2=a) /sinal, e} = irl, where o’ denote the open-
ing angles and rf, r} the projections of the cycles radii
along the real and imaginary axes of the complex planes.
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The diagonal complex structure and Kihler moduli pa-
rameters of the 77 tori are then expressed as

el . "
U'=Ul+iUy= - =b"+i7,
2 2
T' = T| + iT} = Bl, + ivdetG' = b' + irl 7,

!
r A
[—1 cota! = —bl}

[

(2.3)

g
where the QR symmetry restricts the 2D tori tilt parame-
ters to the two discrete values, bl = 0, % The hat symbol

on b' is meant to remind us that this parameter identifies
with the NSNS field vacuum expectation value (VEV) or
flux in the factorized T-dual picture [89]. The parameters
b' should not hopefully be confused with the continuous
angle parameter, b’ ~ b’ + 1, in the Kiihler moduli T7. The
complexified orthogonal and lattice bases for the T? coor-
dinates, X{, and )?{’2, are related by the formulas

xt+ixt [Th o
X! = 1\@1 2= i (U] + XD,
2

aoxt-xi_ [T

=== —]

B 201

with similar formulas holding for spinor fields.

The fixed submanifolds under R define the orientifold
O6-hyperplanes which are sources for the dual pair of
closed string sector Ramond-Ramond (RR) form fields,
C7, C,. With the choice R = R, the 06 planes extend
along the three flat space directions of M4 and wrap around
the three one cycles &' along the real axes of T7. The need
to neutralize the net RR charges present inside the internal
compact manifold Xg is what motivates introducing
Do6-branes similarly extended along M, and wrapped
around three cycles of T°. Recall that the D p-branes arise
as soliton solutions of the type II string equations of motion
for the closed string massless NSNS (supergravity) modes
associated to the metric tensor, Gy, and dilaton, ®, and
for the massless RR dual antisymmetric form fields,
Cp+1 ~ C7—,. The linkage to open strings is realized by
the characteristic property of the D p-branes to serve as
boundaries or topological defect submanifolds, immersed
in the 10D space-time, which support the open string end
points. Since the RR charges enter as central terms in the
supersymmetry algebra, the supersymmetric D p-branes
(p=0,2,4,6 for llaand p = 1, 3, 5 for IIb) preserving
afraction 1/2 of the 32 supersymmetry charges in the bulk,
satisfy a Bogomolnyi type bound on their mass which
guarantees them stability against decay.

The (p — 3) cycles 11, of T® wrapped by Op planes and
D p-branes solve the string equations of motion as equiva-
lence classes for closed submanifolds modulo boundaries,
hence as elements of the homology vector space [II ] €
H, 5(X, R). The dual relationship with the cohomology

2.4)
(—0'X] + X)),
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vector space, H”73(X, R), generated by the equivalence
classes of closed differential forms modulo exact forms,
is used to define the cycles wrapping numbers, or electric
and magnetic RR charges, in terms of volume integrals.
The cycles intersection numbers are defined in terms of
topologically invariant integrals obeying the antisymmetry
property [II,]-[II,]= —[I1,]-[1I,]=1,,. The ho-
mology basis of fundamental one cycles [a'] and [5’] for
T2, have the intersection numbers [a']-[h']=
—[b"]-[a’] = 6. To avoid filling the internal space,
one commonly restricts to the integer quantized homology
classes H p_3(X, Z). For convenience, one also usually
limits consideration to the subset of factorizable three
cycles IT,, = [T;_, II%,, products of one cycles of the 77
tori. In the lattice bases generated by the dual bases of one
cycles (@', b), along the T? tori vielbein vectors (e, eb),
these cycles are parameterized by the three pairs of integer
quantized wrapping numbers (n), m}). The orthogonal
bases representations for the factorisable three cycles and
their orientifold mirror images IT, =[];_, I}, and
I, =TT HL,, denoted by (nl, m}) and (nL,, th,),

are related to the lattice bases representations as
HL = nfl[&’] + mﬁL[l;I] = nL[a’] + nﬁL[b’],
[[a'] = [a'] = UI[p'], [B'] = [b'], i, = ml, — Ulnl],
[HL,] nz,[al] + nﬁz,[bl] = ni[a'] — ml,[b']

= nkla']+ (—ml, + ZU{nL)[IQI].

(2.5)

The invariant volume of three cycles VH#, and the
topologically conserved number of intersection points of

three-cycle pairs /,,,, are given by

3
VH# = l_[(ZWLL), [LL = (nifr’lz + nﬁf,zréz)l/z],
=1

3
Ly =[]+ [IL,] = [ [elyn!, = nlml). 26)
=1

The one cycles in 77 can also be described in terms of the
rotation angles relative to the real axis one cycle, (1, 0),
wrapped by the O6 planes

=1 ST
7 i
¢!, = 7o, = arctan(,—“,) = arctan( #,X )
n, U, ny
2.7

We use conventions in which the angles between
Dp-branes and the 06 plane, 0! = %{‘ and the
Dp,/Dpy-branes, 0!, = 6! — 0!, vary inside the range
0, € [—1,1], with the positive angles associated with
counterclockwise rotations. Our determination of the D-
brane-orientifold angle is related to the angle determina-
tion given by the inverse-tangent function 81, € [—1, 1] by
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= "M
A

= 0. Furthermore, our determination of the

the identification: ¢!, = 9; for nl, =0 and 6/, +

1
o

interbrane angles is related to the angle differences 6, =
0! — 0! by the identification: 6, = 0,,, if |0,,] =1, or

Oup = =271+ Oups if 100] = 1.

The Dirac-Born-Infeld world volume action gives the
mass of single Dp-branes as the product of the tension
parameter 7, by the wrapped cycle volume M, =

Al
0. for n

P
75V, = Tp[11—1 Ly» using the definitions of 7, given
in Eq. (4.2) below. This suggests that the construction of
energetically stable configurations of D-branes should con-
sider the cycles of minimal volume. For the CY complex d
folds, equipped with the metric tensor G,; preserving the
complex structure J; = i8;;, there exist two types of vol-
ume minimizing submanifolds, which correspond to the
sets of two cycles and d cycles [90] calibrated by the
Kihler and holomorphic volume forms J = iG,;dX! A
dX’ and Qyo0, QO, 4» respectively. Because of the relation
linking these forms £ 7¢ = (= 1)4@=1/2jdQ) ; , A O ; and
the reality condition on the manifold volume Vy = # X
[x J4, the holomorphic form arise as the one-parameter
family e¢Q),,, parameterized by the angle ¢. One then
defines [91] the d cycles II, calibrated with respect to
e'?Q, as the Lagrangian submanifolds (with a vanishing
restriction of the Kihler (1, 1) form Jly;, = 0) on which

the holomorphic d form obeys the reality condition
3(ei¢Q3,o)|H# = 0. The calibrated or special Lagrangian
(sLag) submanifolds are defined by embedding maps
which obey first order differential equations expressing
the preservation of supersymmetry charges. These cycles
have the property that their volume integral Vp =

[ m, N(e?Qyp), is minimized among the elements be-

longing to the same homology class [I1, ]. From the action
of the antiholomorphic reflection on the covariantly con-
stant forms R: J — —J, Qo — ¢ 4, it follows that
the orientifold O p-hyperplanes, as fixed point loci of R,
must wrap the sLag cycles. In order to construct a super-
symmetry preserving open string sector, one must then
consider setups of D p-branes which wrap the sLag cycles.
For the factorizable T° tori, where J = idX' A dX' and
Q30 =dX' A dX?* A dX3, the sLag cycles intersect at an-
gles 6! describing SU(3) rotations, in such a way such that
the brane-orientifold intersection angles 02, defined by
Eq. (2.7), or the interbrane intersection angles ¢%,, = 6, —
0;, obey conditions of form }’; * 6/ = 0 mod 2. For com-
pleteness, we note that the supersymmetry conditions for
the M-theory intersecting branes have been discussed in
Ref. [92].

The RR charge cancellation means the absence of RR
tadpole divergences in the open strings one-loop vacuum
amplitude. This condition suffices to guarantee that the
world brane effective field theory is anomaly free. For
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general setups consisting of K stacks of parallel
N,D6,,-branes and their orientifold mirrors (D6, +
D6,,), [((u, uy=1,---,K=a,b, -] the RR tadpole
cancellation condition requires that the sum over all the
wrapped three cycles belongs to the trivial homology class
/’izl N,(II, ]+ [IL,]) + Qos[Ilps] = 0. Here, the
Op-plane charge is given by Qp, = 121’*4fp, where
fr= 2977 counts the number of distinct Op planes and
the + sign is correlated with the (orthogonal or symplectic
gauge group) orientifold projection condition on the Chan-
Paton (CP) matrices and with the sign of the Op-plane
tension parameter 7, = 121’_47-],, as we discuss in the
next paragraph. For toroidal orientifolds, using the relation
Qo6 ps] = F32[],[a], along with the decomposition in
Eq. (2.5), translates the RR tadpole cancellation condition
into the four equations for the wrapping numbers
ZNﬂnhninz F16=0,
"

(2.8)

> Nynyijs =0, [I#J+#K]

"

where, to avoid double counting, one must exclude the
orientifold image branes from the above summations over
brane stacks. For definiteness, we develop the following
discussion in the case of orientifolds with negative tension
and RR charge, Oy, <0, corresponding to the SO group
type projection.

The open string sectors are associated with the distinct
pairs of D p-branes supporting the end points. In orienti-
folds, the diagonal and nondiagonal sectors include the
pairs, (a, a), (a, ') and (a, b), (a, b'"), with the equivalence
relations between mirror sectors, (a, a) ~ (a’, a'), (a, b) ~
(b',a’), (a,b') ~ (b, a’). The gauge or Chan-Paton (CP)
factors are time independent wave functions, described
for the diagonal and nondiagonal sectors by (2N, X 2N,)
and (2N, + 2N,) X (2N, + 2N,) matrices, ()\Xl’“)),-j and
(/\ﬁf’b)),- ;» with the labels i, j running over members of the
D p-brane stacks and the labels A running over components
of the gauge group representations. The matrices )\Ef’“)
decompose into 4 blocks of size N, X N, and the matrices
/\Xzb) into 8 diagonal blocks of size N, X N,, N, X N, and
8 nondiagonal blocks of size, N, X N,. Since the modes in
the conjugate sectors, (b, a) ~ (a, b)T, have opposite signs
intersection numbers /,;, = —1I,,, opposite helicities and
conjugate gauge group representations, these are assigned
the Hermitian conjugate matrices A(>® = A(@Dt We omit
writing henceforth the upper suffix labels on the CP ma-
trices specifying the sectors. The normalization and clo-
sure sum for the CP matrices are described in consistent
conventions as

Trace(A, )t;g) = S4p

2.9)
ZTrace(OI/\A)Trace(Oz)\A) = Trace(0,0,),
A
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where the summation extends over the complete set of
states A in the gauge group representation. For the unitary
group U(N,) the completeness sum over the adjoint group
representation uses the identity > 4 (A4);;(A4) = 610 .
The orientifold symmetry (1R is embedded in the gauge
group space of a Dp-brane setup through a unitary twist
matrix yqog by imposing the projection condition A, =
—Yar )‘fTﬂ’(_le' One convenient construct for yx is given
by the direct product yor = ®,%YqR, .- The anomaly
cancellation constraint commonly imposes the traceless-
ness condition Trace(yqog) = 0 along with the symmetry
conditions ySTZR = *vyqgg in correspondence with the SO
and USp type projections. In the special case of a
D6,,-brane stack overlapping the O6 plane, hence coincid-
ing with the mirror image D6, -brane, the gauge symmetry
in the SO and USp projections is enhanced to the rank N,
orthogonal or symplectic groups SO(2N,), USp(2N,) in
correspondence with the negative and positive signs of the
O6-plane RR charge Q¢ and tension parameter. To detail
the construction of CP factors, we consider, for the sake of
illustration, the (a, a) + (a, a’) sector. The SO type projec-

tion matrix
_ (0 Iy,
YOQR,a (IN 0 >’

a

yields the SO(2N,,) group adjoint representation

AAdi] — (™41
a, —m')

with the restriction to a; = a, = 0 yielding the U(N,)
group adjoint representation. We here use conventions
where the symbols m, s, and a for block entries designate
generic, symmetric and antisymmetric matrices, respec-
tively. The antisymmetric representations of U(n,) (in
the SO type projection) are realized in the (a, a’) sector
by the 2N, X 2N, matrix solution

0 a
[A] —
=5 0)

and its conjugate, ALl The bifundamental modes in the
nondiagonal (a, b) sectors are realized by the (2N, +
2N,) X (2N, + 2N,) matrix solutions

AN — (0 B
B 0)

2= (5 2y = (5 )]

obtained by setting successively the N, X N, block entries,
a, B, v, 6, to nonvanishing values. We recommend
Refs. [22,93,94] for a further discussion of D-branes.
Proceeding now to the gauge group, we consider first the
case of a single stack of N, coincident D6,-branes and its
mirror D6, -brane stack wrapped around three cycles at
generic angles 6/, and 0; , relative to the O6 plane, hence

(2.10)
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not overlapping the O6 planes. The massless states in
the diagonal sectors, (a, a) ~ (a’, @’), include the gauge
bosons of the gauge group U(N,), along with adjoint
representation matter modes. For the pair of intersecting
D6,/D6,-brane  stacks and their mirror image
D6, /D6, -branes carrying the gauge symmetry group,
U(N,) X U(N,), the nondiagonal sectors consist of con-
jugate pairs [(a, b) + (b, a)] ~[(b',d’) + (@, b')] and
[(a, &) + (b, a)] ~ [(b, a’) + (a, b)], with localized (im-
properly named twisted) states carrying the bifundamental
representations, 1,,(N,, N,) and I,,/(N,, N,), with multi-
plicities given by the wrapped cycles intersection numbers

Ly = [nkil, — il

1
Lo = [Ty = ) =[] = Co + ).
1

(2.11)

The sectors (a, a’) have a total number of intersection

= [1,(—2nkml), of which the I{") = #
points, symmetric under the reflection R, give rise to
modes carrying (in the SO type projection) the antisym-
metric representation of the gauge group U(N,), A = — AT,
while the remaining modes split into pairs of modes carry-
ing the symmetric and antisymmetric representations with

points [,

the same multiplicity, I;S(;A) Iaa/(l - i_i ). The net

M
multiplicities of the symmetric and antisymmetric repre-
sentations are thus given by IS 4 =1 5L (1 £

l_L )

We follow the familiar description of fermion and boson
modes in terms of the basis of left chirality states (f, f7),
where the right chirality states are obtained by applying the
complex conjugation operator exchanging particles with
antiparticles fr ~ f$ = (fO)f, fo~fL = f{. Note that
the correspondence relations for the electroweak SU(2)
group doublets include extra signs, with, for instance, the
quark doublet fields given by f; = (u;,d;), fr =
(ug, dg), f5 = (dS, —u§). For the spectrum of modes
with the left-right chiral asymmetries /,,f; and I.;f5,
the presence of A, and A_.; mirror vector pairs results in
the nonchiral spectrum (I, + Ay)fL + Aupf%s (Teq +
A )f§ + A.yfr- Going from positive to negative intersec-
tion numbers entails changing the sign of the chirality
(helicity for massless fermions) and conjugating the gauge
group representations. For instance, the massless fermions
with negative multiplicities [, I.;, would refer to right
chirality fermions (or left chirality antifermions) carrying
the conjugate bifundamental representations |1,,|(N,, N,),
|ch|(Nw Nd)

3. First quantization formalism

We only discuss here the nondiagonal open string sec-
tors (a, b). The coordinate and spinor field components
along the flat M, space-time dimensions obey the N con-
ditions 9,X* = 0, * F * = 0 at both end points o =

PHYSICAL REVIEW D 76, 025002 (2007)

(0, 77), where the upper and lower signs apply to the R and
NS sectors. For D6,/D6,,-brane pairs wrapped at the an-
gles ¢!, = 70’ , in T}, the rotated complexified coordi-
nate components e %us X!, e % (¢ T ), split into real
and imaginary parts, longitudinal and transverse to the
branes, hence obeying the N and D boundary conditions
3, M ux)=0 and 9,3(e ®wX)=0. The
corresponding conditions for the rotated spinor field com-
ponents read NM(e "ur (! F 7)) = 0 and J(e™ P (y! +
")) = 0, with the upper and lower signs referring to the R
and NS sectors. In terms of the complex plane z, 7 varia-
bles, the N and D boundary conditions along the real axis
for the pair of ¢/, rotated D-branes read in full as

(@ — d)e Pux + et PuXl] =0,
;¢>ab(¢1 lpl) + e+l¢”b(¢1 w,) -0
(9 + e 1" ax! — turgX1] = 0,
e—iﬁb(l//] + IZI) _ eiqblavb((/;] 4 ‘ZI) —o

(2.12)

where the labels [a, b] correspond to the open string end
points, o = [0, 77]. For convenience, we extend the nota-
tion for the interbrane angles to 8¢, = (6, 6,), with the
understanding that #%, = 0 in our present discussions. In
the light cone gauge of the 2D world sheet superconformal
field theory, the open string states include the quantized
oscillator modes described by the number operators Ny,
Ny, and the zero modes described by the momentum and
winding quantum numbers p!,, s', € Z, and by the inter-
brane transverse distances Y/, , for the complex directions
along which the branes are parallel. The string oscillation
frequencies along the complex dimensions have integral
modings shifted by the D-brane angles, n4 = n® * 69,
[n" € Z,a=1,2,3,4]. In the boson representation of
spinor fields, the oscillator number operators Ny, are
replaced by the H¢ fields momentum vectors r =
(r', ), [I = 1,2, 3] corresponding to the weight vectors
for the Lorentz group SO(8) ~ Spin(8) Cartan torus lattice.
The Gliozzi-Scherk-Olive (GSO) projection for the world
sheet fermion number parity symmetry, (— 1), restricts the
weight vectors to the sublattice r* € Z+ % + v,
[>%_, r* € 2Z + 1] where the boson and fermion (NS
and R) sector modes with v = é 0 are assigned vector
and spinor type weight vectors. The fourth component of
the SO(8) weight vectors, r* =0, 1, *1, - -, describes
the chirality (or helicity quantum number for massless
fermions) for the SO(2) little group of the flat space -time
Lorentz group. The remaining three components r/, de-
scribe the helicity quantum numbers for the three SO(2) !
subgroup factors of SO(8). The quantized string mass shell
condition for the (a, b) sector is expressed by the general
formula for the string squared mass spectrum
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Ag2 2 11402 . a 4 (ra + |93b|)2
a'M?, = Z a'M, + Z Nya(64,) + Z s
=1 a=1 a=1

1 &1
—-t —|01b|(1 _lelbl),
5+ >3l 1o,
112 1
02 _ |pas + 5aT'| Ub
[Q/Mmb = o, Z Tla Iml — nl U7)2

PabSabEZ 2 Mg = Mg
Y12
47732 ,} (2.13)

where we continue using the conventional range for the
brane intersection angles —1 < 6/, < +1. The last two
terms in the squared mass a’M2, describe the string zero
energy vacuum contributions, while the first term Mﬁ%,

given explicitly in the second line entry, includes the con-

tribution from the momentum and winding string modes
|

PHYSICAL REVIEW D 76, 025002 (2007)

and from the transverse separation distance Y/, of the
D6,/D6,-branes along the T? where they are parallel.
The latter point is reminded by the symbol &7, which is
nonvanishing whenever the displaced D6,/D6,b-branes
are parallel along some complex plane / so that 6!, = 0.

We now explicitly describe the low-lying string modes.
The solutions for massless spin-half fermion modes select
the unique conjugate pair of spinor weights r* = (1!, r*) =
+(— % — % — % %), with the overall + signs correspond-
ing to the two possible spatial helicities. The abbreviated
notation for the spinor weights illustrated by
i(—%, —%, —%,%) = +(— — —, +) will be adopted for
convenience. The scalar modes of smallest squared mass
select the four solutions for the vector weights r¢ =
+(—1,0,0,0), =(—1, —1, —1, 0), with the underline sym-
bol standing for the three distinct permutations of the
entries. The resulting four solutions enter with the squared
masses

a/Mﬁb = [%(—|9éb| + |0121b| + |02b|), %('Hatllbl - |03b| + |92b|), %(lelllbl + Iaibl - |02b|), 1- %(leibl + |9§b| + |02b|)]

The lowest lying vector boson mode arises from the vector
weight, +(0,0,0, 1), with squared mass, M?, = %IHibI.
For completeness, we note that the towers of so-called
Regge resonance gonion modes [51] of scalar and vector
boson types correspond to the oscillator excited states
a,b[ll/"‘](z,//,,+ al, )" |O)ys, with mass squared M2, =
(m’zi DI6LL, [m! € Z]. We recommend Ref. [95,96] for
a further discussion of the mass spectrum in intersecting
brane models.

In parallel with the closed string geometric moduli, there
arise open string sector moduli which correspond to order
parameters of the world brane gauge field theory associated
with the D-branes positions and orientations. Thus, the
transverse coordinates of a D6, -brane stack are moduli
fields in the adjoint representation of the U(N,) gauge
theory which parameterize its Coulomb branch deforma-
tion. The recombination of a pair of intersecting branes
into a single brane a + b — e, or the reconnection of two
branes a + b — ¢ + d, are described in terms of the mod-
uli fields in bifundamental representations of the (a, b)
sector which parameterize the Higgs branch of the
U(N,) X U(N,) gauge theory. The brane splitting fixes
the VEVs of open string moduli while the brane recombi-
nation redefines the VEVs of open string localized moduli
needed to avoid the vacuum instability from tachyon
modes, in analogy with the Higgs gauge symmetry break-
ing mechanism. The splitting and recombination processes
are accompanied by mass generation mechanisms which
decouple pairs of fermion modes in vector and chiral

(2.14)

[

representations. Representative examples of these defor-
mations are the Higgs mechanisms for the unified and the
electroweak gauge symmetries. The consistent description
of D-brane recombination using nonfactorizable cycles
[53,73,97] does indeed lead to a reduction of the wrapped
cycles volume and of the fermion spectrum chiral asym-
metry, in agreement with the Higgs mechanism. In spite of
the poor information on string nonperturbative dynamics
interesting results have been established concerning the
existence of bound states for Dp/D(p + 4)-brane pairs
and for Dp/D(p + 2)-brane pairs in backgrounds involv-
ing NSNS or magnetic field fluxes [33,98,99] or the T-dual
backgrounds of Dp,/Dp,-brane pairs wrapping intersect-
ing cycles [100]. We also note that the recombination
process can be partially formulated in the context of branes
realized as gauge theory solitons [95,96,101].

4. Conformal field theory formalism

The conformal field theory provides a powerful ap-
proach to calculate the on-shell string S-matrix in pertur-
bation theory. The open string amplitudes are obtained by
integrating the vacuum correlation functions of the modes
vertex operators inserted on the world sheet boundary. We
focus here on the tree level amplitudes of the (a, b) non-
diagonal sectors of the D-brane pair D6,/ D6, intersecting
at the angles ¢/, = ¢! — ¢!. With the field doubling
prescription, the world sheet field propagators are simply
given by
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KUK @) = — & GV intey),

MN
P )Y () = GT 2.15)
(e(z)e(22)) = —In(z12),

(H*(z))H®(z5)) = — 88 In(z),),

where z;, = z; — z,. Since the coordinate and spinor field
components of M, obey the N boundary conditions, (9 —
d)X* = 0, one can formally replace the Minkowski space
coordinate field components along the complex plane real
axis boundary as, [X*(z) + X*(Z)] — 2X*(x). The inser-
tion of the open string mode (a, b) at the real axis point,
x; = MN(z;), modifies the boundary conditions on the right-
hand half axis x > x;, in such a way that the two orthogonal
linear combinations, associated with the real and imagi-
nary parts of the rotated complexified coordinate fields,
obey the N and D boundary conditions: R(e %= 9, X!) =
0, R Pu(y ¥¢") =0, and (e i%=9,X) =0,
J(e~iba (! + ') = 0, where the upper and lower signs
refer to the R and NS sectors. The left and right half lines,
x € [—o0, x;] and x € [x;, 0], are mapped to the D6,- and
D6,-branes with the boundary conditions given by
Eq. (2.12). Since only the interbrane angle really matters,
the boundary conditions on the coordinate and spinor field
combinations along T? can be expressed by the same
formulas as in Eq. (2.12) with ¢!, — ¢!, = ¢} — ¢!,
along the half line x € [x;, 0], and ¢! , — 0 along the half
line x € [—o9, x;]. Taking the sum and difference of the
two relations yields the equivalent form of the boundary
conditions

X! — v gxX! = 0, X! — e%du X! = 0,

/== e2idu lzl =0,

Note that our sign convention for the brane angles is
opposite to that used in Refs. [22,36] and that we differ
from Ref. [36] in certain relative signs.

We now discuss the covariant conformal gauge formal-
ism of the world sheet theory. Each open string state of the
nondiagonal sector C € (a, b) is assigned a primary vertex
operator of ghost charge ¢ and unit conformal weight

gl (2.16)
I = litu! = 0.

V("(a b)(z,, ke, A¢), with ko denoting the incoming four
momentum and Ao the gauge wave function factor. The
building blocks in constructing the vertex operators are the
coordinate fields XA4(z), their derivatives 9X44(z), and
exponential maps e*cX@2, the spinor fields y*4(z) =
¢#*"@  the superconformal ghost scalar field ¢(z) expo-
nential map e of ghost charge g, the spin and twist
operators for spinor fields along the flat space-time and
internal space directions, S,«(z) = ¢”“@WH*@ and s’i' (2,
[re = (%, 1), ' = (+!, ¥, )], and the twist operators for
coordinate fields along the internal space directions

PHYSICAL REVIEW D 76, 025002 (2007)

0 +¢(z). The weight vectors A = (r/, r*) denote the mo-
mentum vectors of the complex scalar fields HA(z) =
[H%(z), H'(z)], belonging to the Cartan torus lattice of
the Spin(10) Lorentz group. The twist and spin operator
factors are needed to produce the requisite branch point
singularities at the modes insertion points. These operators
create the ground states of the twisted sectors upon acting
on the SL(2, R) invariant ground states of the NS and R
sectors. For the low-lying nondiagonal sector modes with
excited coordinate oscillator states along the internal space
directions, alongside with the ground state twist field
0% ,(z) one needs to introduce the excited twist field
operators, 7 g(z), F+4(z). The spinor field ground state
and low-lying excited twist field twist operators s, ,(2),
t, 0,(z), f’i 91(Z)’ are explicitly realized by the free field
vertex operators

Srlol (Z) — eii(01+r1)H,(z)
i ’

tigl(z) = pFiO"+r HDH, () (2.17)

fio'(z) — eti(0’+r’71)H,(z),

labeled by the angle 6’ and the SO(6) Lorentz group
weight vector, /. The GSO projection for the world sheet
fermion number parity symmetry, (—1)7, correlates the
weight vectors for the flat space-time SO(1, 3) ~ SO(4) ~
SO(2) X SO(2) helicity r® = (r*, V), with those of the
internal SO(6) helicity ' = (r!, %, r*). For the R sector
fermions, this requires the number of — %entries in the five-
component spinor weight vectors r4 = (!, r%) to have a
fixed parity (odd in our conventions). The left and right
helicity (chirality) fermions are thus described by the spin
operators Sya = e Mt o with weights: r* = 10 = +1
and r* = r0 = =1, respectively. Note that the § 0(10)
group weight vectors, 4 = (r!, r®) = (r%, 1°), reduce in
the light cone gauge to the SO(8) group weight vectors
r* = (r!, r*). The same description applies to the (a, a)
diagonal open string sectors upon introducing the spin
fields and the spinor twist fields s”(z) = ¢”'#'@ with
vanishing angles. To develop a unified formalism for
both the diagonal and nondiagonal sectors, we adopt the
self-explanatory notation for the twist operators s’f o4 (z) =
e* 0 +rYH ) encompassing the case 64 = 0.

Unlike the spinor field twist operators, the coordinate
field twist operators do not have a free field representation.
An implicit definition can still be obtained by specifying
the leading branch point singularities in the operator prod-
uct expansions of these operators with the primary opera-
tors constructed from the coordinate fields

X! (2))0 g (z0) ~ 20 Vrgi(za) + - -,
X! (z))o_gi(z9) ~ Z(1192171)7'719’(22) +oe,

X! (z))o_gi(z9) ~ Zfzalffal(zz) +toee,

(2.18)

X' (z1) 04 41(22) ~ 21_2017:+0'(22) +
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where 7.4, T+¢ are the excited state twist field operators
introduced earlier, and the dots denote contributions op-
erators which are regular in the limit z;, = z; — 2z, — 0.
We have used here the abbreviated notation for the brane
angles 6/, — +6!, [0’ € [0, 1]] with the sign made ex-
plicit in such a way that the results for the negative and
positive brane intersection angles 6, are related by the
substitution #/ — 1 — . For completeness, we also quote
the operator product expansions for the spinor twist field
operators in terms of the excited twist operators introduced
above

I Ol +r) I
W (z)sh(z) ~ 25 @) + -
P @) (@) ~ 2 T @) +
— 01 I o
%bl(zl)sr,el(ZZ) ~ le( o )tiel(ZZ) + -,

- — O+~
lﬂl(zl)slrgll(zﬁ ~ le(a o )t;’[(zz) e

(2.19)

It is of interest to note that the singular dependence on the
brane angles cancels out in the operator product expansions
of the coordinate and spinor twist fields with the energy-
momentum and supersymmetry generators

1 1
T(z) = —GMN<—, axMaxN + ¢Ma¢N>,
o

2
l\/;GMNl//MaXN(Z)

|2 o7
=i E(l//'uax# + yloX! + ¢l ox").

Tr(z) = (2.20)

For instance, Tp(z1)(s},04)(z0) ~ i\/%(zle_”f;,fgl +
1 ~
Zqztlegl).
The following formulas are of use in evaluating the
conformal weights of various operator factors

_qlg+2) [
2 2"’
1 1
h(aim) = 591(1 _ 01)’ h(TiGI) = 591(3 _ 01)’

h(eqw(z)) - h(eiirAHA(z)) =

h(Fey) = %(1 —oh@ + oY), 221)

|
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The mass shell condition for a mode of mass squared M, % is
then determined by requiring that the total conformal
weight of the mode C vertex operator V(z)=
Ve(zs ke, Ac) amounts to unity 1 = h(Ve) = k% + -+ - =
— M% 4+ e

The vertex operators take different forms depending on
the superconformal ghost charge [22] g € Z + v + % car-
ried by the scalar ghost field exponential €7@, with
v= %, 0 in the NS and R sectors. The canonical pic-
tures (unintegrated with respect to the superspace variable
6) involve the superconformal scalar ghost field fac-
tors  VOD() ~e #@0ED(z)  and  VEI(g) ~
e~ @@/ 0=1/2(z), whereas the integrated (with respect
to 6) vertex operators, of higher superconformal ghost
charges, are obtained by acting on the canonical operators
with the picture changing operator G_;/, = e Ty (z) +

-+, where the dots refer to ghost field terms. The
isomorphic representations of the vertex operators of
increasing ghost charges are obtained by the stepwise
incrementation V@t (z) = lim,,_, P(z, w)V@(w) =
lim,,_,, T#(2)e?@V@(w) + - - . Since the vacuum for the
world sheet surface of genus g carries the defect ghost
charge, (2g — 2), in order to conserve the ghost charge in
the vacuum correlator involving np and np fermion and
boson vertex operators carrying the natural charges —%,
—1, one must apply the picture changing operator (PCO)
on the number of vertex operator factors, Npcqg = ng +
% + 2g — 2. For instance, the four-point vacuum correla-
tors on the disk surface require Npco = ng + 5 — 2, while
those on the annulus surface require Npco = ng + 5 .

We are now ready to complete the construction of vertex
operators. The matter and gauge boson modes are de-
scribed, in the diagonal sectors of parallel D6-branes, by
the following vertex operators in the canonical and once-
derived ghost pictures, with charges ¢ = —1, 0 for bosons
and g = — %, + % for fermions

_ . 2 .
OV(C, D(z) = Acre ¢l e* X, V(CO,)(z) = i\/;/\cz[aXl —ia!(k - )l ]e’X,

. V(C?1/2)(Z) - Aclef(gp/z)ua(k)saeirﬁH,(z)eik-X’

2 , SR — 1 .
Véfl/z)(z) = i\/;)\czeJr“’/zua(k)Sﬁe”gH{Z(e_’HIGXJSrJ/J/Z + e‘Hfan8r§’_1/2)5“B + —2()/#)“38X”}e’k'x,
=i

_ . 2 .
ViU (@) = Ayge e pretY, V) = i\/;m e, (M[oXH — ia(k - )y TeiX,

72

(2.22)
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where Aq, Aag s denote the CP factors k the 4D momenta u(k), €, (k) the Dirac spinor and polarization vector wave
functions for spin } 5» 1 particles, and the suffix labels v, s in rd, are used to remind ourselves that boson and fermion modes
carry vector and spinor SO(10) group weight vectors. In the nondiagonal (“‘twisted’’) sectors (a, b) the boson and fermion

mode vertex operators in the canonical and once-derived ghost pictures are given by the following formulas:

— _ r . . 2 Ty, ~ r . r ik
‘V(cb,,l)(z) = /\Cﬁ,e §"ljl(sa’; ag)etX, V(COZI (z) = l\g)xcel[gtg’}fmg(s(ﬁaaz) —ia(k- t//)ljl(sa’; 0'01)i|€lk X

Ve () = A,

gp/Z)MaS (l_[s o 1) sz

V(clg/z)(z) = l\/‘)‘czew2 s [Z(Z yTo + To)] [syioe) +-

I1#J

where the dots in V(l/ 2)(z) represent O(k) terms of com-
plicated form that we shall not need in the sequel. We
recommend Refs. [102,103] for further discussions of the
vertex operator construction.

The processes of interest to us in this work involve four
massless fermions belonging to two same or distinct pairs
of conjugate modes, f = f/,0 = 0',and f # f',6 # 6'.In
the Polyakov functional integral formalism for the string
world sheet, the n-point open string tree amplitudes are
represented by the disk surface punctured by n points x;
inserted on the boundary with ghost charge obeying the
selection rule >, g; = —2. Since the unpunctured disk
surface has no moduli, the integration over the moduli
space consists of integrals over the ordered real variables
Xx; € R, summed over their cyclically inequivalent permu-
tations and divided by the Mobius symmetry group
SL(2, R), generated by the homography transformations
of the disk boundary. Following the familiar Faddeev-
Popov procedure of gauge fixing and division by the vol-
ume of the conformal Killing vectors (CKV) group, one
can write the four-point tree string amplitude, A, =
A(f(k) fT(ky)f! (k3) f'T (ky)) as the integral of the vertex
operators vacuum correlator

dx;
A=Y ﬂ{/clK V) o et g WV (e x,,
a

V(‘h)

0'.(B, C)(k3’ XU3 Vf;/ (C,D)(k4’ x¢r4)>! (224)

where we follow the familiar convention in which all of the
|

A(1234) =

0ES,/Cy

(2.23)

} oik X
{

particle quantum numbers are incoming. The elements of
the permutation group quotient o € S,/C, consist of the
three pairs of direct and reverse orientation permutations,
and the integrations are carried over the ordered sequences
of the x;. The invariance under the SL(2, R) subgroup of
the conformal group is used to fix three of the insertion
points, say, at the values x; = 0,x3 = 1, x4 = X — oo with
the free variable varying inside the interval x, = x €
[—o0, 0], so as to cover the three pairs of cyclically
inequivalent permutations, and Vcgg = 1/X%. We have
labeled the open string vertex operators in Eq. (2.24) by
the pairs of associated branes, such that the disk surface is
mapped in the 77 complex planes on closed four polygons
whose sides are parameterized by the linear combinations
of N coordinates tracing the equations for the adjacent
branes D, A, B, C. This map is illustrated in Fig. 8 of
Appendix A. With the world sheet boundary represented
by the complex plane real axis, the reference ordering of
insertion points for the trivial permutation, o = 1, deter-
mines the four segments, (—0,x;), (x,x;), (x2,x3),
(x3, x4 — +00), on which the orthogonal linear combina-
tions of internal coordinate fields M(e %wX!) and
J(e~*®wX"), obey N and D boundary conditions, with
¢!, denoting the fixed interbranes angles at the corre-
sponding insertion points, as displayed in Eq. (A10). The
four-point string amplitude may thus be represented by the
sum of three reduced amplitudes

/
D> [Trace(Ag, Ag,Ag,Ag,) + Trace(Ag, Ay, Ag, Ay, ) 1X?

+oo A(—
X[V P Ve )V P g V)

+6'

[A(1234) + 2 o O]+ [2 = 3] +[1 & 2]
= [A(1234) + A@4321)] + [A(1324) + A(4231)] + [A(1342) + A(2431)],

(2.25)

where we have denoted —0 = 0, — 0 = 04 — 05, —60' = 0, — 911 = 6 — 0p, and introduced the hat symbol to denote
the vertex operators with the CP matrix factor removed, V@ (x;) = V@ (x;)A,. The factor X2 from the gauge fixing cancels
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out with the X-dependent contributions from the correlator. With the incoming flat space-time four-momenta denoted by
k;, obeying the conservation law, k; + k, + k3 + k, = 0, one can express the Lorentz invariant Mandelstam kinematic
variables as, s = —(k; + ky)?, t = —(k, + k3)?, u = —(k; + k3)*>. A compact representation of the reduced amplitudes
may be obtained by considering the definition of the correlator with the dependence on the kinematic invariants extracted
out

(VS POV P VPV (0) = x7 1 (1 = 1) i), (2.26)

while rewriting the second and third reduced amplitudes, A(1324) and A(1342), in terms of the first reduced amplitude
A(1234), through the change of integration variables x € [1,00] = x' =21 €[0,1] and x € [~00,0] = ¥ =L €

-X

[0, 1]. These steps lead to the compact representation of the disk level string amplitude

1
A(1234) = [[Trace(/\l)\zx\3/\4) + Trace(/\4)13/\2/\1)]] dxx_s_l(l - X)_Z_IC1234(X)
0

1 1
+ [TI‘HCG(/\])\3/\2)\4) + Trace(/\4)\2/\3)l1)]f dxx_’_l(l - X)_MCI324<—>
0

1 -1
+ [Trace(/\z)\l )l3/\4) + Trace(/\4)\3)\1/\2)]f dxx_”(l - x)—s—lc]342(x >:|
0 X

B. String amplitudes from world sheet correlators

We discuss here some practical details of use in evaluat-
ing the open string amplitudes for the configuration of
nondiagonal sector modes involved in Eq. (2.24) for the
amplitude A(f, f;r 1 ff). Since the ordering of adjacent
D6-branes is determined by that of the vertex operator
insertion points x;, we deduce by simple inspection that
only the direct and reverse orientation permutation terms
for the first reduced amplitude, A(1234) + A(4321), is
allowed, while the other two pairs of reduced amplitudes
are forbidden. Only for symmetric configurations involv-
ing subsets of identical D-branes, do exceptions to this rule
occur.

The correlators receive contributions from three sources.
There are first the quantum or oscillator terms coming from
the Wick pair contractions of free field operators, which are
determined by the world sheet field propagators. The sec-
ond source is associated with the CP factors which are
grouped inside traces of ordered products. The third source
is associated with the classical action factor in the func-
tional integral which accounts for the string momentum
and winding zero modes for the coordinate field
components along the compact directions. The heaviest
calculational task resides in the coordinate twist field
correlator factor. The correlation function Z;(x;) =
(o _gi(x)) o g (x2)T_ g (x3) T gi(x4)), is evaluated by mak-
ing use of the stress energy source approach initiated by
Dixon et al. [25] and Bershadsky and Radul [24]. One
expresses the constraints from operator product expan-
sions, holomorphy and boundary conditions on the two
correlators g(z, w; x;), h(Z, w; x;) obtained from Z/(x;) by
inserting the bilocal operators 9.X’d,, X’ and 9:X’a,,X'.
The resulting formula for Z/(x;) comprises two factors
including the contributions from quantum (oscillator) and
classical (zero mode) terms Z'(x;) = Z!,(x)Y ., Z%,(x)),

1—x

(2.27)

[
where the classical summation is over the lattice generated
by the closed four polygons with sides along the branes A,
B, C, D. We have found it useful to provide in Appendix A
a comprehensive discussion of the correlators of open
string modes involving distinct angles 6 # 6, since this
application has not been addressed in great detail in the
literature. Our presentation there closely parallels that of
Biirwick et al. [29] for the closed string orbifolds.

Two important constraints follow upon requiring that the
world sheet boundary is embedded on closed polygons in
the 77 planes. For the coordinate twist field correlator
<0-0|,f| (X] )Uazyfz (.)Cz)()',g})f3 (X3)0',94,f4 (X4)> the closed four
polygons have edges along the N directions of the
D-branes, with vertices f¢ and angles 6; € [0, 1]identified
to the intersection points and angles f{ and 6; of the
adjacent branes. We use here the index a to label the
intersection points and the notational convention for the
angles 6, =[0;, 1 — 6,] for =6,. The first condition ex-
presses the obvious geometric property of the angles

4 6! = 2. The second condition is related to the con-
sistent configuration for the intersections of the various
branes pairs. Following the initial discussion for three-
point couplings by Cremades et al., [54], a general com-
prehensive discussion of this problem was provided by
Higaki et al., [104], whose presentation is closely followed
here. We start by observing that each pair of branes o = A,
B intersect at I,z = nymp — ngmy, points lying along the
branes A, B with coordinates X, = ;:\I;“ labeled by the
integers k4, kg € [0, 1, - - -, I,z — 1], such that each inter-
section point is associated with a unique choice for the pair
of integers k4, kp. In the case of branes intersecting at the
origin, solving the complex linear equation X, = Xp,
[Xa = faLa + qda€1 + Pa€2 La = Nny€ + meyés, fa ER,
(P> go) € Z] yields the explicit representation for the

integer parameters, ko, = noPap — Maqaps [Pas = Pa —
P 4ag = 44 — qgl. Since the intersection points are de-
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fined modulo the grand lattice, A 45, generated by Ly, Lg,
they form equivalence classes defined modulo the addition
of vectors of A 5. A convenient way to characterize these
I,p classes is in terms of the shift vectors wyp = X, —

Xp = L;;’;A - L,‘-:I;B , associated to the choices of integers k,,

kg appropriate to the various intersection points. Since the
vectors w, z belong to the torus lattice A, generated by the
cycles ey, e,, and are defined modulo A 4z, they arise as the
independent elements of the lattice coset A/A 5. One can
also interpret the shift vectors as the A lattice translations
which bring the intersection points on branes A, B in
coincidence, or equivalently, as the segments linking the
open string end points located on the branes A, B. For the
four-point correlator with the configuration of adjacent
branes ABCD the condition that the four polygon closes,
may now be expressed by the selection rule involving the
shift vectors associated to the four adjacent brane pairs
Wpa + wap + wge + wep = 0 modulo A. While the 5
independent classes of shift vectors are in one-to-one
correspondence with the intersection points, they do not
specify the coordinates of these points which must be
calculated independently. Higaki et al. [104] have given a
simple useful procedure to explicitly evaluate the shift
vectors. One starts by testing whether the winding numbers
of the A, B brane pair along the two lattice cycles are
relative primes, by considering their greatest common
divisors (gcd) defined by gcd(ny, ng) = N4 and
gcd(my, mg) = M4p. The independent set of shift vectors
is then given by wap = pages, [pap =0, 1, -+, I,z — 1]
if Nag = 1,orby wap = qager,[qap = 0,1, -+, Inp — 1]
if Myp =1. Otherwise, for Njp # 1, Myp # 1 the
independent set of shift vectors can be chosen as,

Wap = qaper T Pag€s [Pap =0, 1, -+, Mup — 1, qap =
01,-- -,AI/IA—ZK — 1]. The above rules readily generalize to

the case of n-point correlator ([]., Tl (A i) S (x,)),
[A,+; = A;] where the requirement that the embedding n
polygons, A;A, - - - A, close in each T?, is expressed by
the selection rules on the angles and the shift vectors [104],

=0.

n‘il

n
A (o I I 1
0; = (n—2), Wha, T Wia, t + w4
i=1

(2.28)

These results hold irrespective of whether the branes A;
intersect at a common point, chosen above as the origin of
the coordinate system. Finally, we observe that there exist a
close formal similarity with the shift vectors and fixed
points wy,, f¢ introduced in 72/Zy orbifolds with lattice
A symmetric under the point group rotations 9", [h =
0,1, -+, N] by using the definition (1 — 9")(f* + A) =
w{la. The shift vectors described by the lattice translations
which bring the corresponding fixed points in coincidence
with themselves after applying the rotation 9", arise here
as the representative elements of the lattice coset A/(1 —
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9")A. However, it is important to realize that for the open
strings in intersecting brane models, in contrast to the
closed strings in orbifold models, the selection rules have
nothing to do with the point and space group symmetries of
the torus lattice.

For the four-point string amplitude in the equal angle
case @ = @', the embedding four polygon is a parallelo-
gram, so that the selection rule takes the simple geometric
form f, — f1 + f4 — f3 = 0 in terms of the intersection
points fq, -+, f4. Since the intersection points are natu-
rally associated with the generation (flavor) quantum num-
bers of matter modes, one might wonder whether
generation nondiagonal four fermion processes may be
allowed at the tree level, only subject to suppression
from the classical action factor. However, the combined
constraints from gauge symmetries and the above tree level
selection rules on angles and intersection points, are seen
to conserve flavor and hence disallow the flavor changing
neutral current processes. Assuming for the sake of illus-
tration that the intersection points label the quark flavors
fi(g), one indeed finds that the AS = 1,2 strangeness
changing processes sfdzd;f d, and sirdzs;r d, require the
relations f5(d) — fi(s) = 0 and f5(d) — fi(s) + fa(d) —
f3(s) = 0, which cannot be satisfied unless the intersection
points for d, s quarks are coincident. From these observa-
tions it follows that the matter fermions trilinear effective
Lagrangian couplings with the nonlocalized massless or
massive boson modes are necessarily flavor diagonal. The
quark and lepton flavor symmetries are broken only by the
fermions Yukawa couplings with the electroweak Higgs
bosons with the flavor mixing arising in the familiar way
through the fermion mass generation mechanism.

The 4D space-time structure of amplitudes is strongly
restricted by the symmetry constraints. The GSO projec-
tion correlates the helicities r4(i) along the internal and
noncompact space directions (odd number of — % for fer-
mions), as already noted, while the selection rules from the
SO(10) Lorentz symmetry group imposes the H, momen-
tum conservation >, r,(i) =0, summed over the n
modes of the correlator. The H; momentum conservation,
following from the symmetry under the SO(6) space group,
imposes the conditions on the branes intersection angles

", 0l=0, [-1<6!<1,1=1,23], which identify
with the previously quoted selection rule. These conditions
often suffice to uniquely determine the Lorentz group
covariant structure of matrix elements with respect to the
Dirac spinors. For the configuration f,(—6), f1(6),
f3(=8), f I (6", the restrictions on the spinor weight solu-
tions for the massless localized fermions entail that only
the configurations involving pairs of conjugate modes
with same or distinct angles *=6/ are allowed, so that
only the reduced amplitude A(1234) is nonvanishing.
Since the fermions in the two pairs of conjugate states
with opposite space-time chiralities require setting the
weight vectors as
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— (1) = (- = = +-),
—AE) = (= = =)

Q) =(=----)
@) =(-— - ++),
(2.29)

the Dirac spinors can only be contracted via the 10D
vectorial coupling (u! CT yu,)(ul CTMuy), which reduces
in 4D to the matrix element with vector contraction
(ityy,,up)(it3y*uy). This unique structure, up to Fierz re-
ordering of Dirac spinors, is antisymmetric under all of
pair permutations of the (commuting ¢ number) spinor
factors, as it should be. Note that the scalar coupling of
Dirac spinors would appear upon considering configura-
tions mixing the fermion and antifermion modes f and f°.
Translating between different structure of the Dirac spinors
matrix elements is conveniently performed by making use
of the 4D Fierz-Michel identities, given for the c-number
Dirac spinors by

uipytuy, = dpy*ug,
(@ gy urg)isyy yuay) = — (i g y* usp) sy yuon),
[H=L,R]

(Y uy)ispy yuag) = 2(i uag)(iisputsy). (2.30)

C. Orbifold compactification

The covering space formalism of orbifold compactifica-
tion is developed by including all the states produced by
the orbifold group action prior to projecting on the physical
states invariant under the orbifold symmetry. We restrict
consideration to the subset of Abelian orbifolds T°/Zy
with the cyclic groups generated by the order N unitary
matrices ® € SU(3), [@N = 1] yielding N = 2 super-
symmetry in the closed string sector. The complexified
bases of coordinate and spinor fields of the symmetric
6D factorisable tori T¢ = [],77 transform by the diagonal
unitary matrix transformations

XLR(Z) - ®gX£,R(Z)y ‘//iR(Z) — 08 '7Z’£,R(Z),
[@g — diag(eZiﬂ'gv" 62i7rgv2) e2i77gv3)) g=01-- N— 1]’
2.31)

where the generator ® is represented by the twist vector
v = [v] satisfying the conditions > ,v/ =0, Nv/ =
OmodN. For the compactification on M* X T%/(Zy +
ZyQR), with the orientifold point symmetry group in-
cluding the elements QROS, [g=0,---,N — 1] one
must require that the generator R acts crystallographi-
cally on the 6D torus 7°. This introduces conditions on the
torus moduli which transform certain continuous vacuum
degeneracies into discrete ones [60,62,105]. Thus, for T2
tori, the reflection (}R has only two inequivalent actions
up to coordinate rescalings. The first corresponds to the
diagonal reflection about one of the two torus cycles, say,
e, (case A) and the second to the reflection about the
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diagonal sum of cycles, say, e; + e, (case B). An equiva-
lent action to case B corresponds to the diagonal coordi-
nate reflection about the single cycle, ¢, followed by a
complex rotation, X/ — ¢/¥' X, Explicit solutions for the
allowed A, B lattices have been obtained in the various
Abelian orbifolds [79,83]. Extensions to nonfactorizable
tori [81] and to exceptional cycles in orbifolds and smooth
Calabi-Yau manifolds [80] have also been discussed in the
literature.

The invariance under the orientifold group, ZyQR,
produces N distinct orientifold planes, 06,, defined
as the fixed loci of QRO®S, [¢g=0,1,---,N—1].
Interpreting the operator identity ®~¢/2Q00%/2 = QR ¢
as a similarity transformation by the generator ©~$/2
shows that the 06, planes trace in T? a sequence of N
lines related by the half-rotation angles ® ~!/2 with 06, =
0~©/206,. The orbifold symmetry also imposes condi-
tions on the individual D6-brane stacks and the open string
sectors. For the case of pairs of brane stacks w, v passing
by orbifold fixed points, the invariance under @¢, QR @%
is ensured by requiring that the CP gauge factors of open
string sectors (u, v) realize projective representations for
the gauge embedding unitary matrices yg:, YqRr e, ObEy-
ing the projection conditions

A = —Yare:s AL Yo Res
(2.32)

)\A = ’)/@g,,u)‘A '}’(:)s]-’,,,

holding for 4 = v or u # v, where one must allow for
mode dependent complex phase factors determined by the
quantum numbers of the modes. The RR tadpole cancella-
tion conditions generally admit the simple solution involv-
ing traceless twist gauge embedding matrices for the
orbifold group elements Trace(yg, ,) = 0.

For the case of branes intersecting the orientifold planes
at generic angles, 6, hence not traversing the orbifold
fixed points, the rotations ®¢ act nontrivially on brane
stacks, so that the CP factors are not constrained. To ensure
that the D-brane setup is orbifold group invariant, one must
include for each stack of D6,-branes its N — 1 images
D6, under the rotations ©¢, and similarly for the mirror
images, D6 0 [¢=0,1,---, N — 1]. Thus, the intersect-
ing D6,-brane stack wrapped around the three cycles
[II,,] is made symmetric under the ®¢ identification of
T® by introducing the image D6 u,-brane stack wrapped
around the image three cycles, Ilg¢,. Each D6, -brane
stack at generic angles is then described by the equivalence
class (orbit) of N — 1 branes, rotated images of the refer-
ence brane u, = % u, accompanied by the orbit of N
rotated mirror image branes, @8 u' = (AR O% u. The non-
diagonal open string sectors are described by the orbits
(. vg) ~ (W, '), (w, vy) ~ (v, u'). Note that the re-
verse orientation pairs (u, v,) ~ (v, u)t, are related by
conjugation, as discussed previously, and that being iden-
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tical, the modes (u, v,) and (uy, ¥4+) need not be in-
cluded simultaneously. The Zy + ZyQ R group elements
are represented on the 2D vector space of wrapping num-
bers by the matrix transformations

®g‘ nM :G)g nl" — n/"g
my, m, my, ’
ares- [ ") =es( ") = [ "),
my, o my,

such that the column vectors of lattice cycles

€1
€
transform by the transposed matrices ®¢ and QR O%. The

three-cycle volume is a function of the cycles equivalence
classes given by the product of three one-cycle lengths

(2.33)

3
v(Q,) = [J@rLL).
=1

I/lI r{
- XN B S B O O
[LM (nl,riml,rh) - g (m, ,)}

(2.34)

w2

with g/ denoting the 2 X 2 matrix for the metric tensor in
the lattice coordinate basis.

The diagonal orbit for the N, mirror stacks
(D6}, D6pyy) = (D6, D6,) generates the gauge sym-
metry group U(N,), as the diagonal subgroup of the 2N
direct product of group factors. The N? sectors ([a], [p]) =
(ag,, b,,) for the pair of N, N, stacks of D6,/D6,,-branes,
carrying the gauge group U(N,) X U(N,) consist of N
distinct subsectors (a, b g), labeled by the relative rotations
g = 887" The N distinct mirror subsectors (d’, b,), are
similarly defined. The off-diagonal open string sectors
([a] [p]) ~ (a, b,) and ([a],[#']) ~ (a, b)) carry bifunda-
mental representations for U(N,) X U(N,) whose multi-
plicities must be combined algebraically. Recalling that
opposite signs are assigned to the complex conjugate
modes of opposite helicities, one can express the net chiral
multiplicities of the bifundamental modes as

N—1 N—1
(Na’ Nb): I;Yh = Z Iabg’ (Na’ Nb): Ijbl = Z Iab;’
g=0 g=0

[Iabg = [ [l = n}, 1i1), Loy, (2.35)

I
_ [0 I =1
- U — (nambg + nbgma):|

where the summations extend over the N distinct subsec-
tors in a given equivalence class belonging to the same
gauge group representations. The nonchiral spectrum may
thus be expressed as (I, + A,,)(N,, Np) + A, (N, Ny
and (I, + Auy)(N,, Np) + Ay (N, Np), with the model
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dependent integer numbers of vector pairs denoted by A,
and A ;.

The diagonal sectors ([a], [a]) and ([a], [a']) include the
N distinct subsectors (a, a g), carrying the adjoint represen-
tation Ad j, of U(N,) and the N distinct subsectors (a, aj),
carrying the antisymmetric and symmetric tensor represen-
tations A,, S, of U(N,). The net chiral multiplicities for
these modes are given by

Adj,: 1Y =

Zlaag’
8

1
(A, S,]: s = Zalaa(g(l +
8

N =

(2.36)

)
)

where the multiplicity for the adjoint (real) representation
modes is halved in order not to double count the equivalent
charge conjugate pairs (a, a,) and (a, ay_,). Since the
rotation angles in the supersymmetric type Z, orbifolds
are given by SU(3) unitary matrices, the adjoint represen-
tation modes ([a], [a]), are localized at branes with angles
obeying the supersymmetric cycle conditions Y ,6!, =
g> 0’ = 0mod(1). Hence, they form chiral supermultip-
lets of N = 1 supersymmetry. By contrast, for branes
intersecting at generic angles, none of the nondiagonal
sector modes form chiral supermultiplets. We also note
that the extra vector mode pairs, A,,, in bifundamental
representations are expected to decouple through the tree
level Yukawa couplings fabf;rbKa, f:ibfabe involving the
singlet components of the adjoint representation scalar
modes K, and K, of U(N,) and U(N,).

III. TREE LEVEL STRING AMPLITUDES FOR
BARYON NUMBER VIOLATING PROCESSES

We discuss in the present section the string amplitudes
for the baryon number violating tree level processes taking
place in the gauge unified models with intersecting branes.
For the familiar two-body nucleon decay channels into
meson-lepton pairs, the dominant contributions arise
from the subprocesses involving four matter fermion fields
and, in supersymmetry models, from the subprocesses
involving two pairs of matter fermions and sfermions,
which must be subsequently dressed by one-loop gaugino
or Higgsino exchange mechanisms. The low energy limit
of these amplitudes is represented by baryon number vio-
lating local operators of dimension 6 and 5, obeying the
selection rules AB = AL = —1. Other exotic nucleon
decay channels can also arise from higher order subpro-
cesses involving either four fermions interacting with a
gauge or scalar boson or six fermions [20]. These are
represented by dimension 7 and 9 operators obeying the
selection rules AB= —AL = —1 and AB= —2, AL =
0. We shall present here a detailed treatment for the former
processes but only a qualitative treatment for the latter.
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A. Four fermion processes
1. General structure of amplitude

The string amplitude for processes involving two distinct conjugate pairs of incoming massless fermions, A’ =
A'(f, f;f 14 ff), is obtained from the general formula in Eq. (2.24) in the simplified form

A= (T, + THX? f L (12
0

~1/2 ~1/2
(9,(D,A)(O)V )(X)V,

5—1/2
6.(AB o.5.0 DV g, (c.p) X)),

0'.(C,D A
[T, = Tr(A AadsAy), T = Tr(AgA345A1)] '

involving only the reduced amplitude A(1234) and its reverse orientation counterpart, since the other two permutations
refer to forbidden target space embeddings. We find it convenient in the present work to introduce the primed amplitude,
A, obtained by removing the space-time momentum conservation factor A’ = A /[i(2w)*8W(k, + ky + ks + ky)].
Making use of the useful formulas

(e~ 0/ ... o= (el)/2)y = [x(1 — x)]~1/4, (et Xt) o pika X(x)y = x=5(1 — x)7,

(U - uf ) S e, (1) S, (xg)) = X721 = )72 @y us) (i v uy),
(s_gr(x)) - sy g1(xg)) = xf(alf(]/z))z(l - x),(az,(l/2))(9/1,(1/2», Z'(x) = Zéu(x)Zil(x) = (o _g(x1) "+ 04gr(x4)),
[Z{Iu(x) = Cax—(1/2)0’(1—0’)(1 — x)—(1/2)0’(1—0”)—(1/2)0”(1—0’)[1—1/2(x)] (3.2)
one finds that the dependence on intersection angles in the power exponents of x and (1 — x) cancels out upon combining
the various correlator factors. The coordinate twist field correlator consists of quantum and classical partition function

factors, Zf]u (x) and Z! (x), which are evaluated in Appendix A. The combined contributions from the trace over CP factors,
the Wick contractions of superconformal ghost fields and of spinor twist fields and the coordinate twist field correlator lead

to the following final formula for the string amplitude

1 2
Al = C/[ dx[SlTlx_s_l(l — x)_’_ll_l/z(x)Ze_SS)(") _ SZTZX_’_I(l — x)—s—111—1/2(x)ze—s<c~l)(x)}
0 cl cl

=C(T,+T,S, ﬂ) 1 dxx—s71(1 — x)*f*ll_[<2 sin(76")1, ‘/Z(X)Ze—x,(x)),
1 cl

[31 = (i yFur)itsy yug), Sy = (i yFuy) i3y yuy), I(x) = 1_111(36), [,(x) =
1

C' = [ [2sin(w6"), C = 27Tgs}
1

where the coefficients B;, B, and the functions G, (x),
G,(x), H,(x), Hy(x), and I,(x), are defined by the formulas
quoted in Eq. (A16), while the classical action factors,
Sgll) (x), Sizl) (x), are defined in Egs. (A22) of Appendix A,
and will be discussed in more detail in the next subsection.
The equality of the direct and reverse orientation reduced
amplitudes, which is used in obtaining the second form of
the amplitude with the dependence on CP factors factored
out, follows in a nontrivial way from the selection rules on
the branes intersection points and angles, the relation
between the Dirac spinor matrix elements S; = —S,,
differing by the permutation 2 < 4, and the transformation
properties of the function I;(x) and of the classical action
under the x — 1 — x change of integration variable /}(x) —
L1 —x), $2(x) — sU(1 — x). We shall keep track in

- (3.3)
smiﬂ-(BzG_J'lz + B,G,H,),

[
intermediate results of the direct and reverse orientation
reduced amplitudes A(1234) + A(4321), despite the fact
that these are equal in orientifold models.

The overall normalization factor C = 27rg, in Eq. (3.3)
is determined from the factorization of the low energy
amplitude with respect to the massless gauge boson s-
and z-channel exchange poles. These are associated with
the contributions from the regions x — 0 and x — 1, as
will be discussed in detail below. For a shortcut derivation
at this stage, we consider the large radius limit r — oo,
where the classical action factor reduces to unity e S —
1, and the x — O limit of the amplitude reproduces the
s-channel massless gauge boson exchange pole of the 7D
gauge theory on the D6 world brane with gauge coupling
constant g2 = g2 = 2mg,a’(2mV/a’)}. Matching the
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leading massless pole term in the string amplitude A/, to
the massless gauge boson exchange term in the field theory
amplitude .ﬂ.}[, suitably transformed by applying the clo-

sure formula for the trace over four CP factors

[ﬂéz = C(T | + TS m? fl dxx_“‘_l(ln(l/x))‘@/z)}
0

/ d*G 1

= [ﬂft = ghe(T | + TS, fm ﬁ}

3.4

2
86

yields the previously quoted result [19], C = Gl

2mg.al.

2. Classical action factor

The tree level contributions to the classical partition
function from zero modes Z.(x) =Y e 5 ~
S e~ Area/@ma) are represented by the sum over the 7°
embedding of the disk on the lattice of four polygons
weighted by the exponential of the classical action which
identifies with the polygons area. These correspond for-
mally to the holomorphic and antiholomorphic instanton
embeddings of the disk on 7. The classical action term in
the reduced amplitude A (1234) contains a factor for each
T? given by a double series sum over the lattice of the large
2D tori with cycles given by the D6, /D65-brane segments
(L%, LL) images of the disc intervals (xi, x5), (x;, x3), as
illustrated by Fig. 8 in Appendix A.

Using the complex number notation for the T2 plane
coordinates, we denote the equations for the branes A, B as
X, = &Ly, Xg = &Ly, [€4, €5 € R]; the position of
intersection points as f; = X(x;), fo=X(x), f3=
X(x3); the straight line distances between them as 8, =
14— f4, 88 = 8 — f5; and the winding numbers around
the large tori as vy, vp. For notational simplicity, we
suppress here the index I of the 77 complex planes.
While superfluous, the suffices A, B on f; and 9;; are
retained for the sake of mnemonics. Upon circling the
cycles C;, C, surrounding the segments (xi, x;), (x, X3)
the classical part of the coordinate fields along the branes
A, B transform by elements in the lattice (L4, Lg) shifted
by the distance of intersection points. The extended bound-
ary conditions are expressed by the monodromies

\/EACIX =2mv, = 27(1 — e¥™)(8%, + paLy),
[61, = f5 —

\/EACZX = 27vp = 27(1 — %) (85, + ppLp),
[6% = f§ — f5, Lp = nge, + mgey, pp € Z]

?)LA = nyeq ‘I’mAez, Pa EZ] (35)

using the definition in Eq. (A17), where the integers py4, pp
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label the winding numbers of classical solutions and the
factors 27 represent the T7 tori periodicities. The factors
depending explicitly on the open string sector intersection
angles 0p, = —6 reflect our use of closed contours C; =
C, — C} and C, = C, — C}, composed of the mirror con-
tours around (x;, x,) + (x5, x;) and (xy, x3) + (x3, x5),
while noting that the coordinates along the lower and upper
paths are related by the complex rotation of angle
27w0ps = —276.

A convenient parameterization for the D-brane equation
is obtained by introducing the longitudinal (L) and trans-
verse (f) vector directions with respect to the wrapped
cycle (n, m)

L=L,+ilL,=ne, +me, = (m+ 1'n)e,

3.6)
|L| — (rh2 + n27./22)1/2 — (L*L)1/2:|

: |
t=tl+ir=—@(h+ inTh),

L]
[7-L=0=0R0L)=07=Rr*)=1]

where we continue using the case of up-tilted torus, while
setting the length scale to unity, e, = i, for simplicity. The
¢ numbers L and ¢t may also be represented geometrically
by the 2D orthogonal vectors L and 7 with Cartesian
components given by the real and imaginary parts of L
and 7. The segments joining intersection points 8%,, 65,
decompose into the longitudinal components €f,L,,
€5 Ly, and transverse components df, = niyt,, d5 =
n5,15. The equations for the branes A, B are then repre-
sented as X, = &,L,, [£, € R, @ = A, B] those of the
wrapped cycles as X, = p,L,, while the segments joining
the brane intersection points are decomposed in longitudi-
nal and transverse directions as 6, = €,L, +d, =
€,L, + Moty (€4 Me € R] so that the grand tori cycles
have squared length given by 27)*[(p, + €,)*|L,|> +
1%]. In the present notations, the monodromy conditions
in Eq. (3.5) can be rewritten as \/EACX =27mv =2mw(l —
™ (p + e)L + nt], [p € Z; €, n € R] and the classi-
cal action may be expressed by the quadratic form

Ser = Vitlval? + Vaolugl? + 2R (Vipvav))
= V{][(pA + 61?2)2|LA|2 + dl?zz
+ Vol(ps + €5 ILgl* + d55
+ 20[Vi,((pa + €))Ly + diy)((pp + €55)Lp

+ B )] (3.7)
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where V;, [V}, = V,;[1,(2sin78"), (ij) = [11, 22, 12]] are
defined in Egs. (A23) in terms of the hypergeometric
functions of the integration variable x with parameters
depending on the angles 6, #'. Useful limiting formulas
for these functions are quoted in Eqgs. (A24) and (A26). The
extra factors 2 sin(7r6) in the primed coefficients V£ ;> arise
as a result of expressing the global monodromies in terms
of closed rather than open contours. The low energy field
theory limit of the classical partition function factor is
determined by the end point regions of the x integral.
These contribute an infinite series of pole terms associated
to the exchange of massive string excitations, with infinite
singular terms with respect to the kinematical variables s, ¢,
u, occurring whenever massless poles are exchanged in the

relevant channels. Upon including the classical action
|

Zeisd =

cl PaPBEZ

a
— e—v;]w(

ViILgl?
|:aBA =

VizLA A

€p + + €
5T (Pa A)VézLB i

3
Vi ]‘[ 2 sin(wo’)}
=1

The analogous Poisson resummation at the end point x —
1 performed on the sum over p, is obtained from the above
formula by substituting A < B, V|; < Va,.

We consider at this point the brane stack parallel split-
ting process which realizes the unified gauge symmetry
breaking. Since the resulting massive gauge boson arises
from the open strings stretched between distant pairs of
brane substacks, its mass My is related to the minimal
interbrane transverse distance d,, by the familiar term in
the string mass squared spectrum M% o d3. For our con-
figuration DABC of branes, the relationship can be derived
from the s-channel mass spectrum of the open string sector
(B, D) by examining the contribution to the classical action
in Eq. (3.7) from the term V;. Identifying the leading term
in the limit x — O of the classical factor x-integrand as,
eS¢ ~ xMy Jeads to the result for the (B, D) sector gauge
boson squared mass

lime ™S = e—|dA|2V1’1 — l_[e—ldglzsinz(arﬂ’)ln(¢§,/x) N M}(
x—0
1

= > sin*(76")|d} %, (3.9)
1

where &, = 8(8/, 0") is the auxiliary angle dependent
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contributions, the classical partition function must be
transformed by the Poisson resummation formula prior to
the analytic continuation of the x integral, in order to
ensure the instanton series convergence. Considering, for
instance, the unequal angle case 6 # 6', where the mass-
less gauge boson pole occurs only in the s channel via
the x~! singularity, then the use of the limiting formulas in
Egs. (A24) and (A26) shows that V,, is the only function
in the classical action, Eq. (3.7), which vanishes in the
limit x — 0, hence indicating the need to perform the
Poisson formula resummation on the pp series. The result-
ing modified low energy representation of the classical
partition function factor in the case d4 # 0, dg =0
reads as

e*[(pA+EA)2+d/2\]|LA|2V{I 7(pB+EB)2|LB|2V£272(pA+6A)(p3+53)m(LAL;VI’2)

1/2 .
) S o VhltaP(an) o= pf VilLal) g ~2impHens) o ~(pat en LAV, ~(VLF VL)
PpPD.

(3.8)

[

parameter defined by Eq. (A24). The consistent implemen-
tation of the broken gauge symmetry by the brane dis-
placement requires including by hand in the string
amplitude the extra normalization factor [,(8,)"" (™04
as is needed to cancel the prefactor of xMx . Recall that the
overall constant normalization was previously determined
by matching the gauge coupling constant in the large radius
limit after factoring the classical partition function out of
the x integral. With the same normalization prescription
based on the identification of the gauge coupling constant,
the partition function must then include the extra factor
l—ll(él)ldzlzsinz(wO’).

3. Special configuration with same pairs of conjugate
intersection angles

We now specialize the results of the previous subsection
to the simpler case involving two fermion pairs of equal
angles 8/ = ', which is realized by the brane configura-
tion with D = B, C = A. The derivation is straightforward
provided that due care is taken in dealing with the limit
6" — 0. The combined contributions to the four fermion
string amplitude from quantum and classical terms yields
the formula
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o\
ﬂ’(flf;]%fl) :Zﬂg‘vf dxn( sin(7r6") )1 2

F(x)F(1 — x)

x[x—s-l(1—x)—f-151:r1 S oS a1 - )ST, Y esi?}

PaPBEZ Pp.PcEZ (3.10)
F(1 - x) F(x) :
[F(x) F(0,1—0;1;x), 8% = wsmwe’[lpALA +di P ——= Fo |psLy + d§3|2m}

(2) I 2 ( - ) 2 F (x)
S,/ = msinm6 [lpDLD—i-d | e + |pcLe + d| F(I = x)ﬂ

where we have used the result I(x) — 2F(x)F(1 — x), and the abbreviated notation for the hypergeometric function F(x) =
F(6,1 — 6; 1; x). The equality of the direct and reverse orientation terms enclosed inside the brackets is established by
using the change of integration variables x — (1 — x). The classical contributions consist of two multiplicative factors
associated to the winding and momentum states with respect to the large 2D tori generated by the lattice vectors Ly, Lg.
The squared mass spectrum of the (A, A) and (B, B) open string sectors are deduced by examining the end point regions
x — 0 and x — 1 of the x integral, which select the ¢-channel and s-channel poles. Before showing this explicitly, we
rewrite the lattice summations over wrapped cycles in a compact form by introducing the Jacobi theta function with moduli
parameter 7, defined by the familiar series representation

'9[3)}(”’ T) — lgzq(n+(7)2/262i77(n+9)(1/+¢)’ |:q — €2i7TT, ﬁ[g}(T) - 19|:Z:|(V =0, 7.):| (311)
The resulting formula for the string amplitude reads
A= 2mg, [ T - 'ﬁ[ 12}( )a[ }m;)
=& THx (1 - x)5119|: 14}( )19( 43)(7/4)} I712(x), 3.12)
, F(1 - . F dii”
|:I(x) =2F(x)F(1 — x), 74(x) = ism(w@’)l@ﬁ%, Tp(x) = i51n(7701)|LB|2%’ G?fB |L,1,B|:|.

The duality transformation formula for the theta function

foJor = (-2

accomplishes the same task as the Poisson resummation formula. At x — 0, the theta function factors with argument
74(x) — ioo are safe, while those with argument 75(x) — i0 are unsafe, hence requiring the use of a duality transformation
to avoid the singular behavior from the factor F~'/2(1 — x) as needed to interpret the field theory limit in terms of an
infinite series of s-channel poles. For €5 # 0 the same argument with 7,4(x) and 75(x) interchanged leads to a series of
t-channel poles. The following two representations of the string amplitude, obtained by applying the duality trans-
formations on 75(x) and 7,4(x) achieve the x-integral convergence at small x and small 1 — x, respectively,

- farigiglome oo {af 3]2)
coti-o o el - 1))

= [l s a oo D 2] e
szl 8- Dl ]

Substituting now the x-integrand in Eq. (3.10) by its leading term in the limit x — O gives the low energy expansion of
the amplitude,

(3.13)
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_y
1—151 M 22y 621'77113553

.ﬂ/'zzwgs Z (SIT] !

— 2
|LB| PaPB s ZI:MA]Z’B
Pk

| M= (pa+ s moDILLE +

where we have refrained from writing the suffix / on py g,
L, p and 7, p(x). It is interesting to note that if the reverse
orientation term were evaluated after performing the
change of integration variable x — (1 — x), one would
obtain the equivalent representation involving only the
s-channel poles

ST l—[5]_M5‘212’323 e2i7-rpgefz’
A~ 2mg ( 14
s Z |LB| -5 + ;MAZIZ,B

PaPB

_y2
1—18[ M5 4 eZiﬂ'pAeﬂ
ST,

|LA| -5 + ;M%ZM‘A >

(3.15)

The existence of distinct representations of string ampli-
tudes as dual infinite series of poles is a familiar conse-
quence of the world sheet duality symmetry. This makes
the comparison with the field theory limit appear rather
subtle, as will be discussed in the next section. The squared
mass spectrum of states in the s channel, M3 p, include
momentum and winding modes from the (B, B) and (4, A)
sectors. The pole positions reproduce the squared mass
spectrum for the momentum modes along the N directions
longitudinal to brane B and winding modes along the D
directions transverse to brane A. The spectrum in the ¢
channel M3 ,, is similar with A, B interchanged. The
structure of the compactification mass spectrum is formally
equivalent to that for rotated branes parallel along some 77
torus, with the roles of the torus cycles ef, e} played here
by the two brane sides L,, Lz. The momentum modes are
associated with the cycle L, and the winding modes with
the transversally projected distance between the branes A
and B. The above string squared mass spectrum conforms
with the familiar formula M*> =Y, o, % for
open strings stretched between parallel D 1-branes wrapped
around the torus generated by cycles of length L and shape
angle a. We recommend Ref. [106] for further discussion
of the string mass spectrum in intersecting brane models.

B. Processes with two pairs of fermion and scalar
superpartner modes

In the supersymmetric unified models, alongside with
the B, L number violating contributions of D term type to
four fermion subprocesses exchanging colored gauge bo-
sons, F term type contributions can occur from tree level

PHYSICAL REVIEW D 76, 025002 (2007)

_p2
1—151 Misb1a e2i7rp35f4

—t+ ZMBM ) G

2
= (ps + € Psin® (o) |LH? + 5t
, 4]

[

subprocesses exchanging colored Higgsino modes between
two pairs of massless matter fermions and sfermions
A(pydpp). The dominant chiral F term operators of
dimension 5 are of form [QQQL]r and [U°D¢U°E¢]y.
We study here the string theory predictions for supersym-
metric models by focusing on the configurations with two
conjugate pairs of localized open string modes with inter-
section angles 6 and 6'. The tree level contributions to the
D and F term operators can be identified by considering in
turn the two transition amplitudes on the disc surface

[ 1dx;
Avwlvas o = [ —vE v P

X VO () VP (x,)),
l'[dx,- (3.16)

A dot o) = ] vy )

V(_ 9}/2)()63) Vg/)) (xa))

where we have signalled the vector and scalar character of
the two couplings by the suffix labels V, S. The correlator
involves same inputs for the vertex operators as those
introduced in the preceding subsection.

Let us start with the amplitude A,. The massless
fermion modes and the low-lying scalar modes are as-
signed the SO(10) weight vectors (1) = (+ + +, —+),
Q)= (——-—-, —-),”"3) = (111,00), #@4) = (-1 —
1 — 1,00)+, (000, 10), implying the squared masses M3 =
Mz =1-1(161] + 165 + 164]). Note that #(4) refers to
the weight vector shifted by picture changing. Since the
massless fermions have opposite space-time helicities,
the only allowed Dirac spinor matrix element is the
Lorentz vectorial coupling i;y*ky,u,. This structure
can also be inferred by making use of the operator
identity ufusg S (x1)S (X2, (x4) = Wil TCT yuy —
%ﬁ, Y plo- Slnce the only relevant term in Eq. (2.23) for

the picture changed vertex operator V((f,)) (x4) is that involv-
ing the spinor term (k - )i*, the same correlator factor,
Z(x), with the ground state twist operators only, appears as
in the four fermion amplitude. The resulting chirality
diagonal string amplitude given by
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Al = Cy(T ' + T )ity (ky)y ukf us(ky))
X fl dxx—s71(1 — x)—r—1+(1/2)zl(0’—0”)
0

X I 12(x)e S0 (3.17)

has indeed the Dirac spinor structure expected from a
gauge boson and gaugino exchange amplitude. For mass-
less scalars, setting 13,6’ =156 =1, consistently
with the assumed supersymmetry of the model, reduces
A}, to an amplitude of similar form to the four fermion
amplitude.

We discuss next the amplitude A in the low energy
limit k; — 0. One expects this to contribute to F term
operators since the incoming massless fermions have the
same helicity. In the picture changed operator V((;,))(4), we
need only retain the terms associated with the spinor fields
along the internal space directions ¢/(z). The following
choice for the SO(10) spinor and vector weights of the
states is then practically forced on us

(1) =r*3) = (+ + +, ),
r(2) =(—1,0,0;0,0),
#(4) =(—1,—-1,-1;0,0) + (1,0,0;0,0),

(3.18)

where the constant shift in the spinor weight 7 (4) arises
from the picture changing ¢’/ (2)0X’(2)oy(xs) =
(z — x4) "% 74u(x4)e's@ and the underlines refer to the

possible permutations of the entries in correspondence
|
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with the choice of the index J. We make henceforth the
definite choice J = 3, which corresponds to using the
vector weights for scalar modes r4(2) = (00 — 1, 00),
(@) = (=1 —-1-1,00) + (001, 00) = (=1 — 10, 00),
with squared masses determined by the condition of unit
total conformal weights

0= h(Vy(2)) — 1 =3(16'1 +16° = 16°]) — M5,

0=nh(Vy@4)—1=1-316"]+ 67 +[67]) — M3.
(3.19)

The coordinate twist field correlator includes two factors
Z(x;) ={o_g(DNogR)a_g(3)oyei(4)), [I = 1,2] identi-
cal to the previously studied correlator factor, and one new
factor involving a single excited state twist field
Z;5(x;)) ={0_g (1) (2)o_gu(3)74u(4)).  For  the
present, we introduce the following shorthand notation
for the latter four-point correlator with a single excited
twist field

ZJ(X) = (0_g(x)) T (x2)T_gu(x3)Tgu(x4))

= fi(x)0o_gr(x1)Tg1(x2) T _ g (x3) T g (x4))-
(3.20)

Upon performing the familiar gauge fixing choice of in-
sertion points, x; = 0, x, = x, x3 = 1, x4 = X — 00, ex-
tracting out the appropriate factors of X by writing,
Z,(x)/Z,(x) = f,(x), and using the known correlator fac-
tors

(e~ @0/2) g=e(x) =N/} = ~1/2(] — x)~1/2,

[T Csssdlssstl—s = x~ 200 =W/D+E =1/ (] — )= >, 0'6"=(1/D)+("~(1/2),

I=1,2

one finds the string amplitude in the form

(3.21)

1 /! / / —
A = iCsliy (k)ur(k))(T 'y + T5) f docx > 711 — )T 2L 00O 00 ([T (1 P (x)e S,
0 I

The explicit dependence on the intersection angles in the
exponent of (1 — x) cancels out in the case of interest
involving supersymmetric cycles.

To reach a concrete final result, we modify here our
initial choice of the initial states so as to deal with the
more tractable correlator involving a conjugate pair of
excited coordinate twist operators rather than a single
one as in the above case. This choice is motivated by
the fact that the correlator of interest Z}(x;) =
(0 _gr(x1)T g1 (x2) T _ g (x3)T g (x4)) can be more readily ac-
cessed within the formalism set up in Appendix A. In fact,
the latter correlator would arise if one assigned to the scalar
mode ¢, in A of Eq. (3.16) the choice of vertex operator

(3.22)

[
71 _ 7.
Vé )(xz) = Ae ‘”T(,Js;?,l_lagls;?e’k X

T+J

(3.23)
) = 00 1,00, 13 = 310" + 162 +167) |

where we have displayed the weight vector of the mode ¢,
and the formula of its squared mass. For the remaining
modes l//Ir, QL, d)ﬁl, in Ag, we continue using the same
inputs as above with the choice of complex plane J = 3.
The excited state twist field correlator Z/(x;) can be eval-
vated in terms of the ground state correlator Z;(x;) by
considering the representation for the ratio of these func-
tions
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]?/ (x) = Z’J(xl) — <0'_91(x1)791 (xz)g-_g,,(x3)7-0,j(x4)>
! Z;(x)  Ao_pgr(x)og(x)o_gu(x3)ogu(xs))

(2= x)" " (w— x)" g,(z, W),

(3.24)

1
= —— lim
2 7—x0, WXy

where g;(z, w) is the same correlator denoted as g(z, w) in
Appendix A. We next perform the same choice of SL(2, R)
gauge group fixing of the x; variables and extract out the
appropriate X factors from the two partition functions
7, ~ X2 7, ~x%0-9_ A simple calculation yields
the following result for the ratio of correlation functions
Fi) =X — %)= 6, Inl;(x), (3.25)
where the calculable normalization factor C’ will be left

unspecified. Combining this with the familiar results for
the correlator factors

ik X\ — y—stMI(1 — )1+ ME
<Ue > X (1—-1x) , (3.26)

(sssth|, = x~ @~ (/O =1D(] — )= =16 ~(1/2)),

yields the final formula for the low energy string amplitude
Al = Co(T | + T )ity (ky)uy(ky))
1 Y
X f dxx~*(1 — x)fH(I/Z)ZI(GLBI) ai(lnl3(x))
0 X

xT1ur 12(x)e= S0, (3.27)
1

This result exhibits the chiral structure expected from the
exchange of a fermion mode. At this point, we remark that
since M3 = O(m?) is finite, the process at hand is ener-
getically forbidden so that the interest of the present cal-
culation is academic at best. One can suppress M3 by
choosing vanishing small angles 6/, but at the price of
dealing with delocalized modes ¢/; and ¢,.

Before closing this discussion, we briefly indicate one
possible route to evaluate the partition function Z, in
Eq. (3.20). For this one may use the limiting representation

Zj(xi) = lim (x5 — x4)0’-’
X5 Xy

X (0% (x5)0_ g (1) Q) g (3) g (4)),
(3.28)

and evaluate the resulting five point correlator by a similar
method to that used by Frolich et al., [34] for the open
string modes with mixed ND boundary conditions.
Alternatively, one could consider the bilocal correlators
g(z, w), h(z, w), obtained by inserting the quadratic prod-
ucts, 9,X’9,,X’, 9:X’9,,X’ in the correlator for Z,(x;), and
apply the energy source approach reviewed in Appendix A
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by writing the general representation on the functions
consistent with the constraints. We leave to a later work
the feasible task of implementing these calculations.

C. Higher order processes with baryon and lepton
number nonconservation

In spite of the stronger suppression of baryon number
violating processes initiated by the dangerous operators of
dimension D =7, the study of these contributions in
grand unified theories is motivated by the need to test
variant gauge unification schemes involving lower mass
scales and different selection rules on B, L nonconserva-
tion [20,21]. For orientation, we provide a brief overview
of the baryon number violating processes from higher
dimension operators in Appendix C. In the present sub-
section, we present a qualitative discussion of the string
amplitudes in intersecting brane models associated with
the D = 7 local operators coupling three quarks with
single lepton and Higgs boson and the D = 9 local opera-
tors coupling six quarks. Our presentation here will remain
at a general level without commitment to any specific
model.

1. Five point amplitudes
With hindsight from the general structure of D =7
operators, we consider the tree level five point amplitude
involving the localized open string modes of four matter
Dirac fermions and a single scalar boson As; =

Ayl sl bs) defined by

dxi — — —
As= 3 [TTyes Py P v )

perms

X Vi P () Vi (x5). (329)

For an acceptable embedding of the disk onto the internal
T® torus, one must require that the modes intersection
angles obey the condition —63; + 6, + 65 = 0. In the
low energy limit of interest k; — O the only terms to
contribute in the picture changed operator V((,(z)(xs) are
those which depend on the internal space directions. The
following unique choice of weight vectors for the massless
modes, consistent with H,-momentum conservation and
the GSO projection (odd number of — % entries), must be
assigned to the vertex operators in Egs. (3.29)

—rA(1) = —r*(3) = (- — —, =),
AQ2)=r'4) = (- - — =),
#(5) = (=100, 00) + (100, 00) = (000, 00).

(3.30)

The string amplitude can be expressed in abbreviated form
as
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5 .
AL = T+ T - ugt) [ emtemm et )5, () (@) e) @)
CKG
5

X l_[ ((Dg(xi)q){r(xi))<l_[ e“‘i'X"(x")> + perms,
i=1

1=23

t01=l (Xs)
T] =Tr(A; - - - As), Tz =Tr(As -+ Ay), (I)f,) = 570’()51)Sel(xz)sfeg(%)sag(h) ’ , (3.3D
s S0§:2,3 (x5)
7192:1 (x5)
‘I)ff) = <0'el(xl)Ual(xz)O'0g(x3)0'0§(x4) ) (xs) >
o 0'0222,3 x5
With the Mébius group gauge fixing choice, [x, - - -, x5] = [0, x, y, 1, X — 0], the correlator factors for the ghost, spin
and spinor twist field operators are evaluated by means of the familiar rules
(e e)/2) ... o= (e()/2)y = [xy(y — x)(1 — x)(1 — y)]7V/4, (3.32)

(W ug NS, (1) + S, (ea)) = ¥y 721 = x) V2 (ky )y s (ko)) (i3 (k3) y s (K ),
B! = Bl = x O~ (1/DP 6~/ ~(1/2)(yy — )= O~/ (/)] — )8~/ ~1/2) (] — )= (6 =(1/2)(8,=(1/2),

We shall not attempt here an exact evaluation of the five point coordinate twist field correlators, (I)f;), because of the
significant labor involved in this task. Nevertheless, the n point correlators of the coordinate twist fields are expected to
have the general structure [24,26] ([T-; 04,(z))) = Co[]ix;(zi — zj)‘(1/2>(1—9i)(1—0.,)det—1/2(w), where W denotes the
period matrix, whose (n —2) X (n — 2) entries give the period integrals of the (n — 2) independent holomorphic
differential forms over the (n — 2) independent cycles circling the pairs of insertion points in the cut complex plane.
This result motivates us in introducing the following definitions, obtained by including only the explicit pair contraction

factors with the dependence on angles determined by the conformal symmetry

q)ff) — x—()’(l—()’)yl/z(e’(l70§)+0§(170’))(y _ x)*(l/z)(ﬁl(lfeé)Jreg(l70’))(1 _ x)(l/z)(e’(l—05)+eg(1—0’))

X (1- y)—<1/2><05<1—91>+0£<1—95>>( Filx) ) (3.33)

.7:2,3(% )’)

where F,(x, y), F »3(x, y) include the determinants of the period matrices for the correlators @ and ®,,. Combining now
the various contributions to the five point string correlator, we deduce the final form of the amplitude

AL = C5(T | + Ty) iy (kg v uy (k) iy (ks )y g (k) fo Ldx [ Ly (y = )7 (0 = )V F Fa Fae S + perms,

where we have explicitly displayed the reduced amplitude
associated to the reference cyclic ordering of the insertion
points x; = - - - = x5. Upon associating the five modes in
¢1¢§ U3 :,b:{ ¢s to the sequence of open string sectors
(D, A)(A, D)(D, B)(B, C)(C, D), one sees that only the re-
duced amplitude with the trivial permutation (12345) is
nonvanishing if the branes D, A, B, C are all distinct. In the
case B = A, the reduced amplitude with the permutation
(14532) would be added, and in the case B = A, C = D,
the reduced amplitudes with the permutations (14532) and
(12534) would be added.

(3.34)

2. Six-point amplitudes

We turn next to the string amplitude for the six quark
subprocesses initiating the AB = —2, AL = 0 processes
of N — N oscillation and two nucleon disintegration. The
discussion developed by Kostelecky et al. [102,103] is
followed to some extent, since we only focus here on the
low energy limit of six fermion tree level string amplitudes
involving three conjugate pairs of localized fermion
modes. The assignment of CP gauge factors and flavor
and color quantun numbers will remain implicit, without
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reference to any specific model. The relevant six-point
amplitude, Ag = ﬂ(:pf ¢2¢;r ¢4¢g s), admits the fol-
lowing representation in terms of the correlator with vertex
operators inserted on the disk boundary

ﬂ 6 — Z V
perms CKG

XV PV v P )

6, dxi — — —
Lt s 2 2 ) v )

(3.35)

where the massless fermion modes are assigned the unique
choice of spinor weights (— — —, ¥¥) or (+ + +, ¥ =*).
Without proceeding any further, it is easy to convince
oneself that the H,-momentum conservation forces the
low energy limit of this amplitude to vanish. Never-
theless, whether the AB = —2 processes are forbidden or
not at tree level cannot be concluded until one has exam-
ined the possibility that VEV induced contributions might
arise from higher order processes. Hindsight from the
unified field theory models with left-right gauge symmetry
[107], suggests considering the higher order baryon num-
ber violating operator uud‘dd‘dA’, coupling six quarks
with a scalar mode carrying the SU(3). X SU(2); X
SU(2)g gauge group quantum numbers of dileptons A; ~
(1, 1, 3). The corresponding D = 10 operator would yield
a finite contribution to the D = 9 operators once the
electric charge neutral component of A! = 74A!, acquires
a finite VEV. The six quarks in the local operators occur in
three pairs, two pairs or a single pair of electroweak
group singlets while the scalar boson multiplet A’ must
have at least one component which is a singlet under the

standard model group. Guided by these observations, we
|
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consider the seven point string amplitude A, =
ﬂ(lpltﬁg U3 ¢I s wg A!) with localized open string modes
inserted on the disk boundary

A,= ¥

T dx;
Lo 5 (12 v 2 eV ey
perms CKG

_0/

X Vi D) VD () VO (xe) Vi (7)),
(3.36)

subject to the condition on the intersection angles 6; =
65 + 05, while adhering to our convention that all the
angles 6; are positive. The assignment of spinor weights,
consistent with the H4-momentum conservation and the
expected structure of the Dirac spinor matrix element,
allows for the unique choice

) =+ ++, 5%),

AQ2)=(-—— =),
A3)=(++ +, =¥), 3.37)
) =(---57%),

AG) = (++ +, £7),

F6) = (+ + +, Fx) + (00 — 1,00) = (+ + —, ),
#(7) = (=1 =1 —1,00) + (001, 00) = (=1 — 10, 00),
where the scalar mode has squared mass M% =1 —% X

(16X] + 163] + |63]). The single surviving reduced string
amplitude can be expressed in abbreviated form as

Al = CT + Ty)lay iy y uy) sy yug)iisug) + ag(ityus)(iipug)(iisug)] ][deudydx]<€_(¢(xl)/2) ...e/2)

v o f—f)g(ﬁ%)feg(xﬂ .
<”’(’”) o sy ) ><‘”’(x‘)

[T, = Trace(A; - - - A7), T, = Trace(A; - - - A;)]

where the upper and lower entries for the twist field corre-
latorsreferto/ = 3 and I = 1, 2, and the Lorentz covariant
structure is described by the calculable functions ag, ay
which we shall not attempt to determine here. The Mobius
group gauge fixing of the insertion variables is set as
[x1, x2, X3, X4, X5, X6, X7] = [0, w, u, ¥, x, 1, X — o0]. In or-
der to obtain finite contributions to A, the brane models
must comply with restrictive constraints. Among these are
the conditions that the scalar boson be a localized mode
from a nondiagonal open string sector and that the
D6-brane embedding of the world sheet boundary forms
a seven polygon which closes up to finite transverse sep-
arations. The vector like gauge unification schemes are out

T—g! (x6)0'0§ (x7)

T—ag(%)f'e; (x7) )
> + perms, (3.38)

[

of the game because of the automatic B+ L or B— L
conservation present in these models. While the left-right
symmetric gauge models are natural candidates, as illus-
trated by the brief review in Appendix C, we find that none
of the intersecting brane models discussed in the literature
[54,57] can be extended so as to include finite contributions
to the AB = —2 seven point amplitude at tree level.
Indeed, for the D-brane models with Pati-Salam gauge
symmetry SU(4). X SU(2);, X SU(2)s no perturbative
open string mode can occur with the required gauge group
representation (10, 1, 3), which includes the boson A’. The
higher dimensional multiplets which arise in the realiza-
tion presented in Ref. [57] carry rather the representation
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(10, 1, 1). For the minimal left-right symmetric model with
gauge group SU(3), X SU(2); X SU(2), a localized di-
lepton scalar mode A’ carrying the triplet representation
under SU(2)r = SU(2), can possibly arise in orbifold
models from the nondiagonal open string sectors of type
(a, ®8aq).

We close at this point the discussion of string amplitudes
for the exotic baryon number violating processes. Our
admittedly unfinished presentation here is due to the non-
trivial structure of the higher order correlators for the
coordinate twist operators. We have attempted here to
clarify the conditions leading to finite string amplitudes
for five, six and seven localized matter modes of similar
structure to the four fermion amplitudes. For the D =9
baryon number violating operators, only the VEV induced
contributions can possibly be present in the intersecting
brane models. As in the effective field theory model con-
text (cf. Appendix C), finite amplitudes may arise from
dimension D = 10 operators involving massive scalar
multiplets in higher dimensional representations of the
unified gauge group having standard model singlet scalar
components which acquire a VEV at some larger mass
scales.

IV. FIELD THEORY LIMIT OF STRING
AMPLITUDES

A. Effective low energy field theory

Before going into the applications, it is important to
identify the relevant fundamental parameters and deter-
mine their relation to the parameters of the world brane
field theory. The underlying string theory is characterized
by the Regge slope mass scale parameter @’ = 1/m? and
the string coupling constant which is linked to the dilaton
field VEV, g, = &/®. Alongside with the complex struc-

A z
ture moduli U! = b’ + i:—,‘ and the wrapped three-cycles’
2

winding numbers (n!, m!), we introduce here the two real
Kihler moduli parameters R and r = 1/M,., representing
in an average sense the length scale radii for the 6D torus
and the three cycles wrapped by the D6-branes. The vol-
umes of the internal manifold and three cycles, Vy and VQa,
are described in terms of these parameters as

Vy = (27)°RS,
3
Vo, = [[@mLl) = P[J@w LY = @arP L,
=1 1
“4.1)

Ll 1 712\ 1/2
| L= o= ="+ )
1

U
i, = ml, — ngug}
where Q, denotes the three cycle wrapped by the

D6,-brane. To establish contact with the low energy phys-
ics, we must also introduce an infrared cutoff mass pa-
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rameter My, whose meaning will be discussed at length
shortly. It is useful to keep in sight the familiar formulas
expressing the 10D gauge and gravitational coupling con-
stants of type II supergravity theory g;o and k;y, and the
tension, RR charge and gauge coupling constant parame-
ters of Dp-branes 7,, u,, and gp,, as a function of the
string coupling constants

yM 2K
/2412, _ 8vm _ 0

K
KIOE—ZS’?T

810 = 155 )

S PRy
=5 = : _ VT 4.2)
g gNdQmJd)  kQad)p3 ’

- 1, 1 Q2mJa')> P
Sty = 5807 =3 CmVelPr, == —

The 4D gravitational Newton coupling constant Gy, and
the gauge interactions coupling constants on the
Dp,-branes world volume theories g, are given by dimen-
sional reduction as

2k3 2k? (2m)og?’
VQ(, o VQM\/E_I - VQum§77
280, 28,2mJal)p72  202m)P g,

where the enhanced gauge symmetry case for D p-branes
overlapping the Op planes is obtained by replacing g2 —
g2/2. For reference, we also display below the inverse
relations expressing the fundamental string parameters as
a function of the effective low energy parameters for the
case of D6-branes with p = 6

(4.3)
3

2mg e a,Mp

* Vé/a VBA,

¢ = m?aaVQa _ aiM%VQa

Yooee)} R

44

B & (4
" 4Am 4wk,

/\—’\=VX= RO _(Mpgg>2:|

‘¢ ka Véa 1L, 82mm,) |

The dependence on the gauge group factors included in the

Yo,
Vo

reference three cycle, allows one to write the string gauge
unification relations as k,«, = ay. The gauge interactions
coupling constant gy, may be traded with either g, or m;,

parameters k, = with V, denoting the volume of some

by using the relation (m,r)[], L] = gi2a; '3, For fixed
ay, increasing mr causes g, to increase. The ratio be-
tween the manifold to three-cycle radii A = Vy/ Vé =
(R/r)® controls the relative strength of the gauge and
gravitational interactions. We note that the duality between
compactifications of M theory on G, holonomy manifolds
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and of type II string theory on Calabi-Yau manifolds with
intersecting D-branes suggests [17] that the values of A are
restricted by an upper bound of order unity, while the larger
values of A are favored [108] in order to reduce the mass
scale of the string theory axions F,. However, we do not
gain much in the present work in including the gravita-
tional interactions input, since this trades G for the bulk
radius parameter R which has no direct impact on the open
string observables. One cannot simultaneously match Gy
and g, to the observed values without imposing a wide
disparity between the bulk and brane radius parameters
r/R < 1, hence requiring finely tuned shape moduli pa-
rameters r5/rl << 1. This circumstance rules out the TeV
scale models with D6-branes, which require large extra
dimensions in the bulk. Of course, the restriction to toroi-
dal models with r = R need not be in force in models with
lower dimensional D5- or D4-brane backgrounds, where
the existence of subtori unwrapped by D-branes gives the
ability to arbitrarily raise the bulk volume Vy relative to
V. For the D5-brane and D4-brane models, the elimina-
tion of mg in favor of Mp would yield the formulas for the
string coupling constant

| _ _ a%MPVé
aVom, _ o MV
2 20w PV

4.5)

gs|D4 =

which are seen to exhibit a variant dependence of g, on the
gauge coupling constant «,,.

Let us now discuss the mass cutoff which is inevitably
needed to regularize the infrared divergences in string
amplitudes. In unified gauge theories, this is naturally
associated with the gauge symmetry breaking mass scale
parameter, M. Since the wrapped cycle volume V,, ful-
fills the same role as My, it is convenient to introduce the
dimensionless parameter [19] L(Q,) = VQ”M;. The com-

— 2w L' —
_7T\/—Q’ (L=

LTl + ml2ri2)1/2] is linked to the unified symme-
try breaking mass scales My through the string threshold
corrections to the gauge coupling constants A ,. The mod-
uli dependent functions, A,, are commonly defined by
writing the one-loop renormalization group scale evolution
for the running gauge coupling constants as

pactification mass parameter M, =1
p

Am)?  (4m)’k, Q?
A, = — — b, 1 )
“T2o & (m)

A

where b, denote the one-loop slope parameters of the
gauge group factors G,, determined by the massless
charged modes, and m/ denotes the string theory effective
unification mass determined by matching onto the low
energy field theory. We choose here to treat My as a free
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parameter without imposing any condition on its relative
ordering with respect to the compactification mass M,
except for the request that both masses are bounded by
the string mass scale (My, M,) = m,. Loosely speaking,
the condition My < M, implies that the unified symmetry
occurs in 4D, while the condition My > M, implies that
this occurs in 7D. From the interval of variation assigned to
M, by the combined consistency conditions g, <1,
my/M, > 1, yielding (ay|L])/3 <’Z—:‘< 1, we see that
the possibility My = M, is not excluded.

To describe the ratio of the string theory amplitude to
that of the equivalent field theory, we follow the procedure
of Klebanov and Witten [19]. Ignoring momentarily the
regularization of divergences, we write the string ampli-
tude as A, = 27g,I1(6)T S/(2m?2), where the extra factor
% accounts for the orientifold projection, the x-integral 1(0)
is a calculable function of the dimensionless free parame-
ters m,r = m,/M,, s = m,/My, and T, S contain the
dependence on the gauge and Dirac spinor wave functions.
The equivalent field theory amplitude is now assumed to
include the same factors A ;, = 2aayT S/M%. In corre-
spondence with the different prescriptions of identifying
the effective parameters, we deduce the following three
predictions for the ratio of string to field theory amplitudes

Ay _ g/ m;

Ryr= 1(0
s/f A, 2may/My ©®
_ |:gsl/3aal/3Vé/3M§ M2m,V, aaVQaMpM)Z(}I(H)
872 ’ 2(277)3 ’ 32\/§7T3A% ’
4.7)

where the successive entries inside brackets are obtained
by eliminating g, alone, m alone, or g, and m together, in
favor of the low energy gauge and gravitational coupling
constants. It is instructive to compare these results with the
ratio of M theory to field theory amplitude [17]

2
87iMy Au
Ay=Cy>—J,J* =R =—
M M dar ® M/ ﬂft
1 _ (4.8)
=5 L (Q)ay',

M = 2&3,(2m)8].

Getting an estimate for the coefficient C,, was the main
motivation of Ref. [19]. The appearance in the string
theory amplitude at fixed g, of the same power dependence
on the 4D gauge coupling constant A o ai/ 3 joins with
the fact that in the large radius limit of the string and M-
theory models the gauge unification occurs in 7D. A useful
discussion of this issue is presented by Burikham [109].
That this property is specific to the D6-brane models
appears clearly from the different dependence on the 4D
coupling constants of g, in Eq. (4.5) for the D5-brane and
D4-brane models. The D6-brane case is known to be
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unique in admitting a purely geometrical lifting to the M-
theory models [75].

B. Regularization of string amplitudes

The enhancement of string amplitudes reflected by the
nonanalytic dependence on the 4D gauge coupling con-
stant takes place naturally in the large compactification
radius limit r = 1/M, — oo. The effect is maximized by
considering fermions localized at vanishingly small dis-
tances relative to the compactification radius [19]. It is
important to realize that what justifies considering directly
the ratio of amplitudes in Eq. (4.7) is the assumption that
the string amplitude is self-regularized. However, that the
large compactification radius limit of the string amplitude
is only finite in the case of D6-branes can be easily seen by
rewriting the x integral truncated to the leading contribu-
tion at x — 0 as

1 1
L2 f dxx—1(In(1/x)) "¢/ = / L ——
0 g’ —s

4.9)

where the right-hand side exhibits the sum over propaga-
tors for the plane wave modes along the L = 3 effectively
flat directions. The convergence at ¢ — 0 would not hold
for L < 3. (Of course, the factor Inl/x slows the conver-
gence of the integral near the endpoint, x = 0, but the
problem this would pose is only of technical order.) In
the D5- and D4-brane models with the x integral at L = 2
or 1, the singularities at x — 0 are seen to be not integrable
ones.

Owing to the slowly convergent x integrals, it is not clear
whether the enhancement survives finite compactification

|

LO)—I%0) =1 — 1o — I,

L0)— L%0) =1, — Ly — I,

o e i)

Ja!
-
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radii. Indeed, as just noted, the integrable singularity at
x =0 is specific to the case of D6-branes where the
infrared singularity at § — 0 is cancelled by the integration
measure d°g. At finite compactification radius, the mass-
less gauge boson modes in the s- and ¢ channels are
separated by a finite mass gap from the massive string
modes, and the presence of infrared divergences from
massless pole terms is then unavoidable. The pole terms
from exchange of string modes can be separated out by
means of the familiar analytic continuation method. While
the nontrivial functional dependence of the x integrand
from the coordinate twist field correlator precludes using
a fully analytical procedure, it is still possible to consider a
seminumerical regularization of the x integral where one
removes by hand the massless s- and f-channel gauge
boson poles originating from the contributions to the x
integral of form [,dxx 7' Fo(x) and ['dx(1—
x) 7"V F(x), where Fo(x), JF;(x) represent the limiting
forms of the remaining factors in the integral at x — 0 and
x— 1.

We now discuss two distinct infrared regularizations that
will be used in the sequel to obtain numerical predictions in
the finite compactification radius case. In the first prescrip-
tion, the regularized amplitude is constructed by subtract-
ing out by hand the massless gauge boson pole terms in
the relevant channels and substituting these by the corre-
sponding massive pole contributions 1/s — 1/(s — M%).
We thus write the string amplitude as A, =
wg,a'[ST I, + S,T,1,], and substitute for the direct
and reverse orientation integrals I, I, the subtraction
regularized integrals with the massless poles removed

LD
_ V'
el

N> g
ILgl(—s)" "' (4.10)

L
Lal(=1)" %!

where the indices 0 and 1 in [;, I;, [i = 1, 2] refer to the limits x — 0 and x — 1. In the case, €, = €z = 0, where
massless poles are present in both s and ¢ channels, the regularized string amplitude is defined schematically as

A=[A~- Alg— Aly] + A+ AL,
C C

A= A= A

[ Lgl(s = M3~ 1Ll — M3)

o = 8
=0 L]

1
—s—1 _
ﬁdxx s Al =

(4.11)
Cy

1
— | dx(1 —x)_’_l}
ILAl Jo

where the constant coefficients C,, Cp are determined from the limits at the end points of the x integral. We now assume
that the field theory amplitude has the same dependence on the Dirac spinor and gauge wave functions. Using, for
simplicity, the approximate equalities |L4| = |Lg| = |L|, I'® = I5® = I'*¢, and ay = a,, my = My, we can express the
ratio of string to field amplitudes in the fixed g, prescription as
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/ /
R, = T8% s T (1) + A T
AT : s+My —1+ M3
SVE ST,
g [2m”(—s + My —t+ M;
X X

In the fixed m, prescription, the ratio would instead read as
Ryp=1+3 M)z(m |L|I7*2(6). For the case with non coin-
cident 1ntersect10n points, €4 = 0, €5 # 0, the t-channel
pole is absent, so that using the above prescription without
the terms Aj_; and A? yields the ratio R,/ ; =

1 + M%mg|L|I"¢. An analogous result holds in the case
€4 # 0 €p = = 0.

The second, perhaps more natural, regularization proce-
dure is based on the description of the unified gauge
symmetry breaking by the deformed configuration ob-
tained by splitting a finite distance apart the unified gauge
theory D6-brane stack into two stacks. The transverse
displacement parameter is related to the symmetry break-
ing mass scale My by the leading contribution at x — 0 in
the classical action factor, as displayed by Eq. (3.9). This
amounts to moving along the Coulomb branch of the gauge
group moduli space of vacua and is T-dual to a Wilson flux
line around the cycles normal to the brane stack. Denoting
the resulting multiplicatively regularized x integrals as /'S 125
and using the same simplifying assumptions as above,
leads to the following regularized ratio of string to field
theory amplitudes in the fixed g, prescription

A, 2m ALIS T\ I8 + S, T,1%%)

s/f =
A [0 + 2]

R

1 _ N
~ Eg:‘/:;aX 1/3|L|2/3M)2(Ireg'

The ratio in the fixed m, prescription would instead read
R,/; =1 M%mg|L|["8. Recall that the regularized integral

(4.13)

/¢ now includes the brane induced form factor
[1:(8,)5™ (™47 a5 needed to restore the correctly normal-
ized gauge coupling constant. In the case with equal an-
gles, the correction factor simplifies to (8)Mx. The
numerical comparison of the above discussed regulariza-
tion prescriptions will be presented in the next section.
To conclude, we comment on the calculation of the ratio
of amplitudes in orbifold models. The vertex operators of
the (a, b) modes must now be summed over the orbifold
group images V(, ) — > V4, b,)- We choose not to include

the normalization factor 1/ JN at this stage, since the
amplitude normalization will be determined in this case
by comparison with the gauge coupling constant. Other
conventions would lead to the same end result. Upon
combining the summations over the orbits in the various
vertex operator factors, the compatibility conditions from
the target space embedding on the brane boundaries leaves
a single orbifold group summation of equal reduced am-

> + 82T2<I§g|L| +

- 1
)} =1+ g ag PILPPMI6),
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t\/?Jr\/?ﬂ

—t+ M3 —s+M3;

4.12)

{
plitudes, which then introduces an overall factor N. One
must now recall that promoting the torus to an orbifold
entails a reduction of the torus volume by the group order
factor N. The gauge and gravitational interaction parame-
ters are expressed via dimensional reduction by same for-
mulas as for tori, with the three-cycle volume identified as
Vi
VC'rb = -2 . This change can be implemented by using
either (ga Do = % and (M2) o, = ﬂ, with fixed

N
3er ? .
i(zﬁ)f;v , with fixed

gauge and gravitational coupling constants. Repeating the

calculation of the string amplitude factorization on the

string parameter g, or (g)o, = <g’)““ =

gauge boson pole term, one arrives at the formula g, =

(zvijg' ~» With the understanding that the three-cycle vol-
ume is that evaluated for the torus V, = (2777‘)3”1(L£1)
One may thus summarize the conversion from torus to
orbifold descriptions by the following schematic corre-

spondence

2mg,
2(Vp)or
_ 2mgN
" 2(V)ior

This shows that upon passing from tori to orbifolds, one
may retain the same normalization constant C = 27g,,
while using the modified formula for the string coupling
constant g, = m3ay|L|/N.

(ﬂst)tor = TSI(G) = (ﬂst)orb

T SI0).

(4.14)

C. Large compactification radius limit

To prepare the ground for the calculation of four fermion
amplitudes in semirealistic models, we present the results
obtained in the large compactification radius limit using
the self-regularized x integral. The ratio of string to field
theory depends then on the branes intersection angles only.
Lacking a simple analytic approximation for the x integral,
we perform the quadrature numerically. The relevant in-
tegral 1(0) in the equal angles case 6/ = 0"/, with the
classical action factors omitted, is evaluated numerically
for the toy orientifold model [19] realizing the SU(5) group
unification with the mirror pair of D6/D6'-brane stacks,
allowing for a single massless 10 matter multiplet. One
advantage of this simple model is in studying the antici-
pated enhancement effect in the amplitude 10 - 10T - 10 -
101 as a function of the brane-orientifold angle only. The
amplitude in Eq. (3.10) can be expressed in terms of the x
integral
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Al B dx sinrg! 172

s 7 =10 |, 5 Mrwri =)
(4.15)

where we used the identity [x(1 —x)]"!'=x"14+ (1 —

x)]7! and the symmetry of the integrand under x — (1 —
x). We pursue here the study in Ref. [19] by evaluating 1(6)
for generic three cycles, not obeying the supersymmetric
restriction on the angles 3,6 = 0. As already noted, the
infrared finiteness of the integral does not dispense us from
taking care of the sensitive integrations at the end points of
the integration interval. Reasonably accurate numerical
values for this integral can be obtained by the simple
procedure which consists in subtracting the leading term
at x — 0 of the integrand and adding back its contribution
to the integral, as illustrated in the following formula

I@Eﬁwﬂwaﬂwmm—ﬂm]

+ jo : dxFo(x)

sin7r6’

o 1/2
[f @) = U(F(x)F(l—x)) ’
Fol) = lmF(x),

IO(G)EfoldeO(x)Eﬁ%lj[[lnél%mx}l/z}

The same subtraction procedure can be used for the x = 1
end point, with the limiting function Fy(x) substituted by
Fi(x) = lim,_,; F(x) = Fo(1 — x). The subtracted inte-
gral displayed in the second entry of the above equation has
a simple representation in the two special cases involving
three equal angles ' = 6> = 63 = 6, or two unequal
angles, § = 0! = 6 # 63, respectively. The resulting ana-
lytic formulas for these two cases are given by

= [1(0) — I,(6)] + 1,(0),

(4.16)

e1,(6, 6, 0) =27/2(Ind) /2,

/2 1- %)1/2

e/\(0,0,0,) = ———~ 0,A)In— %"
o6, 6,6) |1n(53/5)|1/2[ u(B)Ing + (1 — )/
+0,(-A) 72 L\

— J— t - s

H [77 arcan(_l_l_%) H

(4.17)

where @y denotes the Heaviside function (®,(y) = 1 for
y>0and 0 fory <0)with A = ln% positive and negative
in correspondence with the cases 6 < 63 and 6 > §3.
The numerical results for the integral /() as a function
of the single variable intersection angle are displayed in
Fig. 1. We note that the integral rapidly vanishes at the end
points, corresponding to parallel or antiparallel brane
stacks, and is maximized at the midpoints, §' = 2, as
expected from the symmetry under 8’ — (1 — /), at fixed
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FIG. 1. Plot of the x integral I(6) defined in Eq. (4.15) for the
four fermion string amplitude in the large radius limit as a
function of the brane intersection angles in the equal angle
case 6 = 6'. The left-hand panel (a) shows, for the case with
three equal angles, a plot of I(6) versus the common angle § =
#' = 9% = 0>. The right-hand panel (b) shows, for the case with
two equal angles, plots of 1(6, 6, #%) versus 67, at three values of
the two equal angles 8! = 62 = (0.1, 0.3, 0.5). Because of the
symmetry of the integral under #’ — 1 — 6, same results apply
in the cases involving the angles 8' = 6% = (0.9, 0.7, 0.5).

1. Away from the end points, the integral vary slowly and
monotonically inside the interval 1(#) = (6 — 12) for § €
[0, %] Recall that for supersymmetric cycles satisfying
3 ,6" = 2, the integral was found to vary inside the range
1(0) =~ (7-11). No significant differences thus arise in
going from the case of supersymmetric cycles [19] to
that of nonsupersymmetric cycles.

V. BARYON NUMBER VIOLATION IN GAUGED
UNIFIED ORBIFOLD MODELS

A. Z; orbifold SU(5) unified model

We here employ the formalism developed in Sec. III to
examine the enhancement of string amplitudes for nucleon
decay processes at finite compactification radius. We con-
sider two type II string theory realizations of SU(5) gauge
unification using D6-branes. The first uses a nonsupersym-
metric Z; orbifold model [66] and the second a super-
symmetric Z, X Z, orbifold model [68]. To complement
our discussion of the solutions for the nonchiral spectrum
of the first model, we summarize in Appendix B the
properties of models using the Z; orbifold with
D6-branes, based on the work of Blumenhagen et al., [66].

1. Low-lying mass spectrum

The SU(5) gauge unified Z; orbifold model of
Blumenhagen et al. [66] uses the minimal setup of two
D6-brane stacks N, = 5, N. = 1 with effective wrapping
numbers (Y,, Z,) = (3,3), (Y., Z.) = (3, — 1), solving the
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RR tadpole cancellation condition )" , N, Z,, = 2. This realizes the gauge group SU(5) X U (1), X U(1), with three chiral
matter fermion generations F;, f;, ¢, localized at the brane intersections and several copies of nonchiral fermions H;, H;
and K, ;, K;, ;. The gauge group representation content and multiplicity of these modes is displayed in the table below, in

correspondence with the open string sectors to which they belong.

Mode F f H+H K,
Brane (d', a) (a,c) (c, ") (d,c) (a, a)
lIrrep 3(10, a0 35, 1)1, 3(1, 1o, n(5, Diy + G D - 12924, oo

The complete spectrum for matter fermions is of the form
B+ ARF+ApF, B+ADf+Asf, B+ A+
A, v¢, where the model dependent integers Ap, Az, A .
count the multiplicities of mirror vector generations. Of the
two Abelian gauge group factors, the linear combination
with charge Q,, = 50, + Q. is anomalous while the un-
broken orthogonal combination Qy.. = % — Q. is anom-
aly free. When the unified gauge group breaks down to the
standard model group, the leftover unbroken Cartan sub-
algebra generator of SU(5) combines with the anomaly
free gauge charge so as to yield the unbroken gauge
symmetry U(1)g_,;. The anomaly free gauge symmetry
U(1)free, Which assigns charges Qpee = 2(1, =3, —2) to
the representations (10, 5, 5), precisely identifies with the
accidental symmetry of the minimal SU(5) unification
related to the Y and B — L charges as Qpe. +3V —
Qp-1 =0.

The scalar modes content of the model includes the
ingredients needed to accomplish the Higgs mechanism
breaking of the various gauge symmetries. The scalar field
VEVs for the K, ; singlet components of the adjoint rep-
resentation modes of SU(5), are needed to break the unified
SU(5), gauge symmetry at the unification mass scale My;
those for the modes »¢ are needed to break the U(1)p_;
gauge symmetry at some low intermediate mass scale; and
those for the modes (H;, FIJ-) are needed to break the
electroweak SU(2); gauge symmetry at the Fermi mass
scale. The presence of tachyon or low-lying scalar modes
K,, with mass considerably lower than the string mass
parameter, is facilitated by the fact that these modes arise
in massless chiral supermultiplets. The U(5) singlet com-
ponents of the K, ; scalars have the ability to produce large
Dirac masses for the various vector pairs of spin-half
fermions. The tree level string couplings of the matter
fermions, represented by the disk configuration in the
amplitude I.a of Fig. 2 and the similar couplings for the
Higgsino and gaugino like fermions H; + H;, I?a, ; produce
the Yukawa trilinear interactions
Lerr = hf FiF Koy + bl fif | Koy + WG K

+ hﬁn’lKa,mKa,nKa,b (51)

which are necessary to decouple the extra fermion modes.
For this to occur, it is necessary that the fermion mass

[

matrices hf; (K,p), hl; (Kqp) hf (K, and hE, (K, )

have rank not smaller than the vector representation multi-
plicities Ag, A]?, n, and I,‘?dj.

The intermediate mass scale breaking of U(1)z_; can be
accomplished by the localized scalars #¢ of the (c, ¢’)
sector, which enter with multiplicity 3. For a tachyon
mode to be present, one must cancel the negative contri-
bution to the string squared mass depending on the angles
by the positive contribution depending on the branes ¢, ¢’
distance. For this, one must require that the brane ¢ does
not pass through the origin of the coordinate system. While
the Dirac and Majorana mass matrices of the left chirality
neutrinos vanish, finite Majorana masses can occur for the
right chirality neutrinos via the quartic coupling 7“7 v¢v°,
once the 7€ tachyon scalar raises a VEV. The correspond-
ing correlator (V(:,,l/z)(VC)V((,O)(ﬂC*)V(:gl/z)(v”Jr)Vé_U(Tﬁ)),
represented by I.d in Fig. 2, is expected from the structure
of the string amplitude in Eq. (3.22) to give a contribution

. . O e)2
to the Majorana neutrino mass of form m,. ~ ”‘in#)

Although the Z; orbifold brane setup of interest does not
preserve any supercharges, one may still use the freedom in
the moduli parameters to dynamically select a vacuum
having low-lying or tachyon scalars with the appropriate
gauge quantum numbers. For the localized modes in non-
diagonal sectors (a, b), this possibility can be explored by
considering the stability tetrahedron with edges traced in
the space of the brane pair intersection angles 6, by the
four equations expressing the vanishing of the scalar modes
minimal squared mass in Eq. (2.14). The preserved super-
charges on the tetrahedron faces, edges and vertices gen-
erate the supersymmetries N = 1, 2, 4. The faces separate
the inside domain where all four squared masses are posi-
tive from the outside region where at least one squared
mass is negative. Clearly, one should avoid scalar tachyons
with the gauge quantum numbers of matter fermions F, f,
but one would welcome those with standard model singlet
components whose condensation can accomplish the Higgs
mechanism symmetry breaking [52].

The unified SU(5), gauge symmetry breaking down to
the standard model corresponds to the deformation de-
scribed by the brane splitting a — a + b. Following
Blumenhagen et al. [66], we consider the setup consisting
of the three stacks N, =3, N, =2, N, = 1, with the
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FIG. 2. Representative disk couplings for three and four-point string amplitudes in the SU(5) X U(1) gauge unified model of the Z3
orbifold discussed in Sec. VA. The arc segments on the disk boundary are labeled by the branes a, b, - - - and their mirror images,
a',b',---, and the crosses by the open string modes. In the first array (I), the coupling I.a refers to the Dirac mass generation for
localized fermion and scalar modes in bifundamental and adjoint representations, the couplings /.5 and I.c to the trilinear Yukawa
coupling of down-quarks and leptons with the electroweak Higgs boson, and the coupling L.d to the quartic coupling, 5T 5¢p¢T ¢, In
the second array (IT), the couplings II.a, ILb represent the baryon number violating subprocesses in the SU(5) symmetry limit of the Z;
orbifold model for the configurations 10 - 10t - 10 - 10" and 10 - 5 - 10t - 5T. In the third array (III), the couplings IILa, IILb, IIL.c refer
to the contributions to the baryon number violating local operators in the quark and lepton fields Oe{, Oe%, Ov§, listed in Eq. (C1) of
Appendix C. The particle modes are assigned to brane intersection points in the convention where one navigates the disk boundary
clockwise.

effective wrapping numbers (Y, Z,) = (Y}, Z,) = (3,9),
solving the RR tadpole cancellation condition. While the
Coulomb branch deformation is restricted to mutually
parallel D-branes in the orbifold equivalence classes [a]
and [b], one may also consider the deformation leading to
nonparallel a and b brane stacks. Removing from the
gauge symmetry group U(3), X U(2), X U(1)., the
anomalous Abelian factor Q,, = 30, + 20, + O, leaves
the extended standard model gauge group SU(3) X
SUR)X Uy X UMp_p, [Y = —10, +30,, 0p_1 =
— (0, — 30, +30,)]. The localized fermions consist of

three chiral generations of quarks, leptons, and antineutri-
nos (g;, us, d¢, 1;, e$, v$), and several copies of adjoint rep-
resentation modes K,;, K,; with model dependent
multiplicities, as displayed in Table L
We have not included in the table the vector pairs of
fermion modes in the sectors (b', ¢) + (d/, ¢) with gauge
quantum numbers H; ~[(1,2)g1, + (3, 1)o11], H;~
[(L,2)g—1—1 + 3 Do—1.—1] [i=1---,n]. In spite of
the vanishing chiral multiplicity, Il)f,c = 0, one expects
that the massless spin-half modes and the low-lying
complex scalar modes in these sectors enter with a finite

TABLE I. Matter content for the Z; orbifold model with gauge group SU(3) X SU(2) X U(1)y X U(1)g_p.
Mode q u d° l e Ve K, K,
Sector (a', b) (a',a) (a,0) (b, c) (b, b) (c, ") (a, a) (b, b)
Irrep 3(3,2)1,10 3(3, D200 33, Doy 3(1,2)0,-1,1 3(1, g0 3(L, Do, -2 Igdj(& 1) I,/jdj(l, 3)

025002-31



M. CHEMTOB

nonchiral multiplicity of the form Ib’cgl = —Ib/ng = n,
[g; # g,] characterized by the nonvanishing integers n.
The presence of tachyons among the low-lying electro-
weak doublet complex scalars in the modes H; + H; is
needed to accomplish the electroweak gauge symmetry
breaking, as indicated already. To relate the electroweak
Higgs mechanism to the brane recombination process
b’ + ¢ — e, one would need a fine compensation in the
tachyon mode mass squared between the negative contri-
bution from the angle dependent terms a'M? =
min[1 >, (£67, |), 1 — 33,167, |1, and the positive contri-
bution from the interbrane distance. In spite of the analogy
with the models incorporating an N = 2 supersymmetry
subsector [52] or with the supersymmetry-quiver models
(first article in Ref. [53]), involving D6-branes wrapping
parallel one cycles, the present model features specific
differences, unlike the claim made by Axenides et al.,
[84]. In particular, the conjugate modes, carrying the rep-
resentation n(N,, N.) + n(N,, N,), are neither N =2
hypermultiplets, since the cycles in the three planes are
not parallel, nor N = 1 chiral supermultiplets, since none
of the wrapped cycles are supersymmetric.

The candidate electroweak Higgs boson modes H;H;
account only in part for the quark and lepton mass
generation. The graphs I.b and I.c in Fig. 2 represent the
trilinear Yukawa couplings of down quarks and leptons
with the electroweak Higgs boson, Qb/aDZIg(I:I)Cgbr and

L,,C(I:I)C,,IKEZ,C. One sees that the trilinear Yukawa cou-

8

plings exist only for the down-quarks and charged leptons

AX)(Z_3,r=1&2,e_B=0)

25

20

0 0.2 0.4 0.6 0.8 1

FIG. 3. Plot as a function of x of the string amplitude
x-integrand 21(#; x) in Eq. (5.8). The regularized integrand is
obtained by subtracting the leading end point singular terms
[1(6;x) — I(8;x = 0) — [(8;x = 1)], associated with the ex-
change of massless gauge boson poles. The present case refers
to solution V of the Z; orbifold model in Table II for the equal
angle amplitude 10 - 10t - 10 - 10, at coincident intersection
points €4 = €5 = (0,0,0) for the two values of the wrapped
three-cycle radius m,r = 1 (upper curve) and m,r = 2 (lower
curve).
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gd°H and le¢H, while the corresponding ones for the up-
quarks quH, are forbidden. Indeed, the scalar mode with
the needed quantum numbers, H ~ (1,2)_3 _ ¢, cannot be
realized as a perturbative open string mode. The obstruc-
tion to generate masses for both the up and down-quarks is
a general feature of the minimal type models which realize
the right-handed triplet-quarks as the antisymmetric repre-
sentation of SU(3).. The same problem also occurs in
models using the Z, X Z, orbifold [68] and the Z3; X Z;
orbifold [85]. In the flipped SU(5) model, it is rather the
down-quarks and leptons Yukawa couplings that vanish.
One way to account for the top quark mass here is by
appealing to the dynamical gauge symmetry breaking or
to composite Higgs boson mechanisms. For completeness,
we note that to remedy the shortcoming of intersecting
brane models in favoring a separable structure of the quark
and lepton mass matrices with rank one, recent proposals
consider using a hypercolor type scheme [110], loop cor-
rections [111], or higher dimensional operators [112].

2. Unified gauge model and standard model realizations

To each set of effective wrapping numbers (Y, Z,,) of a
given lattice type, there arise a large number of realizations
described by the wrapping numbers (n}, m!) solving
Egs. (B9). Each solution comes with a specific nonchiral
spectrum and D-brane intersection angles, constituting
input data indispensable for evaluating string amplitudes.
As found by Blumenhagen et al. [66] for the model with
three brane stacks, (nl,ml), [u =a, b, c] each pair
(Y, Z,,) admits some 36 solutions, hence yielding a total
of 4 X 363 realizations for the four inequivalent lattices.
However, only a few solutions gave acceptable mass spec-
tra for the scalar modes. Some of the natural constraints to
impose on the physical solutions include the absence of
tachyon scalar modes with the quark and lepton quantum
numbers, and the presence of at least a single scalar
tachyon among the electroweak singlet bosons 7€~
(¢, '), charged under U(1)z_;, and the electroweak dou-
blet bosons H ~ (¥/, ¢).

The scan over solutions for the wrapping numbers of the
extended standard model with three brane stacks, is con-
veniently performed by means of a numerical computer
program. We study the two cases involving parallel and
nonparallel D6,/D6,,-brane stacks. We begin with the
simpler case of parallel branes a and ¢, whose discussion
overlaps that of the gauge unified models. After elimimat-
ing the solutions with tachyon scalars carrying quark and
lepton quantum numbers, we could not find any solution
satisfying the requirement that tachyon scalars be present
for both #¢ and H, H modes. However, since several
solutions exist with tachyon scalars in either the #¢ or
H;, H; modes, we consider the minimal retreat from our
initial goal allowing for the solutions with at least one
tachyon among the modes #¢. Restricting the numerical
search to the interval of integer wrapping numbers
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[—6, +-6], we find 16 and 10 inequivalent solutions for the
T®/Z5 lattices AAA and BBB, but no solutions for the
lattices AAB and ABB. The wrapping numbers for the
solutions of the D6,/D6.-brane setup with parallel a, b
stacks are quoted in Table II. The displayed information on
the intersection numbers for members of orbifold orbits
Loays lacys Leeys lae,, [¢ =0,1,2] fully determines the
nonchiral spectrum. There is no need here in quoting the
intersection angles since these are easily determined from
the displayed information. (Note that 6,, = —6,.) In the
various realizations of the unified model, the number of
mirror matter generations take values in the range Ap =~
[0-5], A7 = [0-3], A, = [0-5], the vector Higgsino modes
H,, H; [i=1,---n] appear with the finite multiplicities
n=2, 6, 7, and the gaugino like modes K., [[=
1o, 18 x =@ b] enter with the uniform value of the
multiplicity A9 = I;:‘dj = 7. Note that none of the solu-
tions in Table II satisfies the property that the brane pairs

TABLE II.

PHYSICAL REVIEW D 76, 025002 (2007)

b', ¢ are parallel along a single complex plane. In the cases
where tachyon modes for H; + H; appear, the squared
mass of these modes sets at the typically large value
a'M?*(H) =~ —0.11, thus justifying our previous claim
that no N = 2 subsectors arise in the present model.

We next examine the standard model realizations with
nonparallel stacks (nf, m!) # (nl, ml). Requiring the ab-
sence of scalar tachyons with quark and lepton quantum
numbers yields some 50 solutions for lattice AAA, 40
solutions for lattice BBB, and no solutions for the lattices
AAB, ABB. The maximally constrained selection of so-
lutions (case I), requiring a nearly massless or tachyon
scalar for the modes #¢ and H + H, retains 4 solutions
for lattice BBB. The less constrained selection of solutions
(case II), requiring a nearly massless or tachyon scalar for
the modes 7¢, retains 5 solutions for lattice AAA and 10
solutions for lattice BBB. We display in Table III the
solutions found for the wrapping numbers of the three
nonparallel stacks realizing the extended standard model

Solutions for the SU(5) unified Z; orbifold model in the lattices AAA and BBB. The column entries give in succession

1

the solution number, the wrapping numbers for the three cycles a, ¢ in the order [(n}u m ,u)’ (ni, mi), (nfu mz)], and the branes
intersection numbers 1,1, I, [ccyly,, in the four relevant open string sectors (@', ap), (a, ¢,), (¢, cg), (@, ¢,), with the last three

columns corresponding to the elements of the orbifold group orbit, g = 0, 1, 2.

>
>
>
>

N ~ N ~

Solution (ntlz’ mtlz) (ngr m{‘) a'aolacolcc(/]ia’co a/aliacllcc'lfa/cl a’azlaczlcc/zia'cz
AAA
I —32-10—-11 —-1—-2-1001 0000 0337 300 — 7
1T —320 — 101 8000 —5330 0000
111 0—10—13—-2 8§—30-3 —5630 0003
v 01013 — 2 8§—30-3 —5630 0003
v 011021 ... 0000 3—-33-2 0602
VI -32-10—-11 -1-20-110 0800 0030 3 —500
VI —320 — 101 8000 —5330 0000
VIII —321 —-110 0000 0337 300 — 7
IX -2—-10-110 0000 3 =530 0800
X —131010 0000 8030 —5300
XI 0—-10—13-2 —-1-20-110 8006 —-5-33-6 0600
XII 01013 — 2 ... 8006 —-5-33-6 0600
XIII —-10—-10—-13 —10102 -3 0000 8§—5-57 —588 —7
XIV —100 — 121 0000 33 -50 0080
XV 0—-10—13—-2 8§—50—-7 —58 — 50 0087
XVI 01013 — 2 8§—50-7 —58 — 50 0087
BBB
I b—1—-11-21-2 —11012 — 1 0633 -5-30-3 8000
11 —12012 -5 003 —7 0000 3307
11T 0—-11—-22-5 0830 0 — 500 3000
v 011 — 111 3330 0007 000 — 7
v —25011 —2 0—-11-12-1 0630 0—-30—-2 3002
VI —-1—-1-1101 303 -2 0602 0 —300
v -1-1-12—-12 0—-33-6 —5000 8606
VIII -1-11-21-2 0—-33-6 —5000 8606
IX —110 — 111 3330 0007 000 — 7
X 0—-11-22-5 003 -7 0000 3307
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Solutions in the broken SU(5) unified symmetry case with three nonparallel stacks, a, b, ¢ for the Z; orbifold model with

lattices AAA and BBB. The three column entries give the three-cycles” wrapping numbers in the order, [(n}, m},), (n3, m%),
(ni, mi)] The cases I and II refer to the fully and partially constrained searches.

(g, mg) (n}, my) (ne, my) (ng, my) (n}, my) (ne, my)
AAA (case II)
-32-10—-11 -2 —-10—-110 —-1—-20-110 011021 -32—-10—-11 —1—-2-1001
—131010 —321 — 110 —-1—-20-110 —-10—10—-13 0—-10—13—-2 —10102 — 3
01013 — 2 0—-10—-13—-2 —10102 -3
BBB (case 1I)
-1—-11-21-2 0—11—-22-5 —11012 — 1 —12012 — 5 0—11—-22-5 —11012 — 1
—12012 =5 011 — 111 —11012 — 1 011 — 111 0—11-22-5 —11012 — 1
—25011 — 2 0—11—-22—-5 0—11-12—-1 —-1—-1-1101 —25011 —2 0—11—-12—-1
-1-1-12-12 0—11—-22-5 0—11—-12—-1 0—11—-22-5 —25011 —2 0—11-12—-1
0—11—-22-5 —1—1-1101 0—-11-12—-1 0—11—-22-5 —110 — 111 0—11—-12—-1
BBB (case )
—-1—1-1101 —25011 —2 0—11—-12—-1 -1-1-12-12 —25011 —2 0—11—-12—-1
-1—-11-21—-2 —25011 —2 0—11—-12—-1 0—11—-22-5 —25011 —2 0—11—-12—-1
in the partially and fully constrained searches of cases II 2 2sin?6y(Q) — 1 0?
and 1 47T|:3 ) ) i| — (B + 6B)log—
: o o m

We now discuss the conditions set on the effective string : 5 A
mass scale, m}, by the low energy data for the SU(3) X _ Blogm—/Az +A, (5.3)
SU(2) X U(1)y gauge coupling constants, g,. The hyper- m';

charge embedding, ¥ = —%Qa + %Qb, implies the rela-
tion, g7 = gy? = %g52 + g5, which can be compared
with experiment by substituting the one-loop running cou-

pling constants

2 2sin20,(Q) — 1 2
4 = Blog— + A,
@ a ) 52

2 2
|:B:§b3+b2_bl’A:§A3+A2_Ali|

subject to the assumption that we deal with a nonsuper-
symmetric unified model with no new physics thresholds
between Q = m;, and m}. We can estimate m/ by sub-
stituting the experimental values a(my) = 127.95,
sin?@y(m,) = 0.23113, a(my) = 0.1172, [m, =
91.187 GeV], while using suitable inputs for the slope
parameters b, of the massless modes below m/. (The
slopes are calculated from the general formula b, = % X
(—c,(Rg) — 2¢,(Rp) + 11c,(Ry)), with ¢, denoting
Dynkin indices for complex scalar, Weyl fermions and
vector modes.) Since all the above listed solutions feature
equal volumes for the a, b, c cycles, we expect to find, as in
the conventional field theory type unification, poorly con-
vergent running coupling constants indicative of a low
unification mass scale. It is known, however, that the
presence of massive charged vector modes can signifi-
cantly improve the compatibility with data. Thus, assum-
ing that a new threshold is present at some mass, m, < m.,
modifies the above quoted formula to

where the slope parameter correction 6B = %6[73 +
6b, — 6b; includes the contributions from the vector
modes that decouple at m,. We now test this relation by
assuming the standard model evolution in the interval, Q €
[my, m4] with slope parameters

4F 22 4F N,
e I
20 N 44 (5-4)
hh="F-"lt=sp=""
e

and including in the interval Q € [m,, m/] the extra mass-
less vector multiplets, (3 + A)(F + f + v°) + A(F + f +
) + I,YK, + 'K, + nH + nH, with slope parame-
ters

8by = 3129 — p, Sby = —2I29 —

. . (5.5
8b, = — ‘%" = 6B = =239 + 1)Y) + %".

Assigning the tentative values I;% =Y =p =
[0,2,4,7] and 'r"n—/,: = 102, we find that the predicted string
compactification scale sets at the values: mj =~[5. X
10'3,3.7 X 104, 2.7 X 10",5.3 X 10'°] GeV. These re-
sults explicitly demonstrate how a mild hierarchy for the
intermediate mass threshold can significantly pull the
string mass scale down.

025002-34



NUCLEON DECAY IN GAUGE UNIFIED MODELS WITH ... PHYSICAL REVIEW D 76, 025002 (2007)

3. Nonsupersymmetric flipped SU(5) X U(1) s, model

We here consider the flipped gauge unified model of the Z; orbifold constructed by Ellis ef al., [78] (model I in Table II
of their paper) constructed with three D6-brane stacks N, =5, N, = 1, N, = 1 with effective wrapping numbers
(Yo Z)) = (3.3, (¥, Z,) = (0, =), (Y., Z.) = (3, —}), which realize the gauge group SU(5) X U(1), X U(1), X
U(1).. The chiral spectrum of localized fermions is displayed in the table below in correspondence with the group
representations and the assigned open string sectors.

Mode F f e H H S
Sector (d, a) _(a, c) + (a,_b) (c',e)+ (b, c) (fll’ b) (d', ) (b, c)
Irrep 3(10)2,00 2(5) 1,01 + 15110 2(1)g0,—2 + 1(1)g—1,—1 1(5)-1,-1,0 1(5)1,0.1 1(1)g1,—1

On the side of the anomalous symmetry group
Q. =50, + Q,, one finds the unbroken gauge symmetry
group SUB) X U)X U(1)gyee, [0 =3 X
(Q, =50, —50,), Ofee = O] with three chiral matter
generations (F+ f+ ¢‘)~ (10+5+ 1) along with
massless Higgsino like modes (H + H +S)~(5+ 5+
1). The light or tachyon scalars with same quantum num-
bers as the Higgsino modes are needed for the Higgs
mechanism breaking of U(1)g, and the electroweak
SU(2), gauge symmetries. The Yukawa coupling SHH
decouple the Higgsino modes once the scalar S mode raises
a VEV. The absence of low-lying scalars carrying the
representations 10, 10 means that one must resort to a
higher dimensional Higgs mechanism to accomplish the
unified gauge symmetry breaking.

We have developed a computer aided scan of the solu-
tions for the three branes wrapping numbers selecting the
realizations with scalar tachyons absent for quark and
lepton modes but present for the H, H, and S modes.
These conditions select only the 7°/Z; lattices ABB,
BBB. The maximally constrained selection (case 1) with
tachyon or nearly massless H, H, S scalar modes gives 6
solutions for ABB and no solutions for BBB. The least
constrained selection (case II), with tachyon or nearly
massless scalar modes for S only, retains 35 solutions for
ABB and 2 solutions for BBB. We display in Table IV a
representative sample of the solutions found for the lattice
ABB in case I and the lattice BBB in case II.

[

4. Enhancement effect in four fermion baryon number
violating processes

We now discuss the two-body nucleon decay amplitudes
in the Z; orbifold model realization of SU(5). The four
fermion amplitudes displayed in Fig. 2 by the graphs Il.a
and ILb refer to the configurations 10 - 107 - 10 - 10t and
10-5%-5-10t, which contribute to the proton decay
channels p — 7% + ¢ and p — 7% + 4. The corre-
sponding amplitudes in the broken unified gauge symmetry
version are displayed by the graphs I1l.a, IIL.b of Fig. 2 with
graph Ill.c referring to the neutrino emission decay
channel.

The numerical calculations are performed by setting the
unified coupling constant at the value, ay = %, assuming
that the wrapped cycles have the same radii #/ = r and
regarding the gauge unification and compactification mass

scales s = = and mr = 37 as free parameters. For sim-

My
plicity, we further set Mgy = M. The winding numbers
and angles of the wrapped three cycles are determined for
each solution. The same numerical value for the three-
cycles volume |L,|=[],(LL/r") = /7 is found in all
the solutions. The low energy constraints allow then to
express the string coupling constant by the numerical
relation g, =~ 0.11(m,r)?/N. The weak coupling condition
on the string coupling constant entails an upper bound on
the wrapped three-cycle radius

TABLE IV. Solutions for the Z; orbifold model realizing the flipped SU(5) unified gauge symmetry model with three stacks, a, b, c.

(nl, ml) (nl, m}) (nl, m?) (nl, ml) (n}, m}) (nl, ml)
ABB (CASE 1)

—211—-21—-1 0—1-120—1 10 — 1201 —211-21-1 01 — 1201 10 — 1201
—111 - 210 ~110101 0—11-21—1 0—1-101—1 0—1—120—1 10 — 1201
0—1-101—1 01 — 1201 10 — 1201 10-131—1 —110101 0—11—-21—1
BBB (CASE II)

—1—1-1101 0—11—110 —11-121-2 0-11-22-5 —~110110 —120101
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3L 1L
g, = aXmAl | _ aX(msr) | | <1 :>er
N N

- ( N )1/3 ~ 2N
ax| L]

where N denotes the orbifold group order. Using these
inputs in Eq. (4.7), yields the following approximate nu-
merical formulas for the ratio of string to field theory
amplitudes in the fixed g, and m, cases

A, 13 @x \“V3(2Mx\? IC))
Ry = =65 (o) () ()

i ()

(5.6)

(5.7)

where we have set the reference value of the regularized x
integral at the approximate value obtained in the large
radius /™ = 10 as follows from Fig. 1, while ignoring
momentarily its dependence on the parameters My =
m,/s and m,r. We note that the ratio has a fast power
growth, proportional to (m,r)? in the fixed g, and to (m,r)>
in the fixed m; case, if one discounts the suppression effect
from the classical action factor in €. In comparison, the
analysis of Klebanov and Witten [19] with the reference
value of the Wilson line parameter set at L(Q) = 8 predicts

. 3 _
the ratio R/ = 1.5(%)2/357}/ L) =1/3(U0)  The fact
that this is a factor 4 smaller than the result in Eq. (5.7)
reflects on the uncertainties in the input parameters. It is

also interesting to compare with the ratio predicted by
making use of the gravitational interactions input R/, =
2.310‘%%)(%)(&%)(%), since this suggests that the
compactifications with small wrapped cycles, hence close
to the upper limit on A'/® = R/r of order unity, would not
support an enhancement effect.

A brief aside on numerical issues is in order. For a good
convergence of the series sums in the classical partition
function, the summation labels should cover the range
|pal, |pgl = 6 throughout the interval of radii m,r €
[1, 4]. The larger is m,r, the slower is the convergence ofJ
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the zero mode summations. The sigma model perturbation
theory sets the lower bound m,r > 1, while the string
perturbation theory sets the upper bound g, =
0.11(m,r)?/N < 1. Nevertheless, we shall consider small
excursions at small and large radii for the sake of illustrat-
ing the rapid growth of string amplitudes in these forbidden
regions. To simplify the implementation of the displaced
brane regularization, we shall also assume that the trans-
verse displacement d/j takes place in a single complex
plane with fixed I, with the leading term in the classical
action factor of Eq. (3.9) reading as (8,)Mxe"id. To
illustrate the slow numerical convergence of the x integral,
we show in Fig. 3 a plot of the integrand in the subtraction
regularization prescription using the definition

20(0:) = [ AL/(CS\(T, +T7)]

sin7r@

== x)]_1<F(x)F(l 9

1/2
) e S, (5.8)

which generalizes the definition in Eq. (4.15) for I1(6) =
[ L dxI(6;x). in the finite radius case. We see that after
removing the end point singularities due to the massless
poles, the integrand still picks up its leading contribution
from narrow intervals close to the end points. This feature
holds true at all the relevant values of mgr. The slow
convergence of the x integral is a critical slowing factor
in the cases involving distinct pairs of intersections angles
0+6.

Turning now to the predictions for the ratio of string to
field theory amplitudes, R/;, we examine first how the
results vary for different realizations of the unified Zj
model. Since the intersection angles in the various solu-
tions follow repetitive patterns, we need to perform inde-
pendent calculations only for a few cases. The ratio R,
calculated with the parameter values mgr =1, s =
my/My =1, €4 = €5 = (0,0,0) is displayed in the fol-
lowing table for the representative sample of four solutions
covering the complete set in Table II.

Solution 02 ' R, (Pole subtraction) R, (Brane displacement)
AAA

1 (0.879, 0.333, 0.667) 3.15 3.16

11 (0.545, 0.667, 0.667) 5.93 2.48

111 (0.667, 0.667, 0.545) 5.66 2.64

1% (0.333, 0.667, 0.879) 5.93 2.67

BBB

1 (0.454, 0.333, 0.333) 7.54 3.06

11 (0.333, 0.667, 0.121) 7.02 3.14

We see that small variations in the angles can have a significant impact on the predictions. The sensitivity is stronger in
the subtraction than in the displacement regularization scheme. The near equality of the results in the two prescriptions for
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solution / must be viewed as a coincidence. Although the
angle and volume parameters are nearly the same for all
solutions, there are important variations in the wrapping
numbers and hence in the fixed complex plane volume
factors L%, from one solution to the other. Indeed, we
find different predictions for solutions with same angles
but different wrapping numbers. From the formal
relation between the x integrals in the subtraction and
displacement regularization prescriptions /"¢ = J*¢/(1 +
I M%my|L|I™®), one infers that /¢ < [**&. In fact, we no-
tice that the predictions for R/, is a factor 2—3 larger in
the subtraction regularization scheme than in the displace-
ment regularization scheme. Since the displaced brane
prescription is more realistic, we conclude that the en-
hancement effect is of typical order of magnitude R /s =
3 (MX / M c)z'

We now discuss the dependence on mr based on pre-
dictions displayed in Figs. 4 and 5 for the ratio of string to
field theory amplitudes in equal brane angle configura-
tions. The plots show a rapid rise of the ratio with increas-
ing m,r. In both the subtraction and displacement
regularizations, starting from O(1) values near m,r = 1,
the ratio R/ rapidly increases to O(10) for m,r ~ 2. Note

(a) Z; (S) £5=(0,0,0) (b) Z, (S) € ;=(1/10,1/10,1/10)

T T 1T 117 I T 1T l,’ TTT TTT I T I T ||I| T
RS I i i L] s=1f S

=4 i ey
2001 | - =200 -
< L L ; | _
< . , .

1l

10,0 10.0 -
L N —

O'O 11 1 I 111 I 111 I 111 0.0 111 I L1l I 111 I 111

0.0 1.0 20 3.0 4.0 0.0 1.0 20 30 4.0

m.r m,r
FIG. 4. The ratio of string to field theory amplitudes R, in
the subtraction regularization prescription for the Z; orbifold
model is plotted as a function of the inverse compactification
mass parameter mr for three values of the inverse unification
mass parameter s = my/My = 1, 2, 4. The results refer to
solution V of lattice AAA in Table II, described by the wrapping
numbers nl =n} =(0,1,2), nl=(-1,-1,0), ml=ml =
(1,0,1), mL. =(—=2,0,1), and the intersection angles Hg,u =
(0.333,0.667, 0.879). The nucleon decay amplitude for the equal
angle configuration # = ¢’ with matter mode representations
10- 10t - 10 - 107 is evaluated in the broken unified gauge
symmetry model. The left-hand panel (a) shows the case with
coincident intersection points, €4 = €5 = (0, 0, 0) and the right-
hand panel (b) the case with distant intersection points €4, =
(0,0,0), e = (1/10,1/10,1/10).
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(@) Z, (D) £ ,=(0,0.0) (b) Z, (D) £ ,=(1/10,1/10,1/10)
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FIG. 5. The ratio of string to field theory amplitudes R,/ in
the displaced regularization prescription for the Z; orbifold
model is plotted as a function of the inverse compactification
mass parameter m,r = m,/M, for three values of the gauge
unification mass s = m,/My = 1, 2, 4. The results for the string
amplitude refer to solution V of the lattice AAA with the
wrapping numbers nl, = n} = (0, 1,2), nl. = (=1, —1,0), m}, =
mj = (1,0,1), mL = (=2,0, 1), and intersection angles ¢, =
(0.333,0.667, 0.879). The nucleon decay string amplitude in the
equal angle configuration § = 0’ in the matter mode representa-
tions 10 - 10t - 10 - 10 is evaluated in the unified gauge sym-
metry broken phase with the displaced brane separation adjusted
to the infrared cutoff mass My = m,/s by means of the formula
M% =Y ;sin?(76")|d"|*. The left-hand panel (a) shows the case
with coincident intersection points €4 = €z = (0,0, 0) and the
right-hand panel (b) the case with distant intersection points
€4 =(0,0,0), 5 = (1/10,1/10, 1/10).

that further increasing m,r would clash with the perturba-
tive constraint on g,;. The amplitudes ratio rapidly in-
creases with increasing My at fixed r. It is larger for
My > M., corresponding to the region in the plots r > s,
lying on the right-hand side of the vertical line » = s. The
comparison between Figs. 4 and 5 shows that the ratio is
smaller over the full interval of m,r by a factor of order 2—
4 in the brane displacement regularization relative to the
pole subtraction regularization.

The ratio of string to field theory amplitudes is strongly
reduced for intersection points separated by a finite longi-
tudinal distance ez # 0 or €4 # 0. In the coupling
IOaa/EZ,agacgza, the distance e between the 5 and 10
modes is generically nonvanishing, while €, = 0. This is
expected from the exponential dependence of the classical
factor. The results illustrate the level of suppression that
may be expected for the flavor nondiagonal nucleon decay
processes involving second generation leptons and/or
quarks. We see on the predicted ratios displayed in
Figs. 4(b) and 5(b), that a significant suppression occurs
even for the moderate value €5 = (5, 15, 15). Comparing
the results in the left and right-hand panels of Fig. 4 and of
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Fig. 5, we note that the two regularization schemes give a
similar dependence on the parameters, with a stronger
reduction for increasing m,r taking place in the displaced
brane regularization. Following an initial rise, the ratio
undergoes a drastic reduction for radii, m,r > 2. The fact
that near m r = 1, the ratio starts out larger for ez # 0 than
for e = 0, comes about because of cancellation effects in
the series sum over zero modes due to the nontrivial
complex phases introduced by using the Poisson resum-
mation formula. The latter factor is a counterpart of the
overlap integral between the localized modes wave func-
tions encountered in the context of the field theory orbifold
models. Since the flavor changing nucleon decay processes
are drastically reduced except in narrow intervals close to
myr =1 or for My/m; > 1/3, one may expect a strong
sensitivity to the quark and lepton flavors in these models.

The ratio of amplitudes in the unequal angle case is
plotted as a function of m,r in Fig. 6. We see that although
somewhat weaker, the enhancement effect is still of same
order as in the equal angle case. The comparison between
the left and right-hand panels (a) and (b) again shows that a

(@ Z, (S) £,=00,0) (b) Z,(D)s=1
J T I T IS=I1 | [ LI I T 1T |7 :l T EI\I;:(]O{:)YO]) T LT 1 TTT |7
Lo s i - &y =(1/10,1/10,1/10) } i
200 .t .+ 200F -
L III i o : i
1
= I ! n B n
< /
% i / ) i )
R / - - : .
= : 1 S e
x’10.0 - ) — 10.0 Pl —
//
L , - I .
00 1 I 1111 I 1111 I 111 O-O 1 I 111 I 1111 I 111
1.0 20 3.0 4.0 1.0 20 30 4.0
m_r m_r
s s

FIG. 6. Plots of the ratios of string to field theory amplitudes
R,y in the displaced regularization prescription for the Z;
orbifold model as a function of the inverse compactification
mass parameter m,r = m,/M, for solution V of the AAA lattice
with wrapping numbers n, =n, =(0,1,2), m, =m;, =
(,o,1), n. =(—=1,—-1,0), m. = (—2,0,1) and distinct inter-
section angles for the 10, 5 modes Hi,a = (0.333,0.667,0.879),
6! = (0.227,0.333,0.560). The nucleon decay string ampli-
tudes for the matter representations 10 - 107 - 5- 5% refer to
the unequal angle case 6 # #'. The left-hand panel (a) shows
results using the subtraction regularization prescription with the
values of the unification mass scale s = m,/My =1,2,4 at
coincident points €4 = €z = (0, 0, 0). The right-hand panel (b)
shows results using the displacement regularization prescription
at s = my/My = 1 with the intersection point distance parame-
ters set at €4 = €5 = (0,0,0) and €, = (0,0,0),
(1/10,1/10, 1/10), respectively.

€p =
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drastic reduction takes place in the nondiagonal configu-
ration even with moderately distant intersection points. We
note that for distant modes at large values of the s parame-
ter, the ratio takes values below unity. That the string
theory mechanism studied here might introduce a reduc-
tion rather than an enhancement joins with the conclusion
reached by Acharya and Valandro [113] upon evaluating
the contribution from the tower of Kaluza-Klein modes in a
field theory version of the M-theory amplitude compacti-
fied on the solvable 7D lens space manifolds Q = S°/Z e

B. Supersymmetric SU(5) model of Z, X Z, orbifold
1. Unified model and threshold corrections

We consider here the supersymmetric gauge unified
models with intersecting D6-branes constructed by
Cvetic et al., [68] for the Z, X Z, orbifold. To avoid
repetition, we briefly recall that the point symmetry group
consists of the two generators 6, w, and allows the Hodge
numbers are A1) = 3, A2 = 3 + 48 = 51. The minimal
SU(5) model is obtained with three D6-brane stacks,
N, =10, N,, =6, N, =16, with wrapping numbers
[(nf, m{)] = [(1, (1, =D, L, [(ng, mg)] = [0, 1) X
(1,0)(0, —1)], satisfying the RR tadpole cancellation con-
ditions. Each brane stack is made to preserve some N = 1
supersymmetry by tuning the ratio of radii y;, so as to
satisfy the condition on the brane-orientifold intersection
angles 3',0!, = L3 arctan ZZG = Omod2, [x; = ;—%] With
the D6-branes assumed to pass by the orbifold fixed points,
one must impose on the CP factors the projection condi-
tions involving the gauge twist embedding matrices g ,,
Yo, alongside with the orientifold projection condition
involving yog,,. We shall not further elaborate on the
dependence with respect to the gauge factors since this
should cancel out in the simple-minded definition we have
adopted for the ratio of string to field theory amplitudes.
The issue of the string amplitude normalization has been
examined in Refs. [73,114].

After the orbifold and orientifold projections, the result-
ing gauge group is given by SU(5), X SU(3),, X
USp(16), X U(1),, X U(1),,, where the symplectic gauge
group factor arises from the D6, -brane being parallel to the
06 plane fixed under QR Ow. The massless modes from
the diagonal sectors include the adjoint representations
3(24, 1, 1) + 3(1, 8 1)go + 3(1,1,136)99, and three
massless adjoint representation N = 1 chiral supermul-
tiplets, ®,, ®,, ®3, which descend from the initial N = 4
gauge multiplet. The nondiagonal sector includes four
chiral generations of matter chiral supermultiplets F;,
(fai+fo  li=L-4a=123a=1---16]
where the indices « and a label the fundamental represen-
tations of U(3) and USp(16), along with Higgs boson
chiral supermultiplets C'%, C, as listed in the table below.
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Mode F fa fa c Cce
Sector (ay, a}) (ay, db) ) (ay, b) (ay, ab) (ay, b)
Irrep 4(10, 1, 1)5 4(5,3, 1), 15 1,16)_1¢ 4(1,3, 1) 1(1,3,16)g

The intersection angles for the 10 and 5 modes are
parameterized by F ~ 10: ﬁzla,l = 02,1 -0 = (-2a',
2a12, —233), f~5: ﬁfllb =0, -0, =G —a' o’
—3— a?), in terms of the angle parameters a’ obeying
the supersymmetry condition a' — a? + a® = Omod2,
[ma!=1D = arctan(y;—(12), ma® = arctand?]. We only
consider here the solution defined by setting «, «,, at
fixed values.

The unified SU(5) symmetry breaking to the standard
model and the breaking of U(3) and USp(16) are accom-
plished through the finite VEVs of the adjoint representa-
tion scalar modes. The 5, 5 mirror fermion generations
decouple through the mass terms induced by the trilinear
superpotential W = A, f,;f.C%, provided one assumes that
the tachyon scalars, present among the C¢, give the 12 X
16 mass matrix A;{C%), rank 12. The electroweak Higgs
doublets arise from the massless linear combinations of
fais fa- Since the trilinear superpotential F;f;H only is
allowed by the gauge symmetries, while F;F;H is forbid-
den, one finds again that the Higgs mechanism generates a
mass matrix only for down-quarks and leptons.

We now discuss an indicative prediction for the unified
mass scale My, based on a rough calculation of the massive
string threshold corrections to the gauge coupling con-
stants. These have the additive structure A, = AN=2 +
AN=1_"in correspondence with the contributions from the
string state subsectors of N° = 2, 1 supersymmetry. From
the discussion in Ref. [115] for type II supersymmetric
intersecting brane models, we borrow the following sche-
matic formulas for these two components of the threshold
corrections

A2 = S b1 [log[ T4l (T[] + log(dme 7 V)],
b,1

AN=I = Zb » log L= 0, VI = il
¢ & " 1+6 ) ¢ T

where b!, denote the slope parameters due to the (a, b)
modes with branes parallel in a single 77, yz = 0.577...
denotes the Euler constant and the correct use of the
formula for A2V=" requires that the interbrane angles lie
inside the range |6/| <1. A natural definition for the
effective string unification scale m/, can be considered by
absorbing inside the logarithmic term InQ?/m?, the con-
tributions from A¥=2 which are finite in the large radius
limit, thus yielding m, = m,[],(4me YEVL)™ 2w/,
One may similarly transfer the explicit 74 moduli depen-
dent contributions to A, to the massless mode logarithmic

(5.9)

{
term by introducing the effective mass scale M} =

mS]_[,(47Te*VEL{,2)_befrb/ (2b0) which then naturally iden-
tifies with the compactification scale 7 =~ M,. We now
consider the parameterization of the string threshold cor-
rections A, = —b,A + k,Y, assuming that the moduli
independent universal constant terms in A, are absorbed
into the string unified coupling constant m/. The redefined
mass and coupling constant unification parameters can
then be expressed as
My _ 4 _ ~au2)
7 ) 2
my 8x

i—» Lz + Lz (5.10)
gx (4m)

To obtain a rough estimate of the effect of N = 1
sectors on the ratio My /M, for the unified brane stack a,
we consider the contribution to AN =" from a single brane
stack b for the choice of interbrane angles 6!, = L X
(—%.3, —9.[p=1,---,10]. With increasing p = 1, the
numerical results for AN=1/b_, start from the low values
+5. X 10™* and increase rapidly up to the value +1.8 at
p = 10. It is important that both positive and negative
signs of A,/b,,, leading to My/M, ratios smaller and
larger than unity, can occur. The favored values lie in the
range My/M, ~ % — 2, although one may not exclude a
pile up effect from several branes which would widen this
interval.

It is interesting to compare these results with those found
in the M-theory compactification on a G, holonomy mani-
fold X7 ~ Q X K3, using the lens manifold Q = $°/Z,
with SU(5) gauge group broken by Wilson lines around Q.
The predicted threshold corrections [17], A, =
25T Trg (Q%) = 10k, T, +%b,(To—T,) involve
the analytic torsion index Tw[ in the representations ;
of the subgroup U(1)y commuting with SU(5). Defining
Vo = (2@r)?* = 2m/M,)? and using the numerical esti-
mate L(Q) = eTo~To = 4gsin®(5mw/q) = 10 yields the

My _ L‘“(Q) _ elo=10)/3 ~0.3.

prediction for the mass ratio W= o

2. Nucleon decay amplitudes

The numerical results for the ratio of string to field
theory amplitudes in the subtraction regularization proce-
dure are displayed in Fig. 7. The panels 7(a) and 7(b) refer
to the equal and unequal intersection brane angle cases,
associated to the nucleon decay amplitudes in the configu-
rations 10 - 10t - 10 - 10t and 10 - 5 - 101 - 57, The depen-
dence on the compactification radius is shown for a
discrete set of values of My at a fixed value of the free
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FIG. 7. Plots as a function of the radius, m,r, of the ratio of
string to field theory amplitudes R,,, for the Z, X Z, orbifold
supersymmetric SU(5) gauge unified model using the subtrac-
tion regularization prescription. We show results in panel (a) for
the case involving equal brane intersection angles 8’ = ¢’/ and
in panel (b) for that involving unequal angles 6/ # 6", The
solution is described by wrapping numbers n, = (1, 1, 1), n;, =
(0,1,0), m, = (1, =1,%), my = (1,0, — 1), and angle parameters
ma! = arctan(m,U4/nl) set at the values a, =1, a; =1,
a3 = (ay — a;) = &%, yielding the intersection angles 6/ =
6!, =(3/52/3,11/15) and 0" = Gfllb = (3/10,1/3,11/30)
1 -

for the modes, 10 and 5, after transformation to the interval [0,
1].

complex structure moduli y;, determined by the choice of
a1, a,. The results are very similar to those found previ-
ously for the Z5 orbifold. We thus conclude, in conformity
with our previous conclusion from the study of x integrals,
that no essential difference arise for the ratio in the super-
symmetric models. However, to be more conclusive in the
case of the dimension D = 5 amplitudes, one should
improve the quantitative understanding of the correlators
involving excited coordinate twist fields.

We have used so far the information bearing only on the
unified model by assuming a schematic representation of
the gauge symmetry breaking. A fully consistent calcula-
tion of the four-point baryon number violating processes
requires specifying the brane setup at low energies.
Explicit realizations of the deformed vacua with displaced
brane stacks have been discussed in Ref. [68]. The brane
displacement regularization is explicitly realized by split-
ting some D6-brane stack into separated quark and lepton
substacks. One can then adequately suppress the baryon
number violating couplings of D = 6, 5 by increasing the
distance between the substacks. We consider here the three
family extended standard model defined in Tables IV and V
of Ref. [68] with the setup of six brane stacks 8D6, ,
8D6,,, 4D6y, , 2D6,;,, 2D6,,, 4D6,,, yielding the gauge
group, USp(8),, X USp(2),, X U(2),, X USp(2),, X
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U(4),, X USp(4).,. The brane stack splitting 8D6, =
6D6,, + 2D6,, resulting in U(4)., — UB)., X U(1),,
is used to suppress the baryon number violating processes.
With the first gauge factor broken as USp(8),, — U(1)g X
U(1)g the hypercharge is embedded in the linear combi-
nation Y = Q;“’ - Q;” + % The open string sector
assignment for the quarks and leptons g ~ (by, ¢y,) +
(b1, chy), u¢~(ay ciy), d~(cigpar), 1~(chy,by)+
(c1p by), €° ~ (cy;, ay) allows to identify the configurations
of open string modes which contribute to the relevant D =
6 and 5 dangerous operators

*0, ~ uetuctd ~ (b, c’lq)(c’u, ah)(a}, c’lq)(c’lq, b),

O ~ ueutdet ~ (c14 DYDY, c1)(crgr ar)(ay, cqy),
*qqql ~ udii & ~(by, ¢} ,)(by, c14)(by, ¢},)(cy, by),

(5.11)

(u¢eciid®) ~ (ay, c1)(c1p ar)(ay, ¢1,)(cig ar).

The above brane embeddings of the disk boundary show
that while the nonsupersymmetric operators O,c and O,

and the supersymmetric operator (u¢e¢iicd¢) are allowed,
the supersymmetric operator ggq! is disallowed. Since the
one-loop dressing of the operator u¢e¢ii‘d® involves the
exchange of electroweak Higgsinos, one concludes that the
nucleon decay from D = 5 operators should be adequately

suppressed in the present model.

VI. DISCUSSION AND CONCLUSIONS

We have studied in this work the nucleon decay pro-
cesses in semirealistic string models of gauge unification.
Our aim was to assess the stringy enhancement effect
caused in the M theory and type II string theory models
by the localization of matter modes in the internal space
manifold. The effect has maximal strength in the large
radius limit. In accounting for the effect, the reduced power
dependence of the string amplitude on the unified gauge
coupling constant A o a?/ 3 appears as a secondary mani-
festation in comparison to the strong peaking of the x
integral at the end point regions. The leading contributions
from these end point regions arise from the towers of
momentum modes propagating along the internal space
directions wrapped by the branes.

The localization of open string modes at brane intersec-
tion points is formally analogous with that of closed string
twisted modes at the orbifold fixed points. On practical
grounds, an important difference is that while the distance
between intersection points may be very small relative to
the compactification distance scales, the fixed points of
orbifold groups are generically a finite distance apart.
Thus, the inevitable suppression from the classical parti-
tion function factor in closed string amplitudes may be
minimized in brane models provided that the distances
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between intersection point are small compared to the
wrapped three-cycle radius.

The consistent discussion of string unified models re-
quires introducing an infrared matching mass scale in
addition to the string parameters g,, m,, and r. This is
identified here with the unified gauge symmetry breaking
mass scale My, which may stand for the open string moduli
representing either the Wilson flux line or the unified brane
splitting. Since we lack a fundamental understanding of
how the compactification and D-brane processes stabilize
the closed and open string moduli, we must regard M, and
My as free parameters bounded by m, and differing by at
most a few orders of magnitude from each other and from
my. The relative ordering of the parameters My and M, has
a crucial impact on the enhancement effect. While a defi-
nite relation between them is implied by the heavy thresh-
old corrections to the gauge coupling constants, we lack a
quantitative understanding of these effects to make a
learned choice on the relative order of My and M..
Although our study of the size of My/M, implied by the
threshold corrections is not fully conclusive, this seems to
indicate that the ordering of these scales can go both ways.

Our numerical predictions confirm that some enhance-
ment of the string amplitude may be present at finite radius.
The consistency requirements select the intervals
My/m; € [1/4 — 1] and m,r € [1 — 4]. We find a signifi-
cant growth of the ratio with mgr, which is maximal for
coincident intersection points. For distant intersection
points the suppression effect from the classical action
factor limits the ratio to values of O(1). If My < M., the
smallest contribution found with lowest My leads to ratios
of order 2 at coincident intersection points and order 1 for
distant intersection points. If My > M, the ratio attains
0(10). The same conclusion applies to the configurations
of brane pairs with same and distinct intersection angles.
Thus, the effect is not restricted to the brane setup with
same intersection angles, as concluded from the study of
Ref. [19], based on a brane setup which did not include the
unequal angle configuration.

The application to the supersymmetric model using the
Z, X Z, orbifold indicates that a similar enhancement
effect may be present in the nucleon decay processes
from D = 5 operators. No essential difference appears in
supersymmetric models, as also indicated by the similar
size of the x integrals for the supersymmetric and non-
supersymmetric configurations of intersecting angles. Our
study has an indirect bearing on the nucleon decay pro-
cesses described by the dimension D = 7, 9, 10 operators,
although we have not carried out explicit calculation of the
string ampliudes in these cases. We found that restrictive
selection rules are set at the tree level by the D-brane
embedding. No finite contributions to these operators are
found in the D-brane models discussed in the present work.

In conclusion, our calculations confirm the presence of a
small enhancement effect which is maximal for diagonal
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configurations with same intersection points, but not
necessarily carrying the same group representations. No
essential changes are observed upon passing to supersym-
metric amplitudes associated with the dimension 5 opera-
tors. The string amplitudes feature a rapid growth in the
regimes of large and small compactification radii relative
to the string length parameter in which the string and world
sheet perturbation theories are invalidated. The suppres-
sion effect in the case of distant intersection points is found
to be substantial. The enhancement effect is also poten-
tially present for the six fermion or higher order processes
contributing to the AB = —2 amplitudes at tree level.
However, the examination of proposed intersecting brane
models [58] realizing Pati-Salam or related gauge unified
models indicates that this source of baryon number violat-
ing is generically suppressed because of the absence of the
higher dimensional matter modes needed to contribute to
VEV induced AB = —2 operators.
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APPENDIX A: VACUUM CORRELATOR OF
COORDINATE TWIST FIELDS

We review in the present appendix the calculation of
four-point correlators for the open string coordinate fields
obeying the twisted boundary conditions appropriate to
intersecting branes wrapped around three cycles. The re-
striction to factorizable 7° tori allows us to specialize the
discussion to a single T7 torus, parameterized by the pair of
complexified coordinate fields X/(z), X/(z) with the rele-
vant part of the stress energy generator given by T7(z) =
—29,X(2)0.X'(z). For notational convenience, we re-
strict in the sequel to a single complex plane and omit
the space component indices / by identifying the string
coordinates as X = X!, X = X!. We are interested in the
correlators involving two distinct pairs of conjugate twist
fields with opposite sign angles Z/(z;) =
(o_gi(21)Tp1(z2) 0 _gi(z3)Tgi(24)). The calculations will
be pursued along same lines as in the conformal field
theory approach developed for the twisted sectors of het-
erotic string orbifold models by Dixon et al., [25] and
Bershadsky and Radul [24]. Our presentation closely fol-
lows the work of Biirwick er al. [29].

(Tigl

1. Quantum partition function

The energy source approach [25] exploits the observa-
tion that the world sheet stress energy tensor acquires
a nonvanishing VEV in the twisted sector vacuum
created by the primary twist fields. One is thus motivated
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to consider the five point correlator Z;(z; z;) = <T<((Zl_):’(§](i‘r);?§2()z(2r)0*(“;3()z3) U("Z'S;‘ ) obtained by inserting 7'(z), along with the two
—9\Z 4 —9/\23)0 g (Z

six-point correlators involving the insertion of bilocal quadratic products of the coordinate fields

(—20.X(2)9,X(W)o_g(21)09(22) 09 (23) T (24))
(0-9(21)09(22) 0 g(23) T (24))

(= % aEX(Z)an(W)U—H(ZI)UH(ZZ)O-—(}’(Z3)0-0’(Z4)>
(0 9(21)T9(22)0_g(23)09(24))

gz wiz) =gz w) = ,

(A1)
h(zZ wiz;) = h(z, w) =

The correlators g(z, w), h(Z, w) are meromorphic functions of z, Z, and w, whose singularities are fully determined by the
operator product expansion of the primary twist fields, as given in Egs. (2.18). The fact that the short distance expansion in
the limit z — w of g(z, w) exhibits a double pole term, allows one to relate this function to the correlator Z;(z; z;) as

5+ T+ -=glzw) =

1
(z —w)? s+ Zr(zz) + -0, (A2)

- % 0X(2)oX(w) = (Z_lw)

where the dots represent the higher order terms in the expansion in powers of (z — w). Since no singularities are present in
the limit Z — w, one concludes that the bilocal correlator /(Z, w) has no pole terms and so must tend to a constant in this

limit. Writing the short distance expansion of Zy(z; z;) in the limit z — z;, for fixed index I, with the help of the familiar
operator product expansion

h(og)oy(z)  9,04(z)

T(2)oy(z;) = (z - 7,)? (z—zp’

1
|:h(0'0) — o0 - 0)} (A3)
yields the differential equation relating the correlators Z(z;) and Z;(z; z;)

@ . (A4)

9
— InZ(z;) = (z — 2)Zr(z:2;) —
aZ] Z Ve

The holomorphy properties of the functions g(z, w) and /(Z, w), as the variables z, Z, and w approach the insertion points z;,
allows one to write the following general representations for these functions

gz, w) = we,e'(Z)Ma,le/(W)[% + A(Zi)}

h(Zw) = @—p1-¢(@Dw1—p1-g(W)B(z,),
[a’e,a’(z) =(z—2) % 2" z—23) (22"},

A5
wl—f},l—f)'(w) = (W - Zl)g_l(w — 22)_9(W _ Z3)0’—1(W _ Z4)_9/, ( )

@1g1-90(2) = Z—2) ' Z—2) G —2)" "z —z9)77,

2
P(Z, W) = Z al‘jWiZj = + agZ + ajow + ClzoWz + (allw + CYZIWZ)Z + (a02 + a oW + a22W2)22j|,
i,j=0

where the coefficients A(z;), B(z;) (to be determined in the sequel via the global monodromy conditions) and the
coefficients a ; of the second order polynomial P(z, w) are functions of the insertion points z;. The polynomial P(z, w)
is determined by the requirement that one reproduces the pole structure g(z, w) — (z — w)~2, in the limit z — w.
Expanding the various factors of g(z, w) in powers of (w — z) leads to the two sets of relations:
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eP(z,z)

apt ag =

ay T oagp tay =324 T 470 T 2122 T 222,

—(222324 + 232421 + 242122 T 212223)s
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= [wfw/(Z)w1—9,1—a/(2)]71 = l_[(Z - Zi) = Qo = 21223324
i

ay tap=—(21 +z+ 2+ )
ay =1, (A6)
P @ip9@) _ [0 -1 . 60-1 6 ¢ }
P(z,z) wi_g1-9(2) 2—21 Z—23 Z—Z Z—2Z
= ajg = 0z324(22 — 21) + 0'2122(24 — 23) — 2224(z3 + 21),
200 + app, = —[0(z) — 22) + 0'(z3 — 24) + 2(z0 + 24) + 21 + 23],
ap + 2an0 = —[(0 — D(z324 + 2024 + 2023) + (0 — D(za24 + 2124 T 2122) — 0(z324 + 2124 + 2123)
—0'(2053 + 27123 + 2122)],
allowing to express the solution for the 7'(z)-inserted correlator as
Zr(2:2) = g9 (20| _o,_o(DP'(z,2) + 3049 (@Q@|_, |0 (2)P(z,2) + wgg (20191 -¢(2)(A(z;) + 3P"(2, 2))
= —wpo (20| o, (P2, 2) + 3050 (D0] o, (P2 2) + (Alz) + @y + ayz+ )Pz 2),  (AT)

with the primes standing for the derivative d,,, namely,
P'(z,w) = 9,,P(z, w), P"(z, w) = 0%P(z, w). The equa-
tions for the coefficients «,, a5, are independently
solved, with the solutions given by a;, = (0 — 1)z; —
0+ Dz + (0" — D)zz — (6" + 1)z4, ay = —[0z; +
0'z3+ (1 —60)z, + (1 — 0")z,]. The condition on the
double pole term gives eight linear equations for the nine
coefficients a;j. However, since the coefficient a,, can
always be absorbed inside the function A(z;), this coeffi-
cient remains arbitrary as long as A(z;) is unspecified. We
make the convenient choice [29], azg = 1[(8 + 6')(z123 —
2224) + (0 — 0')(zy24 — 7223) + 2224, which then fully
determines P(z, w). Evaluating the function g(z, w) by
taking first the limit, w — oo, and next the limit, z — z,,
leads to the differential equation for the correlator of
interest

d 0—0 61 —6
% Inz(z) = sy, 00-0)
025 2 232 212
1 1 Alz;
+6(1 — 0’)(— + —> + &, (A8)
232 224 221223224

where we use the notation, z;; = z; — z;, and have set z; =
Z,. Similar equations apply by letting z approach the other
insertion points. Thanks to the invariance under the
SL(2, R) subgroup of the conformal group, one can arbi-
trarily fix three insertion points. With the choice of inser-
tion points along the real axis boundary z; = x; =0,
73 =x3 =1, z4 = x4, = X — o0, leaving the single real
variable z, = x, = x € [—o00, 00], one can reconstruct the
full dependence by noting that the Mobius group invariant
functions of four variables in C can only depend on the

{
harmonic ratio variable x = Z;—? (Note that (1 —x) =
% .) The so far unspecified coefficients of the polynomial

(z, w) are now given by the simpler formulas a,, =
X[L(6 — 0) + x(1 — 0], a=X(-0+6+1+
x8), ap =4[—x + (0 — 0')(1 — x)]. It is convenient to
absorb the known dependence on the variable X by con-
sidering the reduced correlator and coefficients identified
by hats Z(z;) = Z(x)(x — X)?17%), A(z;) = (x — X)A(x),
B(z;) = (x — X)B(x). The differential equation for the re-
duced correlator reads then as

d A __0—0' 0(1—0')_0(1—0)
x InZ(x) = 2l—x) (1 —x) X
A(x)
- x4(1 = (A9)

To proceed further at this point, one must separate out the
zero mode part of the coordinate field, associated with the
classical zero modes, from its quantum or oscillator part.
The additive splitting, X(z) = X,(z) + X,,(z), produces
the multiplicative splitting of the correlator into classical
and quantum factors Z(x) = 2y (0 Zy(x), [Zoy(x) =
S e 5], where the classical factor represents the con-
tribution from the world sheet instantons and anti-
instantons, defined as the Euclidean space coordinate field
solutions of the world sheet equations of motion
8.X.(z) =0, 9:X.(2) = 0. The general solutions with
the appropriate singularities at the insertion points, z;,
are described in terms of the meromorphic functions in-
troduced earlier as 9.X.(z) = bwgg(z), 9:X.,(2) =
c@i_g1-¢(Z), where the complex constants b, ¢ represent
free continuous parameters.
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We postpone the discussion of the classical partition
function until the next subsection, and continue with the
study of the quantum factor. The coefficients A(z;), B(z;)
are determined by imposing the global boundary condi-
tions requiring that the quantum components of coordinate
fields, unlike the classical ones, are single valued functions
on the cut complex plane C. For definiteness, we consider
the four-point amplitude with the configuration of open
string  sectors  (V_g,(p,4)(x1) V4,8 (2) V-9 (5,c)(x3) X
Vo (c.p)(x4)), setting the boundary along the real axis of
C., with z; = x;. The embedding in 77 is described by the
four polygon displayed in Fig. 8, with vertices and edges
given by the images of insertion points, xy, * - -, x4, and arc
segments S, = (x, x2), (x5, x3), (x3, x4), (x4, x;) along the
disk boundary. On the four segments covering the periodic
real axis [A, B, C, D] = [(xy, x), (x2, x3), (x3, x4), (x4, x1)]
the complex coordinate fields obey the relations

e 1P50X1(2) — €%55X1(2) = 0,

e 55X1(Z) — € 0X!(z) = 0, [S=A, B, C D]

(A10)

with the interbrane angles assigned in the various intervals
as ¢p =0, ¢y = =70, ¢p=0, ¢pc=¢' = 70"
Since the vector space of contours is of dimension 2, it
suffices to consider the integrated form of the boundary
conditions for two independent contours. We choose the
contours C;, C, along the branes A and B, with angles
¢, = 76 and ¢ = 0. To establish contact with the for-
malism used for closed strings, it is convenient to consider
instead the associated closed contours (or cycles) sur-
rounding the intervals for the open contours C; € C,.
The cycles C; € C are defined by adding to the contours
C; their reflected image C!} with respect to the real axis
boundary C; = C; — Cl, [i = 1,4]. This definition of the
fields dispenses one from the need to define the analytic
continuation of fields on the Riemann sheets of the cut
plane C. We now consider the contour integrals on C; for
the sum of the two boundary conditions in Egs. (A10), and
reshuffle the two pairs of terms so as to express these as
cycle integrals on the basis of independent cycles C; by

PHYSICAL REVIEW D 76, 025002 (2007)

using the transformation under the reflection 90X —
e??s9X and 9X — €*%s9X. The resulting integrated
boundary conditions on the coordinate fields

0— f [(0X — %53 %) + (3X — 29s9)]
Ci

=f (9X + 0X) = f (9X + 0X), (ALD)
C;—C! Ci

are then used to express the trivial monodromy conditions
on the quantum component of the six-point correlators 0 =
f c, dzg(z, w) + | c, dzh(z, w). This is our first encounter
with the mixed type correlator h(Z, w). The two integrals
along the contours C;, C, give the relations needed to

determine the two unknown coefficients A(z;), B(z;). We
note that [ ~ [§, [o ~ [} Substituting Eqgs. (A5) for

g(z, w), h(z, w) into the integrals over the cycles C;, C,
gives the pair of equations for i = (1, 2)

A [ dewny(@) + B [ dzorg-0@

(6 —6"
2

. f dzwgy(z) — (1 — 0')
¢ (A12)

X /C,» dz(z — xX)wg ¢/(2)
= x(1 —x)o, L dzwg ¢(2),

where the last step is deduced by integration by parts. The
resulting two linear equations for the coefficients A(x),
é(x), obtained with C, C,, can be expressed by the matrix
equation

( Je, dzwg () [o dZdi—g1-¢(2) )(A(X)>

Je,dzwpp(2)  [o, dZ01-g1-4(2) B(x)

= x(1 - x)ax< Je, dz0.) )

fc2 dZwe,o/(Z) (AL3)

These equations are readily solved for A(x), B(x), with the
explicit formula for A(x) reading as

FIG. 8. Embedding of the world sheet disk complex plane z (left), in the two-torus complex plane, X’ € T? (right). The four-polygon
edges, A, B, C, D are identified with the D-branes and vertices X, - - -, X, with their intersection points X;.
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Fy _ 0y fe, @a.0)([o, @1-01-¢) = (0 [, @g)( [, @1-9,1-0) _1
A e 0n0) = o oo g wag) 200 D0

g ([ [ ) ([ o)

where to simplify the notations we have omitted writing the integration measure factors dz or dZ in the cycle integrals. For
the purpose of simplifying the final results, we have set the so far undetermined constant normalization of I(x) to a
conveniently chosen value depending on the parameter p. Explicit analytic formulas for the cycle integrals will be
presented shortly. The total derivative structure of the function A(x)/[x(1 — x)] in Eq. (A14) transforms the differential
equation for Z,,(x) in Eq. (A9) to the simple form 9, ln(un(x)Il/Z(x)) =—-01—-0)/x+[6(1—0")+6(1—-6)]/[2(1 -
x)], which is readily solved to give the final form of the quantum partition function
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(Al4)

Z{]M(x) — CUX—HI(I—{)’)U _ x)—(1/2)0”(1—0’)—(1/2)0’(1—9/’)1—(1/2)(x)’ (A15)
where we have reinstated the complex plane label, /. The constant C, can be determined by making use of the pole
factorization of the correlator. Note that we have corrected a confusing misprint in Egs. (3.21) and (3.37) of the work by
Biirwick et al. [29]. These would have given a wrong dependence of the exponent of (1 — x), lacking the symmetry under
0 — 6', which our above result exhibits explicitly. The integrals over the two independent cycles have the following

analytic forms

/ dzwg g(z) = 2mie?™ (@ 2=0G, (x),
Ci

f dzwg,g(z) = 2isin(mpd)(1 — x)? =0 i P=20+91B, f (1 — x),
Cy

C

f dZ@,_g,—¢(Z) = —2isin(mph)(1 — x)? i P=20+01p, (1 — x),= I(x) =
G

_ rera—o)

By =B(¢',1-10)

(A16)

sin(7wph) , - -
T(BzGle + B,G,H)),

_T(a—-ore)
S Ta-6+¢6)

Gi(x)=F(0,1—-0";1;x),G,(x)=F(1—6,0";1;x),H(x) = F(0,1—0";1+ 60 — 0';x),

Hy(x)=F(1—-6,0';1—60+6;x),Fla,b;c;x)=

where B(a, b) and I'(z) designate the Euler beta and
gamma functions and F(a, b; c; z) the Riemann hypergeo-
metric function. Although we have kept track in the above
formulas of the complex conjugate functions, signalled by
the bar symbol, this distinction is not relevant here to the
extent that the restriction of the various functions to the real
axis are real.

2. Classical partition function

We now return to the calculation of the classical action
factor Z.; = 3 ;e 5, where the summation extends over
the nontrivial monodromies around the cycles C; of the
coordinate field classical solutions X(z, 7). For orienta-
tion, we recall that in the simpler case of S! circle com-
pactification, the classical summation extends over the 1D
lattice of solutions with winding numbers +2A.X =
V2 [edX =2mv, [v€E€ Z]. In the T torus case, the

i ! b—1(1 _ £\c—b—1 _ —a
F(b)l“(c—b)ﬁ)dtt (1—1 (1 —x1) }

[
monodromies of the coordinate X! around the cycles Cy,

C,, belong to the 2D grand lattice generated by the cycles
along the D6,/D6g-branes, images of C;, C,, possibly
shifted by the nonvanishing distance between distant inter-
section points. Denoting the intersection points along the
branes D6, and D6 by f4, £, and f2, f2 in correspon-
dence with the images of the insertion points x;, x,, and x3,
one can express the nontrivial monodromy conditions on
the classical components of coordinate fields AC’X’ =
Je,(dzaX" + dz 9 X"), for the cycle basis C;, mapped to
the D-branes A, B, in terms of the 2D lattice generated by
the D-brane pair L,, Lg, as

V2400 X! =2, = 27(1 — 20)(f4 — 3 + paLy),

\/EACZXI =2mvp = 2m(1 — €2i770)(f§ - f‘? + psLp),
(A17)
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where we have assumed, for simplicity, the brane lattice to
be generated by the integers p,, pgp € Z. The relation
AeX = Ac-cX = (1 — )X, [i = 1,2] follows from
the 276 rotation of coordinates along the reflected con-
tours. If we had used the open contours in the upper
complex plane C., as in the presentation by Cvetic and
Papadimitriou [36], similar formulas to the above would
hold, but without the angle dependent factors (1 — e%7%).
To relate the integer quantized winding numbers py4, pp
with the coefficients b, ¢ in the instanton and anti-instanton
solutions, it is convenient to introduce the 2D bases of
holomorphic and antiholomorphic solutions X, [i = 1, 2]
defined by

V20XD(2) = b wg p(2),
V20XP(2) = bywg p(2),
V29XD(3@) = ¢)@1-9,-¢/(2)
V29X (z) = Cr@1-g,1-¢(2).

(A18)

The condition that the X constitute the dual basis to the
basis of cycles C;, is expressed by the orthonormalization
relations

27T5ij = \/EAC’X(])
) f dz0X(2) + V2 f 4z 5 X0 (2),
C; C;

[i,j=12]

Expressing the general classical solutions as linear super-
positions of the two solutions in Egs. (A18)

(A19)

|

S, =
o mal

[4wv,-,- = b, [C P2lw, (D) + el jc P2l g1 g P i = 1,2]
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V20X = bwgg(z) = V20, 0XV + vzaX?)
= (byvs + byvg)wgp(2),
\/§5X = Cd)],(g,],tg/(Z) = \/E(UAB_X(I) + vBéX(z))

= (ciug + cup)@1—g1-¢/(2),

(A20)

allows identifying the coefficients b, ¢ as b = bjv, +
byvp and ¢ = c v, + c,vp, where vy, vp are the lattice
vectors defined in Eqs. (A17). The four conditions 27 =
V2Ac, , XV@ 0 = V2A, X2 may now be used to
obtain four linear equations for the four constant coeffi-
cients b;, ¢; whose solution is given by

2
b, = e dzidy_g1-¢(2),
Cy
2
b, = N dzd,_g1-¢(2),
1
2T
GG = - dlwa,e/(l),
J 2
2
€ = N2 dZwa,o/(Z), (A2D)

1

[J = <[Cl we,a/(@)(j;z 67)1—0,1—0'@))
- ([Cl @10,10'(Z)><fcz wa,a'(Z)ﬂ-

The final step involves substituting the above solutions
into the string classical action

- - _ 1 -
f d2z(8X6X +6X6X) = ? f dzz(|8X|2 + |(9Xv|2 = V11|'UA|2 + V22|'UB|2 + 2m(V12UA‘U§),
C T C

(A22)

47V, = bll;zfcd22|we,9f(z)|2 + CIEZLdzzlwl—ﬂ,l—O’(Z)lz}

and evaluating the complex plane integrals for the holomorphic and antiholomorphic differentials by making use of the
analytic continuation method of Kawai et al., [116]. Using the analytic formulas for these integrals in Eq. (A16) along with
the previously derived formulas for the coefficients b;, ¢; in Eq. (A21) gives the following results for the functions V;;
determining the classical action

1 /sinmpH\2 By 2 2 2
vy = 412(x_)< ) [1BH,|?(2R(B G H ) — co9|G1I?) + |BIH | ?2R(B,G,H,) + |Gy |?)],
Vy = -——2NR[G,G,(B,G H, + B,G,H))],
41%(x) (A2
1 sinmpd . 5 7 2 5 i 1 ?
Vlz _ 4]2(x) oiTP [BszHz(zgn(BlGlHl) — C()G’lGII ) - BIG1H1(291(32G2H2) + C99!|G2| )],

[cgo = m(cot(mw8) — cot(mh’))]
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where I(x) is given by the analytic formula quoted in
Eq. (A16). To obtain the classical partition factor Z,, it
now remains to sum over the 2D integer lattice generated
by the pairs of branes. The comparison with the classical
partition function for closed strings in orbifolds in
Ref. [29], whose notations we have closely followed, in-
deed shows that the open string correlator is the square root
truncation of the closed string correlator. With our choice
of closed contours, the parameter p in the definition of
Eq. (A16) for the function /(x) must be set to unity p = 1.J

PHYSICAL REVIEW D 76, 025002 (2007)

3. Useful limiting formulas

To ensure that the series for the instanton sums converge
at the end points x = 0, 1, thus avoiding the end point
singularities in the x integral of string amplitudes, it is
necessary to make use of the Poisson resummation for-
mula. This is also needed for a proper identification of the
particle exchange pole contributions in the field theory
limit. We record below the limiting forms of some inter-
mediate results at the end points of the interval x € (0, 1).
The limiting formulas at x — 0 are given by

i 1) 1) 1)
FO.1—0: 10— 1, FO.1—0:1:1— x)— S0 1og@, BH,(x) = 2L, ByH,(x) — In2,
X X X
N 2 _ / 2
v, - 1 lné, T s (cc.)t(770) COtA(7T0 ) - T .
4 x 8 sin(7p#) In(5/x) 4sin*(7p6) In(6/x)

[1115(9) =2¢(1) = (6) — (1 — 0),1n5,(6, 6') = 24p(1) — ¢p(1 — 0') — (6), In55(6, 6') = 2¢4(1) — (1 — 6) — Y(¥'),

5(6,6") = [8,(6, 60)85(0, 00]'72, y(1) = —y, Y(1 = 2) = 4h(z) = mwcot(mz), TRT(1 — 2) =

T
sin(7rz) } (A24)

where ¢(z) = V() = ‘“Z—E(Z) denotes the Digamma function and 7y is Euler constant. We also quote the series

representation for the hypergeometric function

o L sinmd & (0),(1 = 0),(1 —x)" 5,(0)
Fo1-eL==m (n))? T-x (A25)
[m(én(a)) — 20+ 1) — (6 +n) — (1 — 6 + n), (0), = % O+ (0 +n— 1)}

in order to exhibit the singular logarithmic behavior of the x-integrand near the end point, x = 1. The limiting formulas at

x — 1 are given by

SRLTET ISR
sinr (6 — 6') _of T(0—6)
10 == g = 0<r(0)r(1 — ¢

Voo = =

INCEED!
rera—e)

)

H»(1—-x)—1,

Vii— — g(cotwﬁ — cotmd’),
(A26)

2 \sinwpf

Vi, — —mel™0 ———
12 (2 sinp6

Note that G,(x) and G,(x) differ by the substitution 6 <
0’. While the above formulas are specialized to the case
0 > 0', the results in the opposite case # < ' are deduced
by using the symmetry under the substitution 6 < 6'.

4. Trilinear Yukawa coupling

The constraints on the four fermion correlator implied
by the conformal symmetry can be used to infer an explicit
formula for the trilinear Yukawa couplings. We consider
the four fermion string amplitude discussed in Sec. IIT A.
In the limit x — 1, the four-point correlator factorizes
into the product of three point correlators as Z(x;) =

1/ 7 VT1—6+6)01-6 +0)
< > ra—-era-enrere)’

2
) (cotmr@' — cotrf)

ra-e+o)Hra—-ae+ao
Ir'a—-ora—-eHrere)

[

(V_p(0)Ve(0)V_g (D) V(X)) = (Vp(x)V_g(1)V_g4 gr(2)) X
(Vo_o(2)V_p(0)Vy (X)), dominated by the r-channel ex-
change of the mode with vertex operator V_g,, 0(z).
Retaining the leading contribution in the limit x — 1 yields
the limiting formula for the four fermion string amplitude

SITI
Y (=1
w e_SL-z(Xl

T(1 - 0’)F(9”>} =

l_[|:77(2| cot(w0!) — cot(w@')|)!/2
I

(A27)

To forbid in the classical action factor the singular contri-
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bution from w;_g4;_y(x) at x — 1, one must impose the
restriction 0 = 90X = cw;_g ¢ (x), which implies 0 =
¢ =cvs + cug. Using the formulas for ¢y, in
Eq. (A21) reduces the classical action to the form

¢
|UA|2|:VII + |c—1|2V22 - 2m<V12—1>i|
2

c
(&)

lin}Scl(x)

- g |v41?| cot(m8) — cot(m6’)|

1
= mu’iT(PALA + dA)|2

% sin(7(6 — 8)) sin(70)
sin(76’) ’

where the coefficient of (277a’)™! in the last step above
equals twice the area of the triangle with base 27 (pL4 +
dy,), opposite angle (6 — ¢'), and adjacent angles 70,
7r6'. To illustrate in a concrete way the #-channel factori-

zation with respect to the exchange of a scalar boson mode,
J

(A28)

Y g00-00 = 1/277-g5,\/2f1’l_[[77[2| cot(78') — cot(w0")[]'/?
I
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we consider the Z; orbifold model discussed in Sec. VA.
The correlator and its pole factorized part (g,q] d§+d§> o~
(@hdSTHYHT ,d5), couple the conjugate localized modes
from the open string sectors ¢ = (da/, b) = (V/, a), d° =
(a,c)=(c',a"), H=(b,c) =(c’,b), where the brane
embedding of the world sheet is given by the four
polygon with sides a’, b, a’, ¢. The Dirac spinor matrix
element may be simplified by using the Fierz identity:
Sy = Gy q1)(d5, v udsy) = 2(Gor.d3g)(G11dsg)*. The
trace factor dependence on the CP factors can be put
in the factorized form 7T, = Trace()tq;)ldgf)tql)‘dz) =
TlTr(/\qf/\chr Ag)l?, where P is a calculable coefficient
that we do not attempt to determine here. The comparison
with the H mode #-channel exchange contribution to the
amplitude, using the definition of the trilinear Yukawa
coupling Lgpr = Trace(A, Ayt Ag)Y_p g o—g(GrdgH) +
H.c., yields the final formula for the Yukawa coupling
constant

3 o1/,

ra—e + 0")}1/2
cl

ra—eHrer)

- (277)5/4@@]‘[(
1

PAEZ 1

The argument in the exponential identifies with the area of
the target space embedding given by the triangle with
adjacent sides lying along the branes a’ and ¢’. The above
result coincides with similar ones quoted previously in
Refs. [36,56] except for the constant normalization factor.
Besides the factor ﬁfP, the ratio of our Yukawa coupling
constant to that obtained by Cremades et al., [56] amounts
to the factor of (277)*. Identifying the prefactor of the
exponential with the dependence of the Yukawa coupling
constant coming from the canonical normalization of the
kinetic energy terms in the action Y_ggg_g *
[TLLK(—6")K(6")K(0" — 6")]7/2 allows us to identify
the Kihler potential for the twisted modes as K o
(F{l(f 0),))1/ 2C;, Cy:. This result agrees with that obtained in
Ref. [43].

The string amplitude factorization in the limit x — oo
can be compared with the u-channel exchange pole con-
tribution in order to identify the multiplicative normaliza-
tion constant C,, in Eq. (A15). The limiting behavior of the
string amplitude, restricted for simplicity to the quantum
partition function factor

1"(0/1)
reHre’ — e

A= (2 sin7701)1/2< sin(m6") )1/ 2

sinzr (6" — 07)
% 1
(—u+310"=0"))

(A30)

The comparison with the leading u-channel pole ex-

L@Hr — 6ra — o' + 6")\1/4
L1 —eHrenre’ — e )

X l_[ e—(|27T(PALA +d,)|?/2ma’)(sin(7|0" — 0" ) sin(76") /2 sin(wﬂ”))'

(A29)

{
change contribution determines the multiplicative normal-

ization constant introduced in Eq. (Al5) as C, =
[1,(2sin76)!/2. One also deduces the expected result for
the string mass spectrum of modes with the quantum
numbers of vector bosons a’M? = %lﬁ —#|.

APPENDIX B: Z; ORBIFOLD MODELS WITH
INTERSECTING D6-BRANES

We here present an encapsulated review of the construc-
tion due to Blumenhagen et al. [66] of the Z; orbifold-
orientifold models with D6-branes. The orbifold 76/(Z; +
Z3QR) uses factorizable 6D tori symmetric under the
generator ® = diag(®!, 2, ®3) and the orientifold sym-
metry R, acting on the complexified orthogonal basis of
coordinate and spinor fields X, ¢/, by the complex phase
rotations @ = 2™ [yl = 3. %, - %)] and the reflection
about the imaginary axis R = R : X — —X’. The orbi-
fold Hodge numbers h?" = 0, h"1) = 36, entail that all
the complex structure moduli are frozen, while the 36
complex Kéhler moduli decompose into 9 untwisted mod-
uli 77 and 27 twisted (blowing-up) moduli labeled by the
fixed points. The two inequivalent solutions for the 2D
symmetric lattices are described by the pairs of cycles

im/3 —im/6 +im/6
) ’

(BI)

A:e,=1le,=c¢ B:e=c¢ e, = ¢
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In the sequel, we consider the alternative solution for the

having the same complex structure moduli Uy, = Ug = lattice B. usite the cvcles ) L im/6 with the
. . . . ) e =1, e =—rxe
i_f = % +1i ‘/75, but differing by the action of R, which acts & Y ! e _21 V3

complex structure moduli Ug = 2 =14 2%/5 and reflec-

as - ey 2
tion symmetry realized as e; — e;, e; — e¢; — e,. The
A:el—e,ep— e — ey, B: ey — ey e — e resulting T2 tori lattice solutions A and B are described
(B2) by the following data
|
4 3 372 1 3 13
A:UA=e—j=—+i£,TA=b+i\/—r, e?=1,e§‘=—+i£,gf‘= 2
el 2 2 2 2 2 1
2 (B3)
e 1 1 r2 1 1 14
B:UB="2=_"+i—=TB=b+i—p,|ef=1ef=C+i—zgf= 2
§ 2 23 N 272yt T

where we have displayed the diagonal complex structure and Kéhler moduli as a function of the free parameters » and
b = b + 1 associated with the overall radius and the NSNS field VEV; the complexified basis of cycles ef = Ji(el) +
iJ(el), e = N(eh) + iJ(el), whose real and imaginary parts describe the orthogonal components of the 2D vielbein
vectors; and the lattice basis metric tensor in the matrix representation g,, = é, - ¢, = N(ele,). The lattice basis
decomposition of one cycles [I1,,] = (n,e; + mye,), [n,, m, € Z] defines (n,, m,) as the 2D column vectors of wrapping
numbers.

The orbifold and orientifold symmetries act from the left on the column vector of wrapping numbers (n,, m,)” and
hence on the right on the column vector of cycles (e}, e,)?, with the matrix representatives for the A and B lattice solutions

given by
-1 -1 0 1
1 0 -1 -1
0 -1 -1 0
QRO = ( ) QRO? = < )
-1 0 1 1
-2 -1 1 1
3 1 -3 =2
1 0 -2 -1
ORO = , QRO? = .
1 3 2

These matrix representations obey the operator identity QR ©¢ = @V ¢ R. The wrapping numbers of the one cycles
composing the orbits [a], [a'] are obtained from those of the representative element a ~ (n,, m,) by left action with the
matrices @3, )R @8 appropriate to the A and B lattices

®g:<na>_)<nag)=®g<na>y :<na>_)<na;)=QR®g<na>,
Mg Mg, mg Mg Mg, mg

where we use the notational convention a LThe two choices R, of the reflection are related by the

(ap) = (a)y—,. modular transformation U’ — — 47, n' — —m!, m' — n'.
Our present conventions for the coordinate system con-

form to those of Blumenhagen et al. [66]. We use sideways

(B4)

[¢g=012] (BS)

/
8

The 6D orbifolds 7%/(Z5 + Z;QR) are given by direct

products of the above 2D tori solutions. Taking the sym-
tilted 77 tori with O6 plane lying along the real X, coor-
dinate axis, and the relative D6,-brane O6-plane angle

I/l
[ — MU
evaluated by means of the formula tangy Wl

No confusion should hopefully arise from the fact that
these conventions differ from those in the main text, where
we used upwards tilted tori, symmetric under the reflection
R,: X' — X' with 06 plane also lying along the real axis.

metry under permutations of the three complex planes into
account, one finds the four inequivalent 6D lattices: AAA,
AAB, ABB, BBB. With the reference 06, plane wrapped
around the three cycle, 735, with wrapping numbers
(1, 0), the two other planes 06,, 06, obtained by applying
the half-angle rotations 06, = 0~©/2 .06, form an
equilateral triangle whose sides are interchanged under
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0. The three cycles are represented as direct products of
three one cycles e{,z inT7,[I = 1,2, 3] as illustrated by the
examples 735 = 7 X 73 X w5 = el X €3 X €3, 735 =
my X a3 X w5 = e} X €2 X €3, with the intersection num-
bers [, 1] [7;] = 1, [i = 1,2, 3]. The total O6-plane
RR charge is compensated by including stacks of
D6-branes wrapped around the factorisable three cycles.
We restrict consideration to setups of D6-branes intersect-
ing the OG6 planes at the origin of the coordinate system. A
compact representation for the wrapped cycles is obtained
by considering the orbifold invariant three cycles belong-
ing to the subspace of dimension by = A%V + 2 = 2, with
b; denoting the Betti number. For the symplectic basis of
invariant three cycles defined by

p1 = Pmyss, p2 = Prrys, (B6)
[P=(1+0+0?)]

having the intersection numbers p; - p; = —¢€;, [i,j =

1,2], where €, = —€,; = 1, one can define the three-

cycles’ effective wrapping numbers (Y, Z,) for the
equivalence class [II,], in terms of the decomposition on
invariant cycles

,=Z,p +Y,p, = Z l_[(n{lge{ +mj eb). (B7)
g=012"1 ‘
|

o AAA:

PHYSICAL REVIEW D 76, 025002 (2007)

The above equations may be used to express the effective
wrapping numbers as weighted averages of products of the
one-cycle wrapping numbers. To adapt ourselves with the
conventions of Ref. [66], we rather consider the decom-
position on effective wrapping numbers I, = Z,p; +
Y,p,, including the orientifold images

7, =2 <1—[ﬁ{, +1‘[ﬁg,>,
3g e o
vo=—53(ITnt, [T, )

2g ro ¢

fig, = (ng, +mi, UY), iy = (ngy + mg, UD],

(B8)

where the wrapping numbers of the mirror branes are
calculated from Egs. (B5). The mirror branes satisfy the
relations Y, = —Y,, Z, = Z,. The explicit formulas for
(Y,, Z,) in terms of the one-cycles’ wrapping numbers
(n!, m!) are listed below for the four inequivalent 6D
lattices invariant under the Z; orbifold and orientifold
identifications.

= ona(mg(ng — m) + ng(2ng + m3)) + my(ng(ng — mg) — mg(ng + 2m3))],

= ng(namy + (ng + mg)mz) + mg(ngmy + ng(ng + my))

e AAB:

e ABB:

= Sma(ngng — mg(ng + m3)) + ng(ngmg + ng(2n + my))]

(B9)

= glmaBning — mgm3) + ny(3n3(2ng + m3) + mg(3ng + my))],

= 3(ngBngmy + (ng + 2mg)m3) + mi(ng(ng + m3) + my(2ng + m3)))

e BBB: !

Z,
Y,
Z,
Y, = n2@niml + (nl +2mymd) + m2(ml(3n} + m2) + nl(3n + 2m?))
Z,
Y,
Z,
Y,

= glma(nimg + na(3ng + m3)) + na(3nz(2n5 + mg) + mg(3ng + my))],

=9n2(mml + (n} + mYym) + 3m2Bnl(nd + m2) + mL(3n + 2m3)).

These formulas reproduce the results previously obtained
by Blumenhagen et al. [66], except for the single mismatch
in the formula of Z, for the lattice AAB, where our above
term —mimim} is quoted in Eq. (A.2) of Ref. [66] as
—mlmZm3.

The N, D6, -brane stacks at generic angles relative to
the 06 planes, ¢Lg * km/3,[g=0,1,2;k =0, 1, 2] real-
ize on the 4D world brane the gauge symmetry [],U(N,,).
The states in the nondiagonal sectors, (a, b,), (@', b,),
[a # b,] carry the bifundamental representations
Lop,(Noy Np) + Ly (Noy Ny), [y = [Ty (nlmi, — njmi)],
which we denote for convenience as, IAabg (N, N,) +
ia’bg(Na’ Nb)’ [iab =1y = —1y = _[7711] : [Wb]] From

the multiplicities of the bifundamental representations,

{
one determines the chiral spectrum multiplicities (distin-
guished by the suffix label y) by summing the intersection
numbers algebraically over the orbifold orbits. The chiral
spectrum, obtained by summing over the distinct pairs
of D6,/D6,-brane images in the equivalence classes,
([a], [p]), without distinguishing between the sectors re-
lated by the orbifold group (a, a,) ~ (ay, agz), [g, h € Z5]
only depends on the effective wrapping numbers

(Nw Nb):ifb = _Zlabg = _(YaZb - YbZa):

. (B10)

(Na’ Nb):iaX/b = _Zla’bg = (YaZb + YbZa)-
8

The diagonal sectors (a, a,) generate the adjoint repre-
sentation of the gauge group U(N,) with multiplicity
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1,4,Adj,. The diagonal sector (a’ a,), includes the subset of

remaining subset 57,1, (1 —

Ji a

PHYSICAL REVIEW D 76, 025002 (2007)

l_[ “_ two-index antisymmetric representations A,, with the
g

=) realizing symmetric and antisymmetric representations A, + S,. The resulting chiral

spectrum of antisymmetric and symmetrlc representations and the complete spectrum of adjoint representations can be

expressed by the following compact formulas [66]:

A, XA

. xS
S.: Ia,a

e o - )
. aag 2 l;[n{lg

Ad 1 3
Adja: Igd] = _Ezlaag = 3P» l_[ |L{1|2;
g =1

[ 1Ll = @+ o )2, ALy = (o

where pg denotes the number of B tori and ILI |> = (n

of the T? one-cycles wrapped by the D6, brane For N

=>1 <1<1+—1 )—Y +Y<Z 1>—Y<Z +1>
da ada \ 5 7 | — ta al%a — 7))~ Yal%a T F)
SC N T 2 2

Y Z—]
(2-Y)

(B11)

1 1/2
+ nlm! ~I—3m12> :|,

1) g" (nyu'm?)T denotes the squared length squared length

= 1, one must set Ij . = 0, reflecting the absence of the

antisymmetric representatlon in this case. Note that the multiplicities are related to the cycle intersections as IX =

~[m]- [m], 1Y, = ~[m] - [my), P =

—3(my] - [m,] =

2[77' ag [7706])

The RR tadpole cancellation condmons expressing the net vanishing RR charges carried by the orbifold orbits of

D6, -branes and the 06, planes, reduce to the unique relation: » /N

Z,, = 2. The chiral and mixed gauge and

gravitational anomalies contributed by the massless fermions present in the above representations are given by

AJG) = Y N(=I% + 1%,) + (N, = DI + (N, + 41X

b#a

= D 2N,Y,Z, + (N,
b#a

ASG(U(), X G}) = N, (1%, +1V,)

b#a

The chiral gauge anomalies are found to vanish auto-
matically A ,(G3) = 0, once the RR tadpole cancellation
condition is satisfied. The vector space of U(1), factors
decomposes into two orthogonal subspaces of anomaly
free and anomalous Abelian symmetries, corresponding
to linear combinations of U(1) . With vanishing and non-
vanishing mixed gauge and gravitational anomalies from
the massless fermions. The latter anomalies are cancelled,
as in the Green-Schwarz type mechanism, by including the
4D anomalous counterterm action descending from the
10D Chern-Simons topological action. The dimensional
reduction on 7°/Z; with D6 w-branes wrapped around the
three cycles II,, produces 4D couplings between the
gauge and gravitational fields and the dual pair of RR
scalar fields C, = [, 1Cs, Co = [1,1C3, [dCy = *dC,]
with coupling constants determined by the decomposition
of I, on the basis of dual cycles p;, p,. The resulting

1
-4, + 2NaYa<Za — 5)’

= 2NaYaZb6abr
Agray(U(1)g X R?) = 3 [NN, (=1, + 1Y)+ NV,

(B12)

leab(U(l)a X U(l)lzy) = 2NaNbYaZbr
— DIX* + NN, + DIYS =3N,Y,.

[

anomalous counterterm action
8 = / [ZNM Y,CoAF, + ZNVZ,,CO Tr(F, A F,)
XL 7

+ %co A Tr(Rz)} (B13)

with F, and R denoting the gauge field strength and
curvature tensor two-forms, is seen to induce the tree level
Cy — C, exchange contributions necessary to cancel the
abelian anomalies AS,, A, and A grav- The unique
anomalous U(1)y factor here is described by the charge
and gauge field strength Ox = > /N,Y, 0, and FY,

SulN.Y, Fhs. Finally, the uncancelled tadpole for the
dllaton ﬁeld ® arises through the D6-branes scalar poten-

tial V(®) = e~ (X, N, []ILLI — 2).
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APPENDIX C: BARYON NUMBER VIOLATION IN
GAUGE UNIFIED THEORIES

The baryon number violating processes arise in gauge
unified field theories [117] from the tree level exchange of
gauge and scalar bosons gaining mass through the unified
gauge symmetry breaking. The massive gauge bosons
carrying leptoquark quantum numbers with respect to the
standard model group include the modes [(}) + (})] ~
[(3,2)s5/6 + (3,2)_(5/)] in SU(5) and SO(10), and [(¥)) +
()X(;)] -~ [(3’ 2)1/6 + (3: 2)*(1/6)]7 [Xv + Xv] -~ [(3, ])2/3 +
@3, 1)_(2/3] in SO(10). The tree level exchange of these
modes contribute the effective Lagrangian

2
8
Lppr = ﬁgy(z@z + O, + 0,)

2
n 8y (201}2 + Oe;;, + 01/;;,) + H.c.,

2M§/ y!
[0 = €P7 (a5, v u;jp1)(E5, Y udiar). (C1)
O = €PV(i5,, ¥ 1)@ Y* diar),

01/2 = _eaﬂy(ﬁj’}’R‘yﬂdjﬂR)(ﬂl?L7MdiaL)’
O, = =€ PV, v dipL)(Pipy* diar))

I'(p— 7+ e*) =87C K§A2|Bp|2 o [1 + (1 + cos?6)?] =~

(R

oz BoulP) =

where we use self-explanatory standard notations. The
comparison with the experimental lower limit on My
from the nucleon decay rates has long been known to favor
the conventional supersymmetric version of grand unifica-
tion over the nonsupersymmetric one. However, new pos-
sibilities have been opened by the current studies [118],
using the alternative schemes for the Yukawa coupling
constant unification and quark and lepton flavor mixing
effects, especially those involving orbifold compactifica-
tion of the extra space dimensions to realize grand
unification models [119-121], or TeV scale models [122]
with variant selection rules on the B, L number
nonconservation.

In supersymmetric grand unification, additional baryon
number violating contributions arise from tree level ex-
change of color triplet matter fermions between pairs of
matter fermions and sfermions. The largest contributions
arise from the B — L conserving F term operators QQQL,
U°DCUCE*. Accounting for the quark flavor mixing, leads
to several quartic couplings between fermions and sfer-
mions of which a few illustrative examples are

eaﬁy<o|(agLuﬂR)u;R|P>, Ky=1+ m—”(D + F) =~
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which initiates the quark and lepton subprocesses,
u+u—d+e*, u+u— u¢+et. The change from
gauge to mass bases uses the transformations of quark
fields (QL)gauge = VZT(qL)masw (q%)gauge = V]ZT(Qi)mass’
(9R) gange = Vg*(qR)mass, such that the diagonalization of
the quark mass matrices A{;¢;q5, (A9)giag = VAVt [q =
u, d] introduces the CKM flavor mixing matrix V =
VeVt In the minimal SU(5) unification case, assuming
the mass generation from only 5, 5 Higgs boson multiplets,
the flavor mixing transformations dj = V;;d;,
e g, ef — e = V;;e§ yield the simplified effective
Lagrangian for the first generation of quarks and leptons

ué¢ —

gxe

Lerr =557 [(1 +Vial)Op + Oy + V40, ]

(C2)

where O, O arise from the couplings 10, - 10;r 10 -
10;-r and 10; - 10:r -5 i 5}, which initiate the proton decay
processes p — 70 + e/ and p — 7° + e};. The current

experimental bound 7(p — 7° + e*) > 5.10% yrs is to
be compared with the predicted proton partial decay width

1 < My —4 B, 2
5.10% yrs \3.10'6 GeV) <—0.015 GeV3> ’
' 2 Ap = 3.6, f, =139 MeV}
(C3)
t
Lppr = [Ksz)dfaﬁy[(QiaQjﬁ)(QkyLz)]F
+ K<2> ePYUS, ESUS,D5, 1p] + Hec.
= M—[Kf;ileaﬁy[(umdm — diqu;p) il &) — di, )]
+ k€ P (uf, €)@ 5ds,) + -+ 1] + Hee. (C4)

For minimal SU(5), the trilinear superpotential coupling
the matter supermultiplets to the color triplet Higgs super-
multiplets H,, H, is described in terms of the Yukawa
coupling constants of quarks and leptons A“%¢, as W =
MGG 0,05 + uSeH, + (AL QUL + Al u¢dS)H,, where
the choice of one or the other of the down quarks and
charged leptons Yukawa coupling constants )l;lj’-e reflects
on the ambiguity in describing the unification of Yukawa
interactions at the scale My and hence the unification of the
quark and lepton flavor mixing. For instance, the choice of
the couplings (A§;Q;L; + /\jij fd]”)HC yields the effective
coupling constants for the dimension D = 5 operators
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2

1) u \“ ud
Kijki 8i; A7 AL e"’b"V;fp Kijki _ A7 A e—iqskvij'
MX 2M . MX MH(,

(C5)

Analogous results obtain in the flipped SU(5) X U(1),
case. The four fermion amplitudes are obtained through
the one-loop electroweak gaugino dressing of the fermion-
sfermion couplings using the Yukawa gauge couplings

|

0.\2
Dlp— K* + 1) = CoaglB, (") 1)

PHYSICAL REVIEW D 76, 025002 (2007)

Lepp = golif(whd) + df(w™u) + -+ -]+ Hec., and the
analogous electroweak Higgsino dressing. Since these cal-
culations are standard ones [123], they will not be reviewed
here.

The current experimental bound 7(p — Kt + 7)) >
1.6 X 10°3 yrs should be compared with the partial decay
width for the dominant decay mode

o Sinfeks[f(c, e) + flc, d')] + K1121 cosbcko[f(c, e;) + f(u, d)])?

TM%
1 MH _2 Bp 2
“ /3= 3) X 10 yrs (2 101 Gev> (—0.015 GeV3>
quz 2 C6
.d log— + (ii = d), A = 10.5, ky = 1 + D+ 3F) = 1.6, (C6)
S0 d) = oy o + (1 ) 2 =1+ 2 (D + 3F)

m,(1 — Z—%‘)z

Co=— 4
K 32mf2 }

where we use self-explanatory standard notations. The
large hierarchy in the mass ratio My _/m; needed to sup-
press the D = 5 operators can be explained by several
mechanisms [124-126]. The currently favored proposals
use the realization of Higgs bosons as Goldstone bosons
[127], discrete global symmetries not commuting with the
unified gauge group [128-130] or the flavor physics [131].
The contributions to nucleon decay from the D = 5 dan-
gerous operators are strongly correlated to the threshold
corrections to the gauge coupling constants [124]. Thus, in
the minimal SU(5) unification with the choice of couplings
(/\ O;L; + )\l] fd;)Hc the experimental limit from the
nucleon lifetime yields the upper bound My
2.10'7 GeV, which clashes with the lower bound deduced
from the high energy extrapolation of the standard model
gauge coupling constants [125]. By contrast, the alterna-
tive choice for the couplings ()\ OiL; + A jd;) ¢» Suit-
ably adjusted to the fermlon masses suppresses the
predictions for the nucleon decay rate to values below
the experimental upper bound [121].

The interest in the higher order baryon number violation,
initiated by dangerous operators of dimension D = 7 is
motivated by the sensitivity of the nucleon decay processes
to mass scales significantly lower than those of grand
unification and by the variant selection rules. The D = 7
operators involve four matter fermions and gauge or Higgs
doublet bosons, obeying the selection rules AB = —AL =
—1. Two illustrative examples are given by the operators
(@5q0) ([ d)dt and (d5dg)(@hq;)dt, with ¢ denoting
the Higgs boson electroweak doublet.

The baryon number violating six quark operators of
dimension D =9 are especially interesting in view of
their impact on the N — N oscillation and two nucleon
desintegration processes. The local operators in the quark

[

fields of fixed chirality and color quantum numbers y and
« enter in three types involving two pairs of spin-flavor and
color structures

(OI)XI»XZ’X1 (uo(l)(lc o, X1» )(das)(chd%/h)
X (dastCTd%X%) A QA3 A5Q6°
= ( aleCTdQZX])(MCV?XZC d%)(z)

S.A
X (da5x3 CT daﬁ,h)TEnaJa;ma;aﬁ,

(0230 110,15 (C7)

= [€a1a3a5 6a2a4a(, + (aS - a6)]
+ [a) < ay],

A —
Talazaza4asas 6011“2&5 6013014016

S
[Tal ayaza,asag

+ a5 <—>a6]

where xi, X2, x3 € [L, R], C denotes the 4D charge
conjugation matrix and the parentheses enclose the pair
contractions of the anticommuting Weyl spinor fields with
respect to the SL(2, C) spin group indices. The correspond-
ing representation using the Dirac spinor fields is given
by (Ol)leXz,Xz = (M*Xl u)(l)(d*/\’zd)(z)(d*/h )T

(023D v, 1015 =@y, dy A<y, dy )d dy, )T s41,
where — y denotes the opposite chirality to y, and we have
omitted the color indices for notational convenience. In the
electroweak symmetry limit, the allowed contributions
[132] arise for the list of six operators: (O;)grrr> (O2)rrr>

(O3)rrrs (O3)LrR> (03)1LRs (O1)LLr = (O2) L1k
The current experimental observability limit on the N —

N  oscillation  parameter I'ap = Gyy = Tow =
10773 sec™! = 107315 GeV is to be compared with the
approximate  theoretical  prediction ' = ém =

gerrln(0)[*, where the model dependent coefficient
gprr 1s defined through the effective Lagrangian as

Legrr = gerrOp—9, and the quark wave function of the
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g (0)* =

nucleon is given by the estimate
(N|Op—y|N) = 1075 GeVS.

The simplest case where a tree level contribution to the
A(B — L) = —2 processes is present takes place in the
left-right symmetric gauge theory [107] with gauge group,
G = SUB), X SU(2), X SU(2)g X U(1)p-, by in-
cluding
scalar multiplets with color triplet diquark and dilepton
quantum numbers A7 ~ (3,3, 1)y5, A%~ (3, 1,3)y3,
AL ~(1,3,1)_,, Ak ~ (1, 1, 3) _,, coupled through the re-
normalizable interaction superpotential W = g¢q°A% +
I€I1°AL + (A%)3AL. The prediction for the coefficient
gerr ~ (ALY/ (miz)3, along with the natural assumption
that the spontaneous breaking mass scale of the U(1)p_;

symmetry group and the color triplet scalar mass are of
same magnitude vg, = (AQ) =~ myy yields the estimate

for the oscillation rate I' x5 ~ v57 [y (0)|*, [vg, = (AR) =
mpy ]. However, the resulting experimental bound, m AY
vg, = 10° GeV, clashes with the range of values vy, ~

PHYSICAL REVIEW D 76, 025002 (2007)

10"-10'%) GeV, generating an acceptable see-saw mecha-
nism for neutrino masses.

More favorable conditions are offered in the supersym-
metric version [133,134] of the Pati-Salam gauge theory
[135] with gauge group Ggpn = SU4) X SU(2); X
SU(2) by exploiting the possibility to compensate a large
mass scale vg; by a suppressed loop induced contribution
to the D = 10 operators. This is illustrated by the model in
Ref. [134] which includes the matter and Higgs boson
chiral supermultiplets f = (4,2, 1), f=(4,1,2), ¢, ~
(1,2,2), ¢ys ~ (15,2,2), A° ~ (10, 1,3), A° ~ (10, 1, 3),
interacting through the superpotential W= ff°¢; +
FfChis+ AT+ AN+ (AN + 1+ drsis +
¢ A°A° 5. The singlet modes are omitted for simplicity.
The see-saw mechanism for the neutrino mass requires the
VEV vy, = 0(10'") GeV, whereas the loop induced con-
tribution to the coefficient ggpp ~ vz7v > obtained by
assigning the mass value M. ~ 1 TeV leads to an N —
N oscillation rate T'yz ~ vgimy* |y (0)]*, which is com-
patible with the experimental observability limit.
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