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1. Introduction

The world-volume of a Dp-brane [1] can be described as a (p+1)-dimensional space-

time where open strings can end and propagate. This free propagation of the string

endpoints is described by imposing Neumann (N) boundary conditions for the world-

sheet fields. In the remaining 9 − p transverse dimensions the endpoints of these

open strings are confined at the location of the brane and satisfy Dirichlet (D) condi-

tions. The existence of a string world-sheet description for the D-brane dynamics of

world-volume and bulk states provides a powerful tool that allows to compute higher

derivative corrections as well as string loop corrections.

A generic configuration of D-branes contains branes with world-volumes of dif-

ferent dimensionalities. Along a given direction, open strings stretched between

these different branes could satisfy NN, DD, or ND boundary conditions, depend-
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ing on whether this direction is part of the world-volume of both D-branes, trans-

verse to both of them, or along the world-volume of the one but transverse to the

other, respectively.

Orbifold compactifications of type-I strings [2, 3] provide the simplest frame-

work allowing to investigate the possibility that standard model fieldsare identified

with degrees of freedom confined on D-branes. Search for such realistic models indi-

cates that the configuration of branes should contain at least two sets, for instance

D3- and D7-branes (or a T-dual configuration). While gauge particles are associ-

ated to NN or DD open strings with both ends on the same set of branes, chiral

matter fields are usually localized on brane intersections and satisfy ND bound-

ary conditions in some internal directions. Besides providing chirality, this choice

avoids possible phenomenological problems related to the fact that if all matter

fields were associated to NN or DD strings as the gauge fields, the lowest Kaluza-

Klein (KK) excitations would be stable. This would lead, in particular, to sta-

ble charged states with TeV masses in models with low compactification or string

scales [4, 5].

Confining standard model states on D-branes opens new possibilities for phe-

nomenological applications of string theory as it becomes possible to lower its fun-

damental scale much below the Planck mass [6, 7, 8]. The most spectacular of these

proposals are scenaria with the string scale Ms ≡ l−1s lying at energies as low as a
few TeV, where a plethora of new phenomena could be observable at future colliders.

In order to derive constraints on these models, it is important to study deviations

from the standard model expectations for low-energy cross-sections.

Such deviations manifest themselves for instance as the appearance of higher-

dimensional operators. Here we discuss these operators in the case of orbifolds with

two types of branes that we take for concreteness as D3- and D7-branes. We then find

that in addition to the dimension-six four-fermion operators induced by the exchange

of KK states or winding modes, there are also dimension-six operators induced by

massive string oscillators. All such contact interactions appear when standard model

matter fields are identified with massless modes of open strings stretched between

the D3- and D7-branes (37 strings), satisfying ND boundary conditions along four

internal directions. These effects dominate the dimension-eight operators [5, 9] ob-

tained for the case where matter fields are identified with massless modes of DD

strings (33 or 77 strings).

In the context of the above framework, one can assign two different embeddings

of the Standard Model:

1. One possibility is that all observable gauge fields live on the world-volume of

D3-branes, while the D7-branes are in general extended (partially) in the bulk.

If matter fields come from open strings with both ends on the D3-branes, the

presence of D7-branes is irrelevant for our purposes and this case is reduced to
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the one studied in ref. [9] and summarized in section 3.1. The only possible

source of massive exchanges are string oscillator modes that lead in this case

to dimension-eight effective operators.

2. Other possibilities are obtained when the Standard Model is splitted in two

factors living correspondingly on the D3- and D7-branes which are transverse

simultaneously to the two remaining extra dimensions of the bulk (of mm

size) [5, 10]. For instance, strong and weak interactions could be confined

on the D3- and D7-branes, respectively, and the size of the four-dimensional

internal volume along the D7-branes could account for the weakness of the

SU(2) relative to the SU(3) couplings.

As we mentioned above, in both cases, the presence of matter fields originating

from 37 strings leads to dimension-six operators which receive contributions from

exchanges of KK modes of the 77 strings (having both ends on the D7-branes). In

scenario (1), they are associated to new (exotic) degrees of freedom with new inter-

actions to Standard Model states. Since these are model dependent and presumably

suppressed in realistic models, they can not be used to obtain model independent

experimental bounds. On the other hand, in scenario (2), the KK states correspond

to heavy excitations of Standard Model gauge degrees of freedom. The effects of

their exchanges should then be used to obtain experimental bounds that have been

studied in the past [4, 11, 12].

In addition to the KK excitations of 77 states, there are string winding modes

around the D7-brane world-volume compact directions which carry D3-brane quan-

tum numbers and can be exchanged among 37 states. However, their contribution

is exponentially suppressed in the large volume limit and can be neglected. The re-

maining contributions to dimension-six operators come from the exchange of massive

oscillators of 33 and 77 strings and can be extracted explicitly. They can be used to

derive model independent bounds on the string scale, in the context of our framework.

It is important to note that our results remain valid in non-supersymmetric

models with brane supersymmetry breaking, where some D-branes are replaced by

anti-D-branes of the same type [13]. Supersymmetry is then broken (to lowest order)

on the world-volume of the anti-D-branes.

Our paper is organized as follows. In section 2, we recall the basic properties

of D-brane models and define our framework. In section 3, we compute all possible

four-fermion tree-level scattering amplitudes, while in section 4, we extract the four-

fermion contact interactions. For completeness, we also present the computation of

the four-scalar amplitude in appendix A. The reader who is not interested in the

detailed derivations can skip sections 3 and 4 and go directly to section 5, which

summarizes our results. Finally, in section 6, we perform the numerical analysis and

derive the bounds on the string scale.
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0 1 2 3 4 5 6 7 8 9 located at

D3I-branes: N N N N D D D D D D Xi+3 = a
I
iRi

D71-branes: N N N N D D N N N N X4 = X5 = 0

D72-branes: N N N N N N D D N N X6 = X7 = 0

D73-branes: N N N N N N N N D D X8 = X9 = 0

Table 1: Geometrical set-up of the branes.

2. The D-brane model

In this work we consider orbifold compactifications of type-I string theory to four di-

mensions. Gauge degrees of freedom are described by open strings with ends confined

on sets of D-branes. A Dp-brane is obtained by imposing Dirichlet (D) boundary

conditions for the endpoints of open strings along the 9 − p directions transverse

to the brane and Neumann (N) conditions along the longitudinal p + 1 (space +

time) directions. Generically, N coincident Dp-branes give rise to a U(N) gauge

group, that can be reduced to the orthogonal or symplectic maximal subgroup by

the orientifold projection.

In the supersymmetric case, such a generic vacuum contains four types of Dp-

branes which upon appropriate T-dualities can be mapped to one set of D3-branes

and three different sets of D7-branes (see table 1), where for simplicity, the six inter-

nal coordinates Xi+3, i = 1, . . . , 6 are compactified on a six-dimensional torus with

radii Ri. For generality, we have allowed the D3-branes to be localized at different

points in the transverse directions parameterized by aIiRi where I labels the branes.

Their separations break the gauge group accordingly. Recently, non-supersymmetric

models with supersymmetry broken on the branes have been constructed [13]. These

models contain the same type of branes with the difference that some of them are re-

placed by anti-D-branes (having opposite Ramond-Ramond charges). Their numbers

are constrained by the cancellation of all Ramond-Ramond charges in the compact

internal space, as required by the Gauss law.

The open string spectra contain two kinds of states: gauge fields arise from

strings with both ends on the same set of branes, which therefore satisfy the same

boundary condition for both ends (NN or DD). Matter fields, on the other hand, can

also arise from strings stretched between two different sets of branes. These strings

have ND boundary conditions along four of the internal directions. They transform

in the bifundamental representation of the two gauge groups associated to the two

sets of branes. Moreover, orientation reversal of these strings amounts to complex

conjugation. The mass formulae for the various cases are:

• Open strings with one end on the D3I and the other on the D3J-branes:

M2
33 =

6∑
i=1

(mi + a
IJ
i )
2R2i

l4s
+
N

l2s
, (2.1)
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where aIJi = aJi − aIi parameterizes the separation aIJi Ri of the branes along
the direction i and N is the integer string oscillator number. These states have

no KK excitations but have winding modes.

• Open strings with both ends on the same set of D7-branes:

M2
77 =

∑
⊥

n2⊥R
2
⊥

l4s
+
∑
‖

n2‖
R2‖
+
N

l2s
. (2.2)

These states have KK excitations along the four longitudinal (‖) internal di-
mensions and winding modes along the remaining two transverse (⊥) ones.

• Open strings with one end on the D3 and the other on a D7 set of branes:

M2
37 =

∑
⊥

n2⊥R
2
⊥

l4s
+
N

2l2s
, (2.3)

These states have winding modes only along the two directions transverse to

both sets of branes. The simultaneous absence of KK and winding modes along

the remaining four internal directions associated to ND boundary conditions

reflects the property that the endpoints of these strings live in the intersection

of D3- and D7-branes.

• Open strings stretched between two different sets of D7-branes:

M2
77′ =

∑
‖

n2‖
R2‖
+
N

2l2s
. (2.4)

These states live in the intersection of D7 and D7’ and have only KK excitations

along the two directions longitudinal to both sets of branes.

Note that the states 77 and 77’ are related by T-duality to those of 33 and 37

states, respectively. The open string endpoints carry also gauge indices that are

described by Chan-Paton matrices λ.

Besides the open string spectrum, there are closed strings propagating in the

whole ten-dimensional space. Their massless modes describe particles with gravita-

tional coupling to matter which include the graviton, dilaton as well as some model

dependent states, such as graviphotons and moduli fields. Their masses are given by:

M2
closed =

6∑
i=1

m2i
R2i
+

6∑
i=1

n2iR
2
i

l4s
+
4N

l2s
. (2.5)
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3. Four-fermion scattering amplitudes

In this section, we compute tree-level four-point amplitudes involving massless fer-

mions. Each external state is described by the insertion of a vertex operator V(a)
a = 1, . . . , 4 on the boundary of the world-sheet surface with topology of a disk. Using

conformal transformations, the disk can be mapped to the upper-half complex plane

and the world-sheet boundary to the real line. There are many possible orderings of

the 4 vertex operators along the line at the positions xi. Using SL(2,R) conformal

invariance one can fix these positions at 0, x, 1,∞. The corresponding four-point
ordered amplitude is:

(2π)4δ(4)

(∑
a

ka

)
A(1, 2, 3, 4) =

−i
gsl4s

∫ 1
0

dx
〈
V(1)(0, k1)V(2)(x, k2)V(3)(1, k3)×

× V(4)(∞, k4)
〉
, (3.1)

where ki are the space-time momenta. The total scattering amplitude Atotal(1, 2, 3, 4)
is obtained by summing over all possible orderings of the vertices. DefiningA(1, 2, 3, 4)
= A(1, 2, 3, 4) + A(4, 3, 2, 1), one has:

Atotal(1, 2, 3, 4) = A(1, 2, 3, 4) +A(1, 3, 2, 4) +A(1, 2, 4, 3) . (3.2)

These amplitudes depend on kinematical invariants that can be expressed in terms

of the Mandelstam variables:

s = −(k1 + k2)2 , t = −(k2 + k3)2 , u = −(k1 + k3)2 . (3.3)

3.1 Four fermions from DD open strings

The simplest and well-known case [9, 14] is the interaction of four massless fermions

living on the same set of D3- or D7-branes. The corresponding vertex operator

associated with an open string stretched between the coincident branes I and J is

given by (in the −1/2 ghost picture):
V(a)DD(xa, ka) =

√
2gs l3s λ

a
IJu

(a)
α Sα(10) e

−φ/2eika·X(xa) , (3.4)

with k2a = 0, λ the corresponding Chan-Paton matrix and u
(a)
α the spinor polariza-

tions. Here φ is the superconformal ghost field and Sα(10) the spin fields of SO(10) [15]:

Sα(10) =: e
i
2
~̃tα· ~H : , ~H = {H1, . . . , H5} , ~̃tα = {±,±,±,±,±} , (3.5)

where Hi are two-dimensional bosonic fields and there is no correlation among the

± in the different positions. The GSO projection projects half of the components
of the spinors Sα(10), keeping for instance those with

∏5
i=1 t̃i = +. The simultaneous

presence of D3- and D7-branes results in further projecting out half of the spinors

by an appropriate implementation of Dirichlet boundary conditions (for instance

t2t3 = −).
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In order to introduce also a flavor (family) index let us consider a concrete

example of compactification to four dimensions based on the Z3 orientifold which

allows to construct three-family models [3]. The Z3 orbifold group action transforms

the three complex coordinates zk = Xk+3 + iXk+4 and the world-sheet fields Hi as:

zk −→ g zk = e
i2π/3zk ,

{H1, H2, H3, H4, H5} −→
{
H1, H2, H3 +

2π

3
, H4 +

2π

3
, H5 +

2π

3

}
. (3.6)

The vector ~̃tα can be decomposed as
~̃tα = {~sα,~tα} with ~tα = {t1, t2, t3} while

~sα = {s1, s2} defines the four-dimensional helicity. For instance left-handed two-
component spinors correspond to ~sα = {+,+} and {−,−}, while right-handed ones
are associated with ~sα̇ = {+,−} and {−,+}. Only one left-handed two-component
spin field corresponding to ~t = {+,+,+} and ~sα = {+,+}, {−,−} is left invariant
by the Z3 action. It gives rise to the gauginos in four-dimensional N = 1 supersym-

metric theories. On the other hand, through the tensor product of the remaining

spin-fields with Chan-Paton matrices that transform with opposite phases, one ob-

tains three families of matter fermions associated with ~t = {+,−,−}, {−,+,−} and
{−,−,+}.
Using:

〈φ(z)φ(w)〉 = − ln (z − w) , 〈Hi(z)Hj(w)〉 = −δi,j ln (z − w) (3.7)

a straightforward computation of the ordered amplitude gives:

A(1, 2, 3, 4) = −2gs l2s tr
[
λ1λ2λ3λ4 + λ4λ3λ2λ1

]×
×
∫ 1
0

dx x−1−s l
2
s (1− x)−1−t l2s

[
ū(1)γ

(10)
M u(2)ū(4)γ(10)Mu(3)(1− x) +

+ ū(1)γ
(10)
M u(4)ū(2)γ(10)Mu(3)x

]
, (3.8)

where γ
(10)
M are the γ-matrices in 10 dimensions. As an example we will consider all

four fermions of the same flavor, more precisely two with the same internal helicity ~t

and two with the opposite. In this case γ
(10)
M are reduced to the usual four-dimensional

γ-matrices γµ. The corresponding ordered amplitudes for various four-dimensional

helicities are then given by [9]:

A(1−L , 2+R, 3−L , 4+R) = −4 gs tr
[
λ1λ2λ3λ4 + λ4λ3λ2λ1

] · u2
st
F(s, t) ,

A(1−L , 2+R, 3−R, 4+L) = −4 gs tr
[
λ1λ2λ3λ4 + λ4λ3λ2λ1

] · t
s
F(s, t) ,

A(1−L , 2+L , 3−L , 4+L) = −4 gs tr
[
λ1λ2λ3λ4 + λ4λ3λ2λ1

] · s
t
F(s, t) , (3.9)
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while the other non-vanishing processes can be trivially obtained by parity reflection.

All the amplitudes above are expressed in terms of the effective field theory result

multiplied by the string form-factor [16]

F(s, t) = Γ(1− l
2
ss)Γ(1− l2st)

Γ(1− l2ss− l2st)
. (3.10)

In the low energy limit |s l2s | � 1, |t l2s | � 1, it can be expanded as:

F(s, t) = 1− π2

6

st

M4
s

+ · · · . (3.11)

Note that the first correction to the field theory result, obtained from the term

proportional to st in eq. (3.11), corresponds to dimension-eight effective operators.

The above result remains valid in non-supersymmetric models where the fermions

arise from open strings ending on the same set of anti-branes.

3.2 Four ND fermions from two sets of branes

The vertex operator describing the emission of a massless fermion originating from

an open string stretched between the D7-brane j and the D3-brane I is given by:

V(a)ND(xa, ka) = 21/4
√
gs l3s λjaIau

(a)
α Sα(6)

4∏
i=1

σi± e
−φ/2eika·X(xa) , (3.12)

where σi± is the Z2-twist operator acting on the direction i, with conformal dimension
1/16; σ+ changes a Dirichlet to Neumann boundary condition transforming a Dp- to

a D(p+ 1)-brane while the anti-twist σ− does the reverse, transforming a D(p+ 1)-
to a Dp-brane. Each ND vertex operator contains four such twist fields. Sα(6) are the

spin fields of SO(6):

Sα(6) =: e
i
2
~tα ~H : , ~H = {H1, H2, H3} , ~tα = {±,±,±} . (3.13)

The GSO projection projects half of the components of the spinors Sα(6) keeping for

instance those with
∏3
i=1 ti = +. Here ~tα ≡ {~sα, s1s2} with ~sα = {s1, s2} giving the

four-dimensional helicity as for the DD case. The Chan-Paton matrices λ transform

in the bifundamental representation of the D3 and D7 gauge groups, in the simplest

case U(N3)×U(N7), respectively, and can be represented by (N3+N7)× (N3+N7)
matrices with one non-vanishing off-diagonal element in a complex basis.

Let us first consider the amplitude involving four ND fermions from open strings

stretched between two different sets of branes which we choose to be D3 and D7 of

the third type in table 1, transverse to the 8th and 9th directions. A non-vanishing

8
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result requires at most two sets of coincident D3-branes I and J . The non-trivial part

of the computation involves the correlation function of two pairs of twist-anti-twist

operators [4, 17, 18]:

〈σ+(0)σ−(x)σ+(1)σ−(∞)〉 = [x(1− x)]
−1/8

[F (x)]1/2

∑
ni∈Z

e−πτ
∑4
i=1(ni+a

IJ
i )

2 R2i l
−2
s , (3.14)

where F (x) = F (1/2, 1/2; 1; x) is the hypergeometric function

F (x) ≡
∫ 1
0

dy y−1/2 (1− y−1/2) (1− xy)−1/2 , τ(x) ≡ F (1− x)
F (x)

,

x ≡ θ42
θ43
(iτ(x)) , (3.15)

with θ’s the Jacobi theta-functions [19].

Putting together all correlation functions, the ordered four-point amplitude is

given by:

A(1j1I1, 2j2I2, 3j3I3, 4j4I4) = −gsl2s
∫ 1
0

dx x−1−s l
2
s (1− x)−1−t l2s 1

[F (x)]2
× (3.16)

× [ū(1)γµu(2)ū(4)γµu(3)(1− x) + ū(1)γµu(4)ū(2)γµu(3)x]×
×
{
δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

l−4s
∏4
i=1Ri

∑
mi∈Z

e2iπ
∑4
i=1mia

I1I3
i e

−πτ ∑i
m2i l

2
s

R2
i +

+ δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3
∑
ni∈Z

e−πτ
∑4
i=1(ni+a

I1I3
i )2R2i l

−2
s

}
,

where we made explicit the dependence on Chan-Paton indices. The total amplitude

for the scattering of four fermions is obtained by summing over different orderings.

Note that the γ-matrices appearing in the second line of (3.16) should be in gen-

eral the six-dimensional ones. However, as in the previous case of DD fermions we

have chosen the internal fermion polarizations such that only the four-dimensional

matrices appear.

The field theory result is obtained by taking the limit of coincident vertices x→ 0
or x→ 1. The behavior of the special function F (x) in these limits is given by:

x −→ 0 : F (x) ∼ 1 , F (1− x) ∼ 1
π
ln
δ

x
, τ −→∞ ,

x −→ 1 , F (x) ∼ 1
π
ln

δ

1− x : F (1− x) ∼ 1 , τ −→ 0 , (3.17)

where δ = 24.
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The limit x→ 0 leads to:
lim
x→0
A(1j1I1, 2j2I2, 3j3I3, 4j4I4) = gs

[
ū(1)γµu

(2)ū(4)γµu(3)
]×

×

δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3l−4s

∏4
i=1Ri


1
s
+

∑
mi∈Z−{0}

ei2π
∑4
i=1mia

I1I3
i δ−

∑4
i=1m

2
i l
2
s/R

2
i

s−∑4
i=1

m2i
R2i


 +

+ δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[∑
ni∈Z

δ−
∑4
i=1(ni+a

I1I3
i )2 R2i l

−2
s

s−∑4
i=1(ni + a

I1I3
i )

2R2i l
−4
s

]
 . (3.18)

The third line of eq. (3.18) describes the exchange of the lightest (massless when

aI1I3i = 0) 33 states as well as their winding excitations with respect to the four ND

directions. The numerator is a form factor multiplying the coupling of a 33 state

to two 37 states which originates from the interaction of two twisted fields to an

untwisted winding mode [4, 17, 18]. Similarly, the second line of eq. (3.18) describes

the exchange of the massless 77 states together with their KK excitations. Notice

the presence of the 1/Ri prefactor which reflects the suppression of the coupling of

the D7-brane states compared to those of the D3-branes by the volume of the extra

dimensions (bulk).

The exponential form factor of the coupling of KK excitations can be understood

from the behavior of D3-branes as solitonic objects with finite thickness inside D7-

branes. In fact the interaction of the KK excitations of the D7 gauge fields Aµ(x, ~y) =∑
~nAµ~n exp iniyiRi with the charge density jµ(x) associated to massless 37 fermions is

described by the effective lagrangian:∫
d4x

∑
~n

e
− ln δ∑4i=1

n2i l
2
s

2R2
i jµ(x)Aµ~n(x) , (3.19)

which can be written after Fourier transform as∫
d4y

∫
d4x

(
1

l2s2π ln δ

)2
e
− ~y2

2l2s ln δ jµ(x)A
µ(x, ~y) . (3.20)

It follows that the D3-brane appears from the viewpoint of the D7-brane as a Gaus-

sian distribution of charge e−
~y2

2σ2 jµ(x) with a width σ =
√
ln δ ls ∼ 1.66 ls. Note the

similarity of this result with the numerical estimate of the D-brane width arising

from the analysis of tachyon condensation, leading to σ ∼ 1.55 ls [20].
The limit x → 1 of eq. (3.16) can be obtained from (3.18) by exchanging D7-

brane indices with the D3-brane ones and s with t:

lim
x→1
A(1j1I1, 2j2I2, 3j3I3, 4j4I4) = gs

[
ū(1)γµu

(4)ū(2)γµu(3)
]×

×


δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[∑
ni∈Z

δ−
∑4
i=1(ni+a

I1I3
i )2 R2i l

−2
s

t−∑4
i=1(ni + a

I1I3
i )

2R2i l
−4
s

]
+

10
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+
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

l−4s
∏4
i=1Ri


1
t
+

∑
mi∈Z−{0}

ei2π
∑4
i=1mia

I1I3
i δ

−∑4i=1
m2i l

2
s

R2
i

t−∑4
i=1

m2i
R2i




 . (3.21)

In the following, we will restrict to the case of maximal gauge symmetry aIi = 0

and we choose all radii to be bigger than the string scale, Ri > ls. The contribution of

massless 33 and 77 states as well as the contribution of KK excitations of the latter are

computable in the effective field theory. The amplitude receives two types of stringy

contributions originating from the exchange of either string winding modes or string

oscillators. At low energies, below the string scale, both winding and oscillator states

are heavy and can be integrated out to generate effective contact interactions. Their

general form is

Acont = Acontw +Acontosc , (3.22)

where from eqs. (3.18) and (3.21)

Acontw = gsl
2
s

{
δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ū(1)γµu

(4)ū(2)γµu(3)
]
+

+ δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3
[
ū(1)γµu

(2)ū(4)γµu(3)
] }×

×
∑

ni∈Z−{0}

δ−
∑4
i=1 n

2
i R
2
i l
−2
s∑4

i=1 n
2
i R
2
i l
−2
s

. (3.23)

On the other hand,

Acontosc = lim
sl2s,tl

2
s→0

{A−AQFT} with AQFT = (lim
x→0+ limx→1)A , (3.24)

where AQFT contains also the contribution of 33 string winding modes, in addition
to the field theory part from exchanges of massless modes and 77 KK excitations.

3.3 Four ND fermions from three sets of branes

We discuss now the case where the fermions arise from open strings lying on different

sets of D7-branes. Without loss of generality, the latter can be chosen to be the second

and third sets of table 1, transverse to the 6,7 and 8,9 directions, respectively.

The computation goes as before with the difference that it involves correlations

of four twist fields only in the 4th and 5th coordinates while in the remaining four

internal directions it involves correlations of two twist fields. The result for the

ordered amplitude is

A(1j1I1 , 2j2I2, 3j3I3, 4j4I4) = −gs l2s
∫ 1
0

dx x−1−s l
2
s (1− x)−1−t l2s 1

F (x)
×

×
{
δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ū(1)u(2)ū(4)u(3)(1− x)

l−2s
∏2
i=1Ri

∑
mi∈Z

e2iπ
∑2
i=1mia

I1I3
i e

−πτ∑i
m2i l

2
s

R2
i +

11
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+ ū(1)γµu(4)ū(2)γµu
(3) x

∑
ni∈Z

e−πτ
∑2
i=1(ni+a

I1I3
i )2 R2i l

−2
s

]
+

+ δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ū(1)u(4)ū(2)u(3) x

l−2s
∏2
i=1Ri

∑
mi∈Z

e2iπ
∑2
i=1mia

I1I3
i e

−πτ ∑i
m2i l

2
s

R2
i +

+ ū(1)γµu(2)ū(4)γµu
(3) (1− x)×

×
∑
ni∈Z

e−πτ
∑2
i=1(ni+a

I1I3
i )2R2i l

−2
s

]}
. (3.25)

Taking the limit of coincident vertices x→ 0 or x→ 1, one obtains the field theory
result which for aIi = 0 reads:

AQFT = gs δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3 ×

×



[
ū(1)u(2)ū(4)u(3)

]
l−2s
∏2
i=1Ri


1
s
+

∑
mi∈Z−{0}

δ
−∑2i=1

m2i l
2
s

R2
i

s−∑2
i=1

m2i
R2i


+

+
[
ū(1)γµu(4)ū(2)γµu

(3)
] 1

t
+

∑
ni∈Z−{0}

δ−
∑2
i=1 n

2
i R
2
i l
−2
s

t−∑2
i=1 n

2
i R
2
i l
−4
s




+

+ gs δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 ×

×



[
ū(1)u(4)ū(2)u(3)

]
l−2s

∏2
i=1Ri


1
t
+

∑
mi∈Z−{0}

δ
−∑2i=1

m2i l
2
s

R2
i

t−∑2
i=1

m2i
R2i


+

+
[
ū(1)γµu

(2)ū(4)γµu(3)
] 1

s
+

∑
ni∈Z−{0}

δ−
∑2
i=1 n

2
i R
2
i l
−2
s

s−∑2
i=1 n

2
i R
2
i l
−4
s




 . (3.26)

Note that only the KK excitations and the winding modes associated with the two

internal dimensions longitudinal to both D7-branes are exchanged among the four

fermions. Moreover, while the exchanged 33 states are vector bosons, the exchanged

77’ states are spin 0 particles, thus the absence of γµ-matrices.

3.4 Two ND and two DD fermions

For completeness we also present the last possibility where only two of the fermions

arise from ND open strings stretched between the same set of branes. The computa-

tion is straightforward [21] and gives a result similar to the case of four DD fermions:

A(1j1I1 , 2j2I2 , 3, 4) = −2gs l2s {λ3, λ4}I1Ī2δj1,j̄2
∫ 1
0

dx x−1−s l
2
s (1− x)−1−t l2s ×

× [ū(1)γµu(2)ū(4)γµu(3)(1− x) + ū(1)u(4)ū(2)u(3)x] ,

12
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where the absence of γ-matrices in the t channel is due to the fact that it corresponds

to the exchange of 37 open strings which do not contain spin-one modes. The case of

two ND and two DD fermions is thus very similar to the one of four DD strings given

in eq. (3.8); the effective action does not contain dimension-six contact interactions

but the leading correction comes from dimension-eight operators.

4. Effective four-fermion contact interactions

In this section we would like to compute the contact interaction Acontact between
four fermions induced by massive string states: oscillators and winding modes. We

will first study the case of four ND fermions from two sets of branes where the

relevant amplitudes have been defined in eqs. (3.22) to (3.24). The other cases will

be discussed in section 4.3.

4.1 Two sets of branes: the infinite transverse volume case

We first consider the simplest case obtained by taking the size of the directions

appearing in the result of the correlation functions (3.14) of twist fields to be very

large: Ri/ls → ∞. In this limit the contribution of winding modes Acontw given

by (3.23) vanishes and the contact interaction is due only to massive string oscillation

modes Acont ' Acontosc given in eq. (3.24). The field theory part AQFT is due to the
exchange of massless 33 modes:

A33 = δj1,j̄2δj3,j̄4δĪ1,J4δI2,Ī3
[
ū(1)γµu

(2)ū(4)γµu(3)
] gs
s
+

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3
[
ū(1)γµu

(4)ū(2)γµu(3)
] gs
t
, (4.1)

as well as to the exchange of massless 77 states and their KK excitations:

A77 = δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ū(1)γµu

(4)ū(2)γµu(3)
]∏

i(Ri/ls)

∑
mi

gs δ
−∑i

m2i l
2
s

R2
i

t−∑i

m2i
R2i

+

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ū(1)γµu

(2)ū(4)γµu(3)
]∏

i(Ri/ls)

∑
mi

gs δ
−∑i

m2i l
2
s

R2
i

s−∑i

m2i
R2i

, (4.2)

where i = 1, . . . , 4.

The contact interaction is then given by:

Acontact|Ri/ls→∞ = A|Ri/ls→∞ −A33 −A77 . (4.3)

Notice that each term in the r.h.s. of eq. (4.3) has two contributions proportional

to δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 and to δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3. These contributions are related by

13
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the exchange of the states 2 and 4, which takes s to t. To verify this property in

the integral representation of the amplitude (3.16) one should change x to 1 − x

and perform a Poisson ressumation. We can thus restrict our analysis to the terms

proportional to δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3.

The ordered amplitude A in (3.16) contains the factor∑ni
e−πτ

∑
i n
2
i R
2
i l
−2
s which

vanishes exponentially in the limit Ri/ls →∞ unless ni = 0 or τ → 0. The limit
τ → 0 corresponds to x → 1, as it can be seen from (3.17), and produces the field
theory result A77 of eq. (4.2) which we must subtract according to eq. (4.3). We are
left over with the contribution of the zero mode ni = 0, given by the integral (3.16)

after substracting the integration region x→ 1:

− gsl2s
∫ 1
0

dx


x−1−sl2s(1− x)−1−tl2s×
×
[
ū(1)γµu

(2)ū(4)γµu(3)(1− x) + ū(1)γµu(4)ū(2)γµu(3)x
]

[F (x)]2
−

− (1− x)−1−tl2s [ū(1)γµu(4)ū(2)γµu(3)]
[

π

ln δ
1−x

]2
 . (4.4)

This contains a simple pole in s due to the exchange of massless 33 strings given in

eq. (4.1). Following eq. (4.3) this pole should also be substracted by adding to (4.4)

the term

gs l
2
s

∫ 1
0

dx x−1−s l
2
s
[
ū(1)γµu

(2)ū(4)γµu(3)
]
. (4.5)

Adding (4.4) and (4.5) and taking the low energy limit |s l2s | → 0 and |t l2s | → 0
we obtain the dimension-six effective operator:

− gsl2s
[
ū(1)γµu

(2)ū(4)γµu(3)
] ∫ 1
0

dx

x

(
1

[F (x)]2
− 1
)
−

− gsl2s
[
ū(1)γµu

(4)ū(2)γµu(3)
] ∫ 1
0

dx

1− x


 1

[F (x)]2
−
[

π

ln δ
1−x

]2 . (4.6)

To give a numerical evaluation of the above four-fermion interaction, it is con-

venient to make a change of variables from x to τ using eq. (3.15). The integration

domain is then divided into two regions: τ ∈ [0, 1] and τ ∈ [1,∞]. To make the
convergence of the integrals manifest we perform a transformation τ → 1/τ in the
region τ ∈ [0, 1] so that the integration is now only from 1 to ∞. Adding the two
contributions proportional to δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 and δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3, we obtain
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for the four-fermion contact term the following result:

Acontact = −δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 gs l2s


[ū(1)γµu(4)ū(2)γµu(3)] ×

×π
∫ ∞
1

dτ


θ42(iτ)
θ43(iτ)

+
1

τ 2
θ44(iτ)

θ43(iτ)
− θ42(iτ)

[
π

4 ln (2 θ3
θ4
)

]2
− θ44(iτ)

[
π

4 ln (2 θ3
θ2
)

]2+

+
[
ū(1)γµu

(2)ū(4)γµu(3)
]
π

∫ ∞
1

dτ

(
θ44(iτ)

θ43(iτ)
− θ43(iτ) +

1

τ 2
θ42(iτ)

θ43(iτ)

)
−

− δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3gsl2s


[ū(1)γµu(2)ū(4)γµu(3)] ×

×π
∫ ∞
1

dτ


θ42(iτ)
θ43(iτ)

+
1

τ 2
θ44(iτ)

θ43(iτ)
− θ42(iτ)

[
π

4 ln (2 θ3
θ4
)

]2
− θ44(iτ)

[
π

4 ln (2 θ3
θ2
)

]2+

+
[
ū(1)γµu

(4)ū(2)γµu(3)
]
π

∫ ∞
1

dτ

(
θ44(iτ)

θ43(iτ)
− θ43(iτ) +

1

τ 2
θ42(iτ)

θ43(iτ)

)
 (4.7)

which can be approximated by numerical integration as:

Acontact ' gsl
2
sδj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

{
0.20ū(1)γµu

(4)ū(2)γµu(3) +

+ 0.59ū(1)γµu
(2)ū(4)γµu(3)

}
+

+ gsl
2
sδI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

{
0.59ū(1)γµu

(4)ū(2)γµu(3) +

+ 0.20ū(1)γµu
(2)ū(4)γµu(3)

}
. (4.8)

In eq. (4.8), the leading contribution (with coefficient 0.59) arises from exchange of

massive oscillators of 33 states and will be used to extract experimental bounds on

the string scale in section 6.

Note that the coefficients of the above contact operators are positive i.e. opposite

to those due to the exchange of massive KK excitations of gauge bosons. The non-

vanishing effective operators for fermions of the same type (all the D3- and D7-brane

indices equal δIa,Īb = δj̄a,jb = 1) with fixed helicities are:

A(1−L , 2+R, 3−L , 4+R) ' 3.16 gs ul2s ,
A(1−L , 2+R, 3−R, 4+L) ' −1.58 gs tl2s ,
A(1−L , 2+L , 3−L , 4+L) ' −1.58 gs sl2s , (4.9)

while the other non-vanishing operators can be obtained by parity reflection.
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4.2 Two sets of branes: generalization to arbitrary internal radii

We consider now the generic case where the sizes of d directions associated with the

KK and winding modes exchanged between the four fermions are kept finite while

the remaining are taken infinitely large. Following the definition of Acontact in (3.22),
we substract the A33 and A77 contributions from the total ordered amplitude; this
gives for the term proportional to δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3:

Acontact = −gs l2s
[
ū(1)γµu

(2)ū(4)γµu(3)
] ∫ 1
0

dx

x

(
1

[F (x)]2

∑
ni

e
−πτ∑di=1

n2i R
2

l2s − 1
)
−

− gs l2s
[
ū(1)γµu

(4)ū(2)γµu(3)
] ∫ 1
0

dx

1− x ×

×

 1

[F (x)]2

∑
ni

e
−πτ∑di=1

n2i R
2
i

l2s − lds∏d
i=1Ri

[
π

ln ( δ
1−x)

] 4−d
2

×

×
∑
ni

[
(1− x)

δ

]∑d
i=1

n2i l
2
s

R2
i


 , (4.10)

where in the last term inside the brackets, corresponding to the x → 1 asymptotic
region, we performed a Poisson resummation. The above contact term contains con-

tributions of both string oscillators and winding states along the finite size directions,

in contrast to the large radius limit for all directions that we considered in section 4.1.

The contribution of the winding modes reads:

Acontw = −gs l2s
[
ū(1)γµu

(2)ū(4)γµu(3)
] ∑
ni∈Z−{0}

δ−
∑d
i=1 n

2
i R

2
i l
−2
s∑d

i=1 n
2
i R
2
i l
−2
s

. (4.11)

To study the dependance of the contact term (4.10) on the size of the compact-

ification space we consider the simplest case of one finite size dimension and three

infinite ones (d = 1). As in the case of infinite radius, for the numerical evaluations

it is useful to express the corresponding integral as a function of τ . The resulting

expression is:

Acontact(R) = −gs l2s δI1,Ī2δJ3,J̄4δj̄1,j4δj2,j̄3 ×

×

 [ū(1)γµu(4)ū(2)γµu(3)]π×
×
∫ ∞
1

dτ

(
θ42
θ43
(iτ)θ3

(
i
R2τ

l2s

)
+

ls

Rτ 3/2
θ44
θ43
(iτ)θ3

(
i
l2sτ

R2

)
−

− θ42(iτ)
ls
R

[
π

4 ln (2 θ3
θ4
(iτ))

]3/2∑
n∈Z

[
θ4
2θ3
(iτ)

]4n2l2s/R2
−
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− θ44(iτ)
ls

R

[
π

4 ln (2 θ3
θ2
(iτ))

]3/2∑
n∈Z

[
θ2

2θ3
(iτ)

]4n2l2s/R2 +
+
[
ū(1)γµu

(2)ū(4)γµu(3)
]
π

∫ ∞
1

dτ

(
θ44
θ43
(iτ)θ3

(
i
R2τ

l2s

)
− θ43(iτ) +

+
ls

Rτ 3/2
θ42
θ43
(iτ)θ3

(
i
l2sτ

R2

))−
− gs l2sδj1,j̄2δj3,j̄4δĪ1,J4δI2,J̄3 ×
×
{
[ū(1)γµu

(2)ū(4)γµu(3)]π ×

×
∫ ∞
1

dτ


θ42
θ43
(iτ)θ3

(
i
R2τ

l2s

)
+

ls

Rτ 3/2
θ44
θ43
(iτ)θ3

(
i
l2sτ

R2

)
− (4.12)

− θ42(iτ)
ls

R

[
π

4 ln (2 θ3
θ4
(iτ))

]3/2∑
n∈Z

[
θ4

2θ3
(iτ)

] 4n2l2s
R2 −

− θ44(iτ)
ls

R

[
π

4 ln (2 θ3
θ2
(iτ))

]3/2∑
n∈Z

[
θ2

2θ3
(iτ)

] 4n2l2s
R2


 +

+ [ū(1)γµu
(4)ū(2)γµu(3)]π

∫ ∞
1

dτ

(
θ44
θ43
(iτ)θ3

(
i
R2τ

l2s

)
− θ43(iτ)+

+
ls

Rτ 3/2
θ42
θ43
(iτ)θ3

(
i
l2sτ

R2

))}
.

The behavior as a function of R/ls of the contact term due to massive 33 string

oscillator states (given by the first line of eq. (4.10) or equivalently by the integral

in the 5th and 6th lines of eq. (4.12)) is shown in figure 1 (solid line). In the limit

R/ls → ∞, it reaches rapidly its asymptotic value 0.59 of eq. (4.8), while when
R/ls → 0, it diverges as −π2l2s/3R2, obtained from the sum (4.11) with d = 1.
This limit corresponds, upon T-duality R → l2s/R, to the decompactification of a

longitudinal dimension along the world-volume of a D4-brane.

4.3 Three sets of branes

In this case, there are two different sets of 7-branes and the corresponding ampli-

tude is given in eq. (3.25). The difference with the previous case is that there are

two (instead of four) internal directions that appear in the amplitude and that the

77’ channel leads only to scalar exchanges. For d arbitrary internal radii (d ≤ 2),
the contribution proportional to δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3, previously given in eq. (4.10),
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Figure 1: Radius dependence of the four-fermion contact terms for two (solid line) and

three (dashed line) sets of branes.

becomes:

Acontact = −gs l2s [ū(1)γµu(2)ū(4)γµu(3)]
∫ 1
0

dx

x

(
1

F (x)

∑
ni

e
−πτ∑di=1

n2i R
2

l2s − 1
)
−

− gs l2s [ū(1)u(4)ū(2)u(3)]×

×
∫ 1
0

dx

1− x

(
1

F (x)

∑
ni

e
−πτ∑di=1

n2i R
2
i

l2s −

− lds∏d
i=1Ri

[
π

ln ( δ
1−x)

] 2−d
2 ∑

ni

[
(1− x)

δ

]∑d
i=1

n2i l
2
s

R2
i


 . (4.13)

In figure 1, we plot (dashed line) the radius dependence of the contact term due to

the exchange of 33 string states (first line of eq. (4.13)) in the case where only one of

the two radii appearing in the amplitude is kept finite. In the infinite radius limit,

we obtain:

Acontact = −gs l2s
[
ū(1)γµu

(2)ū(4)γµu(3)
] ∫ 1
0

dx

x

(
1

F (x)
− 1
)
−

−gs l2s
[
ū(1)u(4)ū(2)u(3)

] ∫ 1
0

dx

1− x

(
1

F (x)
− π

ln δ
1−x

)
. (4.14)

Performing a change of variables, the above integrands can be expressed as a function

of τ and the integrals can be evaluated numerically with the result:

Acontact ' gsl
2
sδj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

{
0.12ū(1)u(4)ū(2)u(3)+ 0.33ū(1)γµu

(2)ū(4)γµu(3)
}
+

+ gs l
2
s δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

{
0.33 ū(1)γµu

(4)ū(2)γµu(3)+

+ 0.12 ū(1)u(2)ū(4)u(3)
}
, (4.15)
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where the leading contributions (coefficient 0.33) are due to the exchange of massive

oscillators of 33 open strings. On the other hand, in the limit R/ls → 0, one finds
the divergent behavior −π2l2s/3R2, as in the case of two sets of branes.

5. Summary of the effective field theory results

In this section we would like to summarize the results for the effective contact inter-

actions obtained in the previous sections.

In the case where the four-fermion scattering involves two or four states arising

from DD open strings with both ends on the same set of branes, we have found that

the final amplitude can be written as:

A(s, t) = Apoint(s, t) · F(s, t) , (5.1)

where Apoint is the result of the (two derivative) low energy effective action, while

F(s, t) = Γ(1− l
2
ss)Γ(1− l2st)

Γ(1− l2ss− l2st)
= 1− π2

6

st

M4
S

+ · · · (5.2)

represents the string form factor correction. This implies that the leading contact

term between the four fermions is of dimension-eight. The case of four DD strings

can be understood from the fact that the tree-level interactions are obtained by a

truncation of the N = 4 supersymmetric theory arising on D3-branes, upon com-

pactification of the ten-dimensional theory. Supersymmetry relates the DD fermions

to gauge fields and there is no dimension-six operator because of the absence of F 3

terms with F the gauge field strength.

The cases involving four ND strings, describing states localized on brane intersec-

tions, have a richer structure. We have found that the effective field theory contains

dimension-six four-fermion contact terms which get contributions from three differ-

ent sources:

• Exchange of KK excitations: consider for simplicity the case of two sets of
branes, one corresponding to D3-branes and the other to D7-branes. Then, the

exchange of KK excitations of 77 (bulk) states leads to dimension-six operators

of the form:

− [ψ̄(1)γ(6)Mψ(2)ψ̄(4)γ(6)Mψ(3)] gs

l−4s
∏4
i=1Ri

×

×
∑

mi∈Z−{0}

ei2π
∑4
i=1mia

I1I3
i δ

−∑4i=1
m2i l

2
s

R2
i∑4

i=1
m2i
R2i

, (5.3)

where δ = 24 and γM(6) stand for the γ-matrices in the six-dimensional spacetime

defined by the directions that are parallel or transverse simultaneously to the
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D3 and D7-branes. Reduction to four dimensions leads to both gauge and

Yukawa couplings. This expression is identical to the one obtained in heterotic

orbifolds with large extra dimensions [4].

The main features of the above result are: (i) the suppresion of the gauge

coupling by the internal volume felt by the bulk states propagating on the D7-

branes; (ii) the exponential suppression of the coupling of KK excitations (with

masses mKK) to the massless localized fermions by the factor δ
−m2KK/2M2s . This

factor can be interpreted as a finite width for a D3-brane, σ =
√
ln δ ls ∼ 1.66 ls

[see eq. (3.20)]; (iii) the appearance of phases e2iπ
∑4
i=1mia

I1I3
i when the localized

fermions are separated by the distance 2πaI1I3i Ri along the i-th direction [4].

• Exchange of winding modes of the 33 states: these lead to an operator of the
form:

−
[
ψ̄(1)γ

(6)
M ψ(4)ψ̄(2)γ(6)Mψ(3)

]
gs

[∑
ni∈Z

δ−
∑4
i=1(ni+a

I1I3
i )2 R2i l

−2
s∑4

i=1(ni + a
I1I3
i )

2R2i l
−4
s

]
, (5.4)

where in the case of vanishing Wilson lines aI1I3i = 0, the pole due to the

exchange of massless states should be substracted to obtain the contact term.

The operator of (5.4) is exponentially suppressed in the large radius limit, due

to the exchange of massive open strings streched between the D3-branes.

• Exchange of massive oscillators: their contribution can be simplified by taking
the large (internal) volume limit in the absence of Wilson lines. It is also useful

to separate the contributions associated with the exchanges of 33 and 77 string

states. In the case where all four fermions arise from open strings ending on

the same sets of D3- and D7-branes, we find:

Acontact33 = −gs l2s
∫ 1
0

dx

x

(
1

[F (x)]2
− 1
)
×

×
{
δj1,j̄2δj3,j̄4δĪ1,J4δI2,Ī3

[
ψ̄(1)γ

(6)
M ψ(2)ψ̄(4)γ(6)Mψ(3)

]
−

− δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3
[
ψ̄(1)γ

(6)
M ψ(4)ψ̄(2)γ(6)Mψ(3)

]}
, (5.5)

where Ia and ja are indices labelling, respectively, the D3- and D7-branes. A

numerical estimate gives:

Acontact33 ' 0.59 gs l2s
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 ψ̄

(1)γ
(6)
M ψ(2)ψ̄(4)γ(6)Mψ(3) +

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3 ψ̄
(1)γ

(6)
M ψ(4)ψ̄(2)γ(6)Mψ(3)

}
. (5.6)

In the channel corresponding to exchange of 77 states we obtain:

Acontact77 = −gs l2s
∫ 1
0

dx

1− x


 1

[F (x)]2
−
[

π

ln δ
1−x

]2×
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×
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ψ̄(1)γ

(6)
M ψ(4)ψ̄(2)γ(6)Mψ(3)

]
+

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ψ̄(1)γ

(6)
M ψ(2)ψ̄(4)γ(6)Mψ(3)

]}
(5.7)

which can be approximated by:

Acontact77 ' 0.20gs l2s
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ψ̄(1)γ

(6)
M ψ(4)ψ̄(2)γ(6)Mψ(3)

]
+

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ψ̄(1)γ

(6)
M ψ(2)ū(4)γ(6)Mψ(3)

]}
. (5.8)

Another possibility arises when there are two different sets of D7-branes, say

D7 and D7’, so that one pair of fermions corresponds to 37-strings stretched

between the D3- and D7-branes while the other pair corresponds to 37’ strings.

In this case, the contact interactions due to 33-exchanges are:

Acontact33 = −gs l2s
∫ 1
0

dx

x

(
1

F (x)
− 1
)
×

×
{
δj1,j̄2δj3,j̄4δĪ1,J4δI2,Ī3

[
ψ̄(1)γµψ

(2)ψ̄(4)γµψ(3)
]−

− δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3
[
ψ̄(1)γµψ

(4)ψ̄(2)γµψ(3)
] }

(5.9)

which can be numerically evaluated:

Acontact33 ' 0.33gs l2s
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 ψ̄

(1)γµψ
(2)ψ̄(4)γµψ(3) +

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3 ψ̄
(1)γµψ(4)ψ̄(2)γµψ

(3)
}
, (5.10)

Similarly, the exchange of 77′ states gives:

Acontact77′ = −gs l2s
∫ 1
0

dx

1− x

(
1

F (x)
− π

ln δ
1−x

)
×

×
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ψ̄(1)ψ(4)ψ̄(2)ψ(3)

]
+

+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3
[
ψ̄(1)ψ(2)ψ̄(4)ψ(3)

]}
(5.11)

which can be approximated by:

Acontact77′ ' 0.12 gs l2s
{
δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3

[
ψ̄(1)ψ(4)ψ̄(2)ψ(3)

]
+ δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

[
ψ̄(1)ψ(2)ψ̄(4)ψ(3)

]}
. (5.12)

It is important to notice that the contractions of Chan-Paton indices in the

above formulae are associated with exchanges of U(N) states and not of SU(N). In

a realistic model some of the U(1) factors are anomalous. The anomalies are canceled
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by a generalized Green-Schwarz mechanism which provides the corresponding U(1)

gauge bosons with masses of the order of the string scale [22]. While these U(1)’s do

not appear in the low energy degrees of freedom, they contribute in general to the

effective four-fermion operators.

In the generic case with finite radii, one can substract the effects of exchanges

of KK excitations that are easily computed in the field theory limit, to find an

effective contact interaction which contains the combined effects of massive string

oscillators and winding modes. The result is ploted in figure 1 as a function of one

compactification radius. We observe that the size of the operator goes quickly to

its asymptotic value of infinite volume, already for a radius of order R ∼ 1.4 ls. On
the other hand, in the limit R/ls → 0, one recovers the asymptotic value due to the
sum of the KK exchanges of masses mR/l2s . This is given in eq. (5.3) by replacing

R→ l2s/R (T-duality).

6. Experimental bounds from contact terms

Above, we have shown that the exchange of massive open string states leads to

dimension-six effective operators among four fermions localized on brane intersec-

tions. These operators are generically parametrized as [23]:

Λeff =
4π

(1 + ε)Λ2

∑
a,b=L,R

ηabψ̄aγ
µψaψ̄

′
bγµψ

′
b (6.1)

with ε = 1 (0) for ψ = ψ′ (ψ 6= ψ′), where ψa and ψ′b are left (L) or right (R)
handed spinors. Λ is the scale of contact interactions and ηab parametrize the relative

strengths of various helicity combinations. In D-brane models there are in general

three types of contact terms due to the exchanges of either massive KK excitations,

or massive winding modes or string oscillator states.

In order to have a clear identification of longitudinal and transverse directions

with respect to the D-branes, we choose all internal radii to be larger than the

string length. For concretness, we first consider the simplest scenario where the

standard model degrees of freedom arise from D3-branes with matter fields coming

from 37 open strings having only one end on the D3-branes. Then, the bulk 77

states have new (exotic) quantum numbers and interact with the 37 matter fields

through volume suppressed couplings. Since these interactions are model dependent

we will not consider them in our subsequent analysis. The remaining contact terms

originate from the exchange of either massive winding modes of the 33 states or

string oscillator modes. The winding contributions are exponentially suppressed in

the large (internal) volume limit, and we are left with the contribution of the massive

string states. The result is given in eqs. (5.6) and (5.8) for the case of two sets of

branes and in eqs. (5.10) and (5.12) for the case of three sets.
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For ψ 6= ψ′ one can choose the quantum numbers (i.e. Chan-Paton indices) of the
37 strings such that the operator (6.1) receives contributions only from the exchange

of the massive 33 open string states. Indeed, by choosing the indices so that only

the first contraction of eqs. (5.6) and (5.8) survives, and identifying u(1), u(2) with ψ

and u(3), u(4) with ψ′, one obtains:

Λcontacteff ' gs

M2
s

{
0.59

∑
a,b=L,R

ηabψ̄aγ
µψaψ̄

′
bγµψ

′
b+

+0.20
∑
a,b=L,R

ηabψ̄aγ
µψ′aψ̄bγµψ

′
b

}
, (6.2)

where the two terms correspond to the exchanges of 33 and 77 open string states,

respectively. Thus, the first operator which coincides with (6.1) receives contributions

only from the exchange of massive 33 open string oscillators. Exchanges of 77 states

contribute to the second operator which induces new (flavor changing) interactions

that are model dependent and must be suppressed in a realistic model. In fact,

it is easy to see that there is a choice of spinor helicities (ψL, ψL, ψ
′
R, ψ

′
R) which

eliminates the second operator completely. The same analysis holds for the case

where the external fermions arise from three different sets of branes with eq. (6.2)

replaced by the first line of eqs. (5.10) and (5.12).

It follows that one can identify the parameters in eq. (6.1) as:

ηLL = ηRR = ηLR = ηRL = 1 ,

Λ '
√
4π

0.59gs
Ms (6.3)

in the case of two sets of banes, while for 3 sets 0.59 is replaced by 0.33. The signs

and relative ratios of the different terms in (6.1) correspond to what is usually refered

to as Λ+V V . The present bounds from LEP [25] are of the order of Λ
+
V V & 16TeV

which for gs = g
2
YM ∼ 1/2, with gYM the gauge coupling, leads toMs & 2.5TeV while

it becomes Ms & 1.1TeV for the extreme choice gs/4π = 1/128. The later bound is
to be compared with the limit obtained from dimension-eight operators that arise in

the case of fermions from DD strings Ms & 0.63TeV [9, 24]. In the case of three sets
of branes, the limits become Ms & 1.8 and 0.81TeV for the two respective values
of gs.

A stronger bound can be obtained from the analysis of high precision low energy

data in the presence of effective four-fermion operators that modify the µ-decay

amplitude. They are obtained from the first term of eq. (6.2) with ψ and ψ′ the
muon and electron doublets, respectively, and with an overall negative sign. Using

the results of ref. [26], we obtain Ms & 3.1TeV for gs ' 1/2, or Ms & 2.8TeV for
gs = g

2
2 ' 0.425 with g2 the SU(2) coupling at the weak scale. Note that in this case
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the ambiguity on the value of the coupling is not important. In the case of three sets

of branes, the limits become Ms & 2.2TeV.
In the case ψ = ψ′ as for Bhabha scattering in e+e− there is an additional

contribution to the effective operator coming from the operators that are associated

with the exchange of 77 states. In the case of two sets of branes, this leads to:

0.75 ηLL = 0.75 ηRR ' ηLR = ηRL = 1 ,

Λ '
√
4π

0.59gs
Ms , (6.4)

where we see that the dominant effects are still due to the 33 channels.

Finally, for comparison, we would like to consider the case where Standard Model

gauge interactions appear in a higher-dimensional D-brane and feel the presence

of additional longitudinal dimensions. This can be obtained either by identifying

observable gauge bosons with D7-brane states or with those of D4-branes obtained

from the previous D3-branes by taking one of the transverse directions in the world-

volume of D7-branes smaller than the string length and performing a T-duality.

The resulting contact interaction is dominated by the effects due to exchange of KK

excitations. These lead to an operator of the form (5.3). In the case of one transverse

dimension, the sum over KK states gives [4]:

ΛKKeff ' −
π2

3(1 + ε)
R2gs

∑
a,b=L,R

ηabψ̄aγ
µψaψ̄

′
bγµψ

′
b . (6.5)

Experimental constraints on such operators translate into lower bounds on the scale

of compactification. For instance exchanges leading to vector interactions would

lead to:

ηLL = ηRR = ηLR = ηRL = −1 , (6.6)

Λ '
√
12

πgs

1

R
. (6.7)

Using LEP bounds [25] Λ−V V & 14TeV and gs = g2YM ∼ 1/2, with gYM the gauge
coupling, gives R−1 & 5.0TeV. This bound becomes R−1 & 2.2TeV for the choice
gs/4π = 1/128 corresponding to contact terms dominated for instance by the ex-

change of KK excitations of photons. Low energy precision electroweak data lead

instead to R−1 & 3.5TeV [12].
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A. Four-scalar scattering amplitudes from ND open strings

The massless scalars arising from open strings with ND boundary conditions trans-

form in spinorial representations of the SO(4) internal symmetry corresponding to

the four twisted directions. The corresponding vertex operators are given (in the -1

ghost picture) by:

V(a)ND(xa, ka) =
√
2gs ls e

iki·X λjaIa e
−φ η(a)α Sα(4)

4∏
j=1

σj± (xa) , (A.1)

where the momenta ka have components only in the directions longitudinal to the

D3-brane and satisfy k2a = 0. The S
α
(4) and η

(a)
α represent the spin field and the

corresponding polarization in the internal SO(4), respectively. The computation of

the ordered amplitude involving four scalars from ND open strings is straightforward

and leads to:

A(1j1I1, 2j2I2, 3j3I3, 4j4I4) = −2ugs l2s
∫ 1
0

dx x−1−s l
2
s (1− x)−1−t l2s 1

[F (x)]2
× (A.2)

×
[
η̄(1)Γaη

(2)η̄(4)Γaη(3)(1− x) + η̄(1)Γaη(4)η̄(2)Γaη(3)x
]
×

×
{
δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3

l−4s
∏4
i=1Ri

∑
mi

ei2π
∑
imia

I1I3
i e

−πτ ∑i
m2i l

2
s

R2
i +

+ δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3
∑
ni

e−πτ
∑
i(ni+a

I1I3
i )2R2i l

−2
s

}
,

where ni and mi are integers. The total amplitude is obtained by summing up

all orderings.

The low-energy limit |s l2s | � 1 and |t l2s | � 1 of the amplitude in (A.2) can be
computed and is decomposed in two terms AQFT1 and AQFT2 :

AQFT1 = −gs δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 ×

×


(s− u)

[
η̄(1)Γaη

(4)η̄(2)Γaη(3)
]

l−4s
∏4
i=1Ri


∑
mi

ei2π
∑
imia

I1I3
i δ

−∑i
m2i l

2
s

R2
i

t−∑i

m2i
R2i


+

+ (t− u) [η̄(1)Γaη(2)η̄(4)Γaη(3)]×
×


 ∑
|ni+aI1I3i |Ri <ls

δ−
∑
i(ni+a

I1I3
i )2 R2i l

−2
s

s−∑i(ni + a
I1I3
i )

2R2i l
−4
s




−
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− gs δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3 ×

×


(t− u)

[
η̄(1)Γaη

(2)η̄(4)Γaη(3)
]

l−4s
∏4
i=1Ri


∑
mi

ei2π
∑
imia

I1I3
i δ

−∑i
m2i l

2
s

R2
i

s−∑i

m2i
R2i


 +

+ (s− u) [η̄(1)Γaη(4)η̄(2)Γaη(3)]×
×


 ∑
|ni+aI1I3i |Ri <ls

δ−
∑
i(ni+a

I1I3
i )2 R2i l

−2
s

t−∑i(ni + a
I1I3
i )

2R2i l
−4
s




 (A.3)

and

AQFT2 = −gs δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3 ×

×


[
η̄(1)Γaη

(4)η̄(2)Γaη(3)
]

l−4s
∏4
i=1Ri


∑
mi
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i δ
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m2i l

2
s

R2
i

t
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+
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(2)η̄(4)Γaη(3)
]×

×


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∑
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s

s
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I1I3
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l4s




−

− gs δI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3 ×

×


[
η̄(1)Γaη

(2)η̄(4)Γaη(3)
]

l−4s
∏4
i=1Ri


∑
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ei2π
∑
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I1I3
i δ

−∑i
m2i l

2
s

R2
i

s

s−∑i
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
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+
[
η̄(1)Γaη

(4)η̄(2)γaη(3)
]×

×


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∑
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I1I3
i )2R2i l
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s
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t−
∑
i(ni+a

I1I3
i )2R2i
l4s




 (A.4)

which reproduce the effective field theory contributions from the exchange of gauge

bosons and their KK excitations. The result in eq. (A.3) arises when the derivative,

present in the interaction vertex, acts on the external ND scalar states. Taking

aIi = 0, eq. (A.4) contains a sum of terms obtained when acting by the derivative on

the internal massive KK excitation of 77 states. In addition, it contains a four-scalar

contact term that corresponds to mi = ni = 0

Acontact = −gs δj1,j̄2δj3,j̄4δĪ1,I4δI2,Ī3
{
η̄(1)Γaη

(4)η̄(2)Γaη(3)

l−4s
∏4
i=1Ri

+ η̄(1)Γaη
(2)η̄(4)Γaη(3)

}
−

− gsδI1,Ī2δI3,Ī4δj̄1,j4δj2,j̄3
{
η̄(1)Γaη

(2)η̄(4)Γaη(3)

l−4s
∏4
i=1Ri

+ η̄(1)Γaη
(4)η̄(2)γaη(3)

}
(A.5)
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which reproduces the usual quartic coupling from D-terms in supersymmetric theo-

ries. Dimension-six operators involving four saclars can be extracted easily from the

above results and they are subleading.
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G. Aldazabal, A. Font, L.E. Ibáñez and G. Violero, D = 4, N = 1, type-IIB orien-

tifolds, Nucl. Phys. B 536 (1998) 29 [hep-th/9804026];
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