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1 Introduction

Current data for b→ s`+`− decays shows a series of deviations from the Standard Model

(SM) [1–3]. Among the relevant observables, the ratio RK measuring the B+ → K+µ+µ−

rate normalized by the electron mode is particularly interesting since it is known within

the SM with a very good accuracy and constitutes a test of lepton universality in B-meson

decays [4]. This ratio has been measured recently by the LHCb collaboration in the q2-

range 1 < q2 < 6 GeV2 giving RK = 0.745+0.090
−0.074±0.036, representing a 2.6σ deviation from

the SM prediction RK ' 1 [3]. The measurement of the observable P ′5 in B0 → K∗µ+µ−

decays shows a tension with respect to the SM at the 3.7σ level [1, 5]. Additionally, the

differential branching fraction Bs → φµ+µ− was recently reported to be 3.5σ below the

SM prediction in the low-q2 region [2].

A massive Z ′ boson of mass of O(10) TeV is a possible new physics candidate to explain

the observed b → s`+`− anomalies [6–21], see figure 1. A neutral boson at the TeV scale

can evade current limits from the LHC while potentially produce the relevant deviations

from the SM in b→ s`+`− transitions if the following conditions are met:

• Flavor changing Z ′αs̄Lγ
αbL couplings are present at tree-level.

• The Z ′ boson couples differently to muons and electrons in order to accommodate RK .

A Z ′ boson with the required characteristics could arise as a massive abelian gauge

boson associated to an anomaly free U(1)′ symmetry which is spontaneously broken around

the TeV scale, obtaining its mass via the Higgs mechanism. The non-universal character of

the Z ′ couplings to different families can be traced in these models to fermion mixing effects

or to horizontal U(1)′ charges [6–18]. Another possibility would be a vector resonance from

a strong dynamics associated to the electroweak symmetry breaking mechanism [19–21].
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Figure 1. Explanation of the b → s`+`− anomalies due to the tree-level exchange of a heavy Z ′

boson.

We propose here a new, stringy solution to the b → s`+`− puzzles. We consider

string inspired abelian gauge symmetries from intersecting D-brane models (for reviews

see [22, 23]). These U(1)′s suffer from mixed anomalies with the SM which are cancelled

by the Green-Schwarz mechanism [24]. The corresponding gauge boson typically acquires

a string scale mass via the coupling between the two-index antisymmetric fields from the

closed string sector. Assuming the string scale is as low as TeVs,1 these U(1)′ gauge bosons

can give rise to a rich phenomenology [25–35]. As discussed in [35], they also could be the

stringy origin of possible diboson and dijet excesses at the LHC. The required non-universal

character of the Z ′ to solve the b→ s`+`− puzzles would be ultimately related in this case

to geometric properties of the intersecting D-brane model.

This paper is organized as follows. In section 2 we will discuss the implications of

the b → s`+`− anomalies for a stringy Z ′ without entering into details of the D-brane

construction considered. We discuss generic aspects of the intersecting D-brane models

in section 3, especially, additional U(1)’s in D-brane models and the mass mixing effect

among them. In section 4 we describe the class of intersecting D-brane models considered

for our analysis. We conclude in section 5.

2 Stringy solution to the b→ s`+`− puzzles

The main finding of our work is that a class of intersecting D-brane models can explain

current b→ s`+`− anomalies. The model we will use for illustration is a toroidal model.2

In the so-called U(2)-type models [36], left-handed quarks arise from different D-brane

intersections and can give rise to the desired Z ′αs̄Lγ
αbL coupling due to quark mixing

effects. In addition, a subclass of models within this category, five-stack models studied

in [37],3 also realize lepton generations at different D-brane intersections and generate non-

1Due to the form of the U(1) mass-squared matrix eq. (3.10) and also the repulsion effect of the eigen-

values of a positive-definite matrix, for a Z′ around a few TeVs, the corresponding string scale can usually

be several orders higher [25, 26].
2In a purely toroidal intersecting D-brane model it is in general not possible to obtain a low string scale,

but the D-branes have to be embedded in a different space, which allows for a large transversal space (see

also some comments later in the paper).
3To explain the b → s`+`− anomalies within four-stack D-brane models (requiring different families of

quarks and leptons simultaneously realized at different brane intersections), it seems necessary to add chiral

exotics in the particle spectrum. We will not discuss this possibility here.
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universal Z ′ couplings to leptons. These features allow for the potential explanation of

b→ s`+`− anomalies in terms of a stringy Z ′.

2.1 b→ s`+`− anomalies

New physics contributions to semi-leptonic b → s`+`− decays are described in a model-

independent manner using the effective weak Hamiltonian [38]

Heff ⊃ −
4GF√

2

α

4π
V ∗tsVtb

∑
i

[
C`i (µ)Q`i(µ) + C ′`i (µ)Q′`i (µ)

]
. (2.1)

We focus here on the operators

Q`9 = (s̄γµPLb)(¯̀γµ`) , Q`10 = (s̄γµPLb)(¯̀γµγ5`) ,

Q′`9 = (s̄γµPRb)(¯̀γµ`) , Q′`10 = (s̄γµPRb)(¯̀γµγ5`) . (2.2)

In the SM the Wilson coefficients are CSM`
9 ' −CSM`

10 ' 4.2 at the mb scale, while C ′`9,10 ' 0.

We write in the following C`i = CSM`
i + CNP`

i .

Global fits of the Wilson coefficients to the available b → s`+`− data have been per-

formed by different groups, with varying statistical methods and treatments of hadronic

uncertainties [39–47]. Notably, the observed pattern of deviations in b → s`+`− transi-

tions seems to hint towards a consistent interpretation in terms of new physics. Current

data favors new physics contribution in CNPµ
9 of size CNPµ

9 ∼ −1 [39, 41–45]. The re-

ported significance of this scenario varies within the different analyses available, a recent

comprehensive study quotes a significance of ∼ 4σ [39].

2.2 Implications of b→ s`+`− data

We describe the main phenomenological results of our work in this section, leaving technical

details of the intersecting D-brane models for the following sections. The Z ′ couplings to

fermions can be parametrized as

LZ′NC = Z ′µ
∑
f

[
gfLf̄Lγ

µfL + gfRf̄Rγ
µfR

]
. (2.3)

As will be explained in section 4, q and Q (l and `) denote generations of left-handed quarks

(leptons) arising from different D-brane intersections. We identify q to be (u, d)L, (c, s)L,

and Q to be (t, b)L; we also identify l to be (e, νe)L and ` to be (µ, νµ)L, (τ, ντ )L. The three

generations of right-handed quarks are realized at the same intersections, U,D represent

(u, c, t)R and (d, s, b)R respectively. Right-handed leptons are realized at different brane

intersections, (e, ν)R is identified with the right-handed electron and electron-neutrino while

(E,N)R are identified with the second and third generation right-handed leptons. The

couplings gfL,R are determined by a limited number of free variables within our underlying

intersecting D-brane model and are subject to specific correlations. In the fermion mass

basis [48, 49]

LZ′NC = Z ′µ
∑
f

∑
i,j

[
BfL
ij f̄iLγ

µfjL +BfR
ij f̄iRγ

µfjR
]
, (2.4)
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with

BfL = V †fL diag
(
gf1L , g

f2
L , g

f3
L

)
VfL , BfR = V †fR diag

(
gf1R , g

f2
R , g

f3
R

)
VfR . (2.5)

The unitary matrices VfL,R
satisfy V †uLVdL = VCKM, with VCKM being the CKM matrix.

The form of these unitary matrices depend on the Higgs sector of the model and the allowed

Yukawa couplings due to the new gauge symmetries. In our model gqiR are family universal

so that BqR is flavor diagonal for up-and down-type quarks. On the other hand, the left-

handed couplings are non-universal, giving rise to left-handed flavor changing Z ′ couplings

to quarks. We focus here on the down-quark sector. We can parametrize generically the

left-handed down-quark rotation matrix as

VdL =

(
WdL XdL

YdL ZdL

)
, (2.6)

where WdL is a 2× 2 sub-matrix. The matrix BdL can be written as

BdL =

(
gqLW

†
dL
WdL + gQLY

†
dL
YdL gqLW

†
dL
XdL + gQLY

†
dL
ZdL

gqLX
†
dL
WdL + gQLZ

†
dL
YdL gqLX

†
dL
XdL + gQLZ

†
dL
ZdL

)
. (2.7)

We assume that the elements XdL , YdL are small. Taking into account the unitarity of VdL
we can approximate

BdL =

(
gqL × 12×2 (gqL − g

Q
L )W †dLXdL

(gqL − g
Q
L )X†dLWdL gQL

)
. (2.8)

Note that the b-d and b-s Z ′ couplings are unrelated a priori since they depend on unknown

matrix elements of VdL , we will focus here on the BdL
sb coupling. For the charged leptons

our model gives

B`L =

(
glL 0

0 g`L × 12×2

)
, B`R =

(
geR 0

0 gER × 12×2

)
. (2.9)

The Z ′ contributions to the Wilson coefficients C`9,10 are given by [50]

CNP`
9 = − π√

2αGF

1

M2
Z′

BdL
sb (BeR

`` +BeL
`` )

V ∗tsVtb
, CNP`

10 = − π√
2αGF

1

M2
Z′

BdL
sb (BeR

`` −B
eL
`` )

V ∗tsVtb
.

(2.10)

The Wilson coefficients CNP′`
9,10 do not receive Z ′ contributions at tree-level due to the absence

of right-handed flavor changing neutral currents (FCNCs). The vectorial Z ′ coupling to

muons and electrons happen to be the same in our model, glL + geR = g`L + gER , which

implies that

CNPµ
9 = CNPe

9 . (2.11)
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This correlation has important implications given that current data favors sizable new

physics contributions to Cµ9 . The ratio RK defined via

RK =

ˆ q2max

q2min

dΓ(B+ → K+µ+µ−)

dq2
dq2

ˆ q2max

q2min

dΓ(B+ → K+e+e−)

dq2
dq2

, (2.12)

is given in terms of the Wilson coefficients by [51]

RK ' 1 +
2CSM

10

|CSM
9 |2 + |CSM

10 |2
(CNPµ

10 − CNPe
10 ) +

|CNPµ
10 |2 − |CNPe

10 |2

|CSM
9 |2 + |CSM

10 |2
. (2.13)

Here we have taken into account the absence of right-handed FCNCs in the down quark

sector and the fact that CNPµ
9 = CNPe

9 . Deviations from the SM in RK can only be

accommodated in our model from differences between CNPe
10 and CNPµ

10 .

We have performed a scan over the parameter space of our model searching for those

combinations of parameters which can accommodate the observed anomalies in b→ s`+`−

data. We use the bounds from branching ratios and angular observables in b → sµ+µ−

decays provided in [39]. We reconstruct the likelihood from the iso-contours of ∆χ2 pro-

vided in the plane (CNPµ
9 , CNPµ

10 ), assuming these are well approximated by a bivariate

normal distribution. The measurement of RK is included in the analysis by modeling the

LHCb measurement by a Gaussian distribution.4 We consider bounds from the measured

mass difference in the Bs-meson system, for which contributions as large as 20% remain

allowed at 95% CL [14]. Constraints from Z ′ direct searches at the LHC in the di-muon and

di-electron channels are also taken into account. These are implemented through experi-

mental bounds provided in the so-called (cd, cu) plane [52, 53]. Allowed values within our

model at 95% CL from this analysis are shown in figures 2 and 3, the more likely regions

of the parameter space have a lighter shading.

We obtain a strong correlation between CNPµ
9 and CNPe

10 , with CNPe
10 taking negative

values in the range ∼ [−0.8,−0.3]. The value of CNPµ
10 is compatible with zero and shows

preference for positive values due to b → sµ+µ− data [39]. The mass of the Z ′ boson is

bounded to lie in the range ∼ [3.5, 5.5] TeV, within the reach of the next LHC runs [54].

We find that the Z ′ would decay slightly more often to electrons than to muons, with

Br(Z ′ → µ+µ−)/Br(Z ′ → e+e−) ∼ [0.5, 0.9]. Strong bounds and correlations are obtained

from our analysis for the couplings gfL,R as shown in figure 4.

3 U(1) mass mixing and Z′ in intersecting brane models

In this section, we give a brief introduction to intersecting D-brane models as well as the

mass mixing effect of the extra U(1)’s. In the literature, D-brane models were usually built

with three or four stacks of D-branes intersecting with each other and matter fields are

4Possible correlations between RK and the different observables included in the global fit of b→ sµ+µ−

data performed in [39] are neglected here.
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Figure 2. Constraints on the Wilson coefficients from Z ′ searches at the LHC, Bs-meson mixing,

b→ sµ+µ− data and the RK measurement at 95% CL.

Figure 3. Bounds derived from Z ′ searches at the LHC, Bs-meson mixing, b → sµ+µ− data and

the RK measurement at 95% CL.

realized at intersections of branes transforming generically in the bi-fundamental represen-

tations of the gauge groups associated to the branes. Additional U(1)’s beyond the SM

hypercharge appear naturally in intersecting D-branes constructions. Each D-brane would

give rise to a U(1) and U(N) arises from N overlapping D-branes. Thus instead of getting

SU(3)×SU(2)×U(1) SM gauge group, one would get U(3)×U(2)×U(1) and possibly with

more U(1)’s in the set-up. The hypercharge appears as a linear combination of these U(1)’s.

– 6 –
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Figure 4. Constraints on the couplings gfL,R from Z ′ searches at the LHC, Bs-meson mixing,

b → sµ+µ− data and the RK measurement at 95% CL. The coupling gqL (gQL ) determines the

left-handed Z ′ couplings to the first two (third) quark generations. Right handed Z ′ couplings to

quarks are determined by gU,DR . The Z ′ coupling to electrons is determined by glL and geR while

those to the second and third lepton generations are determined by g`L and gER . gνR and gNR represent

the Z ′ couplings to right-handed neutrinos.

Extra U(1)’s may also come from D-branes in the hidden sector, which do not intersect

with visible branes that give rise to the SM. These hidden U(1)’s are phenomenologically

very interesting and through mass mixing effect they could mix with U(1)’s from the visible

sector and thus generate a portal between visible and hidden sectors, which could explain

the nature of dark matter, as was discussed in [25, 26]. These U(1)’s in D-brane models

are usually massive due to the coupling of gauge fields to two-index antisymmetric tensors

from closed string sector [55, 56]. These couplings are crucial for the generalized Green-

Schwarz mechanism which is responsible for the anomaly cancellation, and at the same time

they also generate a string scale Stückelberg mass to the U(1) gauge bosons. Assuming

a O(10) TeV string scale MS due to the large internal volume, the stringy Z ′s would be

within the reach of the LHC, and interesting phenomenology launches [25–35].

We focus on the Type IIA string theory compactified on a Calabi-Yau threefold M,

with the orientifold action Ωσ̄ where Ω denotes the world-sheet parity transformation

and σ̄ is the anti-holomorphic involution on the compact six-dimensional space M. The

homology group H3(M) can be decomposed into its Ωσ̄ even and odd parts, H3(M) =

H+
3 (M) ⊕ H−3 (M). We choose a basis in which αi ∈ H+

3 (M) and βi ∈ H−3 (M) with

– 7 –
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i = 1, 2, · · · , l ≡ h2,1 + 1, such that

αi · βj = −βi · αj = δ ji , αi · αj = βi · βj = 0 . (3.1)

The orientifold O6-planes wrap 3-cycles ΠO6, and the Ramond-Ramond (RR) charges of

the O6-planes are cancelled by n stacks of D6-branes wrapping on the three-cycles Πa and

their orientifold images Πa′ (a = 1, 2, · · · , n). These three-cycles can be expanded in the

basis introduced above as

Πa = S i
a αi +Raiβ

i, Πa′ = S i
a αi −Raiβi, ΠO6 = Liαi , (3.2)

where the entries of matrix S,R,L are all integers (or half integers when considering a

tilted orientifold [36]).

For a consistent brane model, tadpoles induced by the D6-brane are cancelled by

orientifold 6-planes carrying −4 units of brane charge. Tadpole cancellation required three-

cycles wrapped by branes and also O6-plane to satisfy∑
a

NaΠa +
∑
b

NbΠb′ − 4ΠO6 = 0 , (3.3)

where Na is the number of overlapping branes in stack a wrapping the three-cycle Πa.

At the intersection of a and b brane stacks, chiral fermions are open strings stretching

between these two stacks and transform under the bi-fundamental representation (�a, �̄b)

with the corresponding U(1) charges (+1,−1)a,b. The number of replicas of such chiral

fermions, is given by the intersection number which presents the number of times the

wrapped cycles intersect with each other

Iab = Πa ·Πb = SaiR
T b
i −RaiST bi . (3.4)

In addition, the intersection number between a cycle and another cycle’s orientifold image

is given by

Iab′ = Πa ·Πb′ = −SaiRT bi −RaiST bi . (3.5)

For toroidal models, D6-branes wrap a three-cycle on a six-dimensional torus which

can be factorized into T 2×T 2×T 2, and the D6a-brane warps on the i-th T 2 with wrapping

numbers (nia,m
i
a). The intersection numbers of a and b brane stacks as well as a and b′

which is the orientifold image of stack b are given by

Iab = Πa ·Πb = (n1
am

1
b −m1

an
1
b)(n

2
am

2
b −m2

an
2
b)(n

3
am

3
b −m3

an
3
b) , (3.6)

Iab′ = Πa ·Πb′ = −(n1
am

1
b +m1

an
1
b)(n

2
am

2
b +m2

an
2
b)(n

3
am

3
b +m3

an
3
b) . (3.7)

The intersection numbers give rise to the number of families of the chiral fermions arising

at the corresponding intersections.

On the other hand, the B ∧F couplings are obtained through the Kaluza-Klein reduc-

tion of D6-brane Chern-Simons action

SBF =
1

2

( ˆ
Πa

C5 ∧ trFa −
ˆ

Π′a

C5 ∧ trFa

)
=
∑
a

NaRaiB
i
2 ∧ Fa , (3.8)

– 8 –
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where Bi
2 =
´
βi
C5 and C5 is the RR 5-form. The B ∧ F couplings can then give rise to

LSt ∼
1

2
Gij(∂µai +NaRaiAa,µ)(∂µaj +NbRbjA

µ
b ) , (3.9)

where the matrix Gij is the (positive-definite) metric of the complex structure moduli space,

and the RR axion ai =
´
αi
C3 which is dual to Bi

2. The gauge boson and axion couplings

play a crucial role canceling the triangle anomalies of the anomalous U(1)’s [57]. U(1)

gauge bosons then require Stückelberg mass and the U(1) mass-squared matrix takes the

form [26, 27]

M2
ab = gagbNaRaiGijNbR

T,ibM2
S , (3.10)

where MS is the string scale, the U(1) indices a, b = 1, 2, · · · , n runs over all the branes in

the set-up, i, j = 1, 2, · · · , h2,1 +1 are the complex structure moduli indices, and the entries

of the R matrix are all integers or half integers. The complex structure moduli matrix Gij
for toroidal case was analyzed in [26]. In this work, to illustrate our idea we set this matrix

to be the identity matrix for simplicity.

Now we discuss briefly the U(1) mass mixing effect in intersecting brane models. As-

suming no kinetic mixing, the Lagrangian of n U(1) fields reads

L = −1

4

n∑
a=1

F 2
a +

1

2
AaM

2
abAb +

n∑
a=1

ψ̄a(i/∂ + gaqa /Aa)ψa , (3.11)

where ψa denotes the matter fields charged under U(1)a. An orthogonal matrix O would

bring M2 into diagonal form with its elements being the eigenvalues of M2:

OTM2O = diag{λ2
1, λ

2
2, · · · , λ2

n} ≡ D2, (3.12)

where the eigenvalues are sorted from small to large, i.e., λi < λj for i < j. λ1 = 0

corresponds to the mass of the hypercharge gauge boson Bµ ≡ A
(m)
1,µ . We define the

lightest massive U(1) to be U(1)′, and Z ′ is the corresponding gauge boson. In some models

(including the model considered later), there might be more zero’s in D2 in addition to the

hypercharge, and they should gain a mass at low energies.

The above transformation also takes the gauge fields from their original basis into the

mass (physical) eigenbasis, denoted by the upper index (m):

A
(m)
i = OTiaAa . (3.13)

The column vectors of the orthogonal matrix O are just the eigenvectors of M2. The first

column vector ~v gives rise to the hypercharge combination U(1)Y = v1U(1)a + v2U(1)b +

· · · + vnU(1)n, which is totally determined by the construction. The smallest non-zero

eigenvalue is the mass-square of the Z ′ gauge boson, and the corresponding column vector
~ζ = (ζ1, ζ2, · · · , ζn) gives rise to the Z ′

U(1)′ = ζ1U(1)a + ζ2U(1)b + · · ·+ ζnU(1)n , (3.14)

where the vector elements are determined by the details of the U(1) mass-squared matrix.

– 9 –
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After the mass mixing, the Lagrangian in the U(1) gauge boson mass eigenbasis reads

L = −1

4

n∑
i=1

F
(m)2
i +

1

2
D2
ii

(
A

(m)
i

)2
+

n∑
a=1

ψ̄a
(
i/∂ + gaqaOai /A

(m)
i

)
ψa . (3.15)

Since the elements in the orthogonal matrix O are in general irrational numbers (except

for the first column corresponding to the hypercharge, which are all fractional numbers by

construction), the gauge charges in the U(1) mass eigenbasis are not quantized. For a mat-

ter field carrying qa under U(1)a with the gauge coupling ga, after mass mixing it couples

to the gauge field A
(m)
i in the mass eigenbasis with strength g

(m)
i Q

(m)
i ≡

∑
a gaqaOai. In

intersecting brane set-ups, chiral fermions are usually realized as bi-fundamental fields and

hence charged under two gauge groups.

The gauge couplings on the visible branes can be identified with the SM gauge coupling

constants running to the string energy scale. For the U(3) stack, ga = 1√
6
gQCD; and for

the U(2) stack, gb = 1
2g2. The hypercharge gauge coupling yields

1

g2
Y

=
v2

1

g2
a

+
v2

2

g2
b

+ · · ·+ v2
n

g2
n

. (3.16)

Since the Higgs fields are also realized as open strings stretching between two stacks

of visible branes and hence are charged under the two U(1)’s. After the mass mixing, the

Higgs fields would also be charged under all other U(1)’s in the mass eigenbasis, and couple

to all these massive U(1) gauge bosons. Hence after the electroweak symmetry breaking,

all the gauge boson mass would be corrected by the Higgs mechanism. The covariant

derivative reads

Dµ = ∂µ − ig2A
a
µT

a − igY
2
Bµ − i

∑
i

g
(m)
i Q

(m)
i A

(m)
i , (3.17)

where T a = σa/2 is the SU(2) generator, and Bµ the hypercharge gauge boson. The mass

terms of all the U(1)’s take the form

Lm = DµφD
µφ+

1

2
D2
ii

(
A

(m)
i

)2
=
v2

8

[
g2

2(A1
µ)2+ g2

2(A1
µ)2+

(
gYBµ − g2A

3
µ + 2

∑
i

g
(m)
i Q

(m)
i A

(m)
i

)2]
+

1

2
D2
ii

(
A

(m)
i

)2
.

(3.18)

A1
µ and A2

µ give rise to W± and the mass mixing only occurs within A3
µ, A

(m)
i . One needs

to perform another diagonalization to determine the final mass eigenstates of all the U(1)

gauge bosons. The special form of eq. (3.18) ensures there is only one massless eigenstate

Aγµ = (gYA
3
µ+g2Bµ)/(g2

2 +g2
Y )1/2 which will be identified to be the photon. As one can see,

the photon does not couple to any hidden matter, and thus all the hidden fields are exactly

electrically neutral. The electric charge remains unchanged, i.e., e = g2gY /(g
2
2 + g2

Y )1/2.

The Z boson would be a mixture of A3
µ and all the A

(m)
i , and its mass would receive a small

correction due to mass mixing effects MZ = (g2
2 + g2

Y )1/2v/2 + O(v2/M2
S) [27, 58]. Since
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v �MS , the mass of the extra U(1)’s comes mainly from the Stückelberg mechanism and

will be around the string scale.

A phenomenologically interesting intersecting D-brane model usually requires a low

string scale, in which case the spacetime extends into large extra dimensions [59, 60].

Brane models with a low string scale posses low lying string excitations, which would be

clear signal for string theory at the LHC collider [61–66]. A low string scale can be achieved

by enlarging some of the transverse compactification radii to the D-branes where the SM

is located. Since the D6-brane gauge coupling constants are proportional to the inverse of

the volumes of the wrapped 3-cycles, at least some of the cycles (especially the ones that

visible branes wrapped on) has to be kept small compared to the overall volume. For the

toroidal model in type IIA string theory, one could think the six-torus still be kept small

but connect to a large volume manifold. There is another possibility discussed in [25, 26]

that one can include a hidden sector with many hidden branes which do not intersect with

the visible branes that realize the SM, while the hidden U(1)’s could still mix with the

visible U(1)’s via the U(1) mass-squared matrix. In this set-up, one has the possibility to

generate a light Z ′ with its mass several orders lower than the fundamental string scale,

due to the significant repulsion effect to the eigenvalues of a large (semi)positive-definite

matrix with entries of the same order.

Despite gaining a Stükelberg mass, these anomalous U(1)’s (for example U(1)B) remain

unbroken at the perturbative level in the low energy effective theory [67], and can thus

protect the stability of the proton. However, D-brane instanton effects may break these

symmetries and allow for baryon number violating couplings. This may be cured by the

implementation of discrete gauge symmetries [68–70] which again forbid these unwanted

couplings.

4 Intersecting brane model for b→ s`+`− anomalies

In intersecting brane models, chiral fermions are usually realized as open strings stretching

between two stacks of D-branes, and thus carry gauge charges under two U(1)’s in the

original D-brane basis. After the U(1) mass mixing, the chiral fermions would couple to

the Z ′ with the strength
∑

a gaqaζa where a runs over the D-branes they are attaching to,

and ~ζ is the eigenvector of the U(1) mass-squared matrix corresponding to the Z ′ gauge

boson. Given the D-brane construction, the gauge couplings of the Z ′ to fermions gfL,R in

eq. (2.3) are determined by gfL,R ≡
∑

a gaq
f
aL,R ζa.

The U(1)′ gauge charges of the SM fermions are very model dependent. For USp(2)

type D-brane model constructions proposed in [71], the Z ′ couplings to the quark sector are

family-universal. While for U(2)-type intersecting D-brane models [36], the U(1)′ charges

of left-handed quarks are family non-universal. We focus on the U(2)-type intersecting D-

brane models since they can generate FCNCs in the left-handed quark sector. In addition,

we also need that the Z ′ couples differently to electrons and muons.

We consider a five-stack toroidal model in which two generations of leptons arise from

the intersection between stack c and d branes, while the other generation arise from the

intersection between c and an additional e stack [37]. Since the three generations of leptons
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are realized at different brane intersections, this construction allows automatically family-

dependent Z ′ couplings to leptons. For four-stack models, requiring that different families

of quarks and leptons are simultaneously realized at different brane intersections, it seems

necessary to add chiral exotics in the particle spectrum (e.g., fermions attached to the U(2)

stack). We will not discuss the four-stack set-ups in this paper.

The toroidal model we consider here is non-supersymmetric and it was shown in [36]

that there are regions in the complex structure parameter space that the configuration

is stable. Since the main focus of this work is to illustrate how the D-brane models can

explain the b→ s`+`− anomalies, we will skip this discussion here.

The five-stack intersecting D-brane model is anomaly-free and has the following wrap-

ping numbers on T 2 × T 2 × T 2,

Na = 3 (1/β1, 0)(na, εβ
2)(3, ε̃/2) ,

Nb = 2 (nb,−εβ1)(1/β2, 0)(ε̃, 1/2) ,

Nc = 1 (nc, εβ
1)(1/β2, 0)(0, 1) ,

Nd = 1 (1/β1, 0)(nd, 2εβ
2)(1,−ε̃/2) ,

Ne = 1 (1/β1, 0)(ne, εβ
2)(1,−ε̃/2) ,

where ε = ±1, ε̃ = ±1, βi = 1 − bi is the Neveu-Schwarz background parameter and

bi = 0, 1/2, and na, nb, nc, nd, ne are five additional integer parameters. One could get

the following particle spectrum

QL ab 1(3, 2)

(
+ 1,−1, 0, 0, 0; +

1

6

)
qL ab′ 2(3, 2)

(
+ 1,+1, 0, 0, 0; +

1

6

)
UR ac 3(3̄, 1)

(
− 1, 0,+1, 0, 0;−2

3

)
DR ac′ 3(3̄, 1)

(
− 1, 0,−1, 0, 0; +

1

3

)
`L bd 2(2, 1)

(
0,−1, 0,+1, 0;−1

2

)
lL be 1(2, 1)

(
0,−1, 0, 0,+1;−1

2

)
ER cd′ 2(1, 1) (0, 0,−1,−1, 0; +1)

NR cd 2(1, 1) (0, 0,+1,−1, 0; 0)

eR ce′ 1(1, 1) (0, 0,−1, 0,−1; +1)

νR ce 1(1, 1) (0, 0,+1, 0,−1; 0)

where QL arises from the intersection of a, b stacks of D-branes, qL is realized from the

intersection of a stack and the orientifold image of b stack of branes, and similar for other

fields. The charges in the parentheses show the U(1) charges for a, b, c, d, e stack of branes

and the hypercharge U(1)Y respectively. Here q,Q represent left-handed quarks realized at
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different intersections, U,D are right-handed up and down type quarks, (l, `)L, (e, ν, E,N)R
are left-handed and right-handed leptons arising from different brane intersections. The

hypercharge is given by

U(1)Y =
1

6
U(1)a −

1

2
U(1)c −

1

2
U(1)d −

1

2
U(1)e . (4.1)

This combination imposes the following condition

nc =
ε̃β2

2β1
(na + nd + ne) . (4.2)

In addition, the tadpole condition in eq. (3.3) gives another constraint

9na
β1

+
2nb
β2

+
nd + ne
β1

= 16 . (4.3)

One could relax this constraint by adding hidden branes which do not intersect with the

given branes and do not contribute to the rest of the tadpoles. When adding Nh hidden

branes (n1
h, 0)(n2

h, 0)(n3
h,mh) on T 6, the new tadpole condition becomes

9na
β1

+
2nb
β2

+
nd + ne
β1

+Nhn
1
hn

2
hn

3
h = 16 , (4.4)

which is a weak constrain.

In this set-up there is an extra anomaly-free U(1) which is orthogonal to the hyper-

charge

U(1)′′ =
3ε̃β2

2β1

[
U(1)a − 3U(1)d − 3U(1)e

]
+ 19ncU(1)c , (4.5)

which should acquire a mass at low energies. However, this anomaly-free U(1) does not

generate flavor-changing currents in either quark or lepton sector and thus we will not focus

on this U(1) in this work.

Now we focus on the lightest massive U(1) in this model, i.e., U(1)′ with the corre-

sponding gauge boson Z ′. The couplings of Z ′ to the SM chiral fermions read

gqL = gaζa + gbζb , gQL = gaζa − gbζb , (4.6)

gUR = −gaζa + gcζc , gDR = −gaζa − gcζc , (4.7)

glL = −gbζb + geζe , g`L = −gbζb + gdζd , (4.8)

geR = −gcζc − geζe , gER = −gcζc − gdζd , (4.9)

gνR = gcζc − geζe , gNR = gcζc − gdζd . (4.10)

We recall that q,Q represent left-handed quarks realized at different intersections, U,D

are right-handed up and down type quarks, (l, `)L, (e, ν, E,N)R are left-handed and right-

handed leptons arising at different brane intersections. We identify q to be (u, d)L, (c, s)L,

and Q to be (t, b)L; we also identify l to be (e, νe)L and ` to be (µ, νµ)L, (τ, ντ )L. U,D repre-

sent (u, c, t)R and (d, s, b)R respectively. (e, ν)R is identified with the right-handed electron

and electron-neutrino while (E,N)R are identified with the second and third generation

right-handed leptons.
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The vector ~ζ is obtained from diagonalizing the U(1) mass-squared matrix in eq. (3.10),

thus it is completely determined by the internal geometry and intersecting brane con-

struction. The components of ~ζ are in general irrational numbers and hence particles

charged under the massive U(1)’s do not have quantized charges. Recall the gauge cou-

plings ga = 1√
6
gQCD, gb = 1

2g2 and eq. (3.16) gives the hypercharge coupling

g−2
Y =

1

36
g−2
a +

1

4
g−2
c +

1

4
g−2
d +

1

4
g−2
e , (4.11)

which restricts the gauge couplings gc,d,e.

Now we discuss briefly the Higgs sector of the model. The Higgs fields are realized at

the b, c intersections and there could be two kinds of Higgs doublet [36, 37]

h1 bc nh(2, 1)

(
0, 0,+1,−1, 0; +

1

2

)
h2 bc nh(2, 1)

(
0, 0,−1,+1, 0;−1

2

)
H1 bc′ nH(2, 1)

(
0, 0,−1,−1, 0; +

1

2

)
H2 bc′ nH(2, 1)

(
0, 0,+1,+1, 0;−1

2

)
Here we recall our notation that the charges in the parentheses show the U(1) charges

for a, b, c, d, e stack of branes and the hypercharge U(1)Y respectively. The number of the

Higgs doublets are given by

nh± = Ibc = |εβ1(nb + nc)| , nH± = Ibc′ = |εβ1(nb − nc)| . (4.12)

Because of the U(1) charges, the allowed Yukawa couplings in this model read [37]

LYukawa = Y tQU3h1 + Y bQD3H2 + Y U
ij qiUjH1 + Y D

ij qiDjh2

+ Y ν l νh1 + Y el eH2 + Y N
k1k2`k1Nk2h1 + Y E

k1k2`k1Ek2H2 + h.c. , (4.13)

where i = 1, 2, j = 1, 2, 3, k1, k2 = 2, 3, and Y ’s are the Yukawa coupling constants.

These Yukawa couplings constrain the unitary matrices BdL and B` to be in the form as

written in eqs. (2.7) and (2.9). In our analysis, we require the number of both H± and h±

Higgs doublets to be greater or equal to one. For the phenomenological analysis presented

in section 2 we have varied the wrapping numbers nc,b within [−10, 10] and nd,e within

[−30, 30], na is obtained as integer solutions to eq. (4.2). The gauge couplings gc,d are

varied within [0.3, 1.2] with ge being obtained from the hypercharge condition (4.11). The

string scale MS has been taken in the range [10, 20] TeV. The matrix element (W †dLXdL)sb
in eq. (2.8) was varied within [10−3, 0.2]. We have also studied the impact of imposing

additionally the tadpole condition (4.3). We found that the latter condition has a small

impact regarding the results presented in section 2, though the values required for the

wrapping numbers nb,c are larger.
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5 Conclusions

Recent deviations from the SM observed in b → s`+`− decays have triggered recent at-

tention from the theoretical community as possible hints of new physics. A possible new

physics scenario is a heavy Z ′ boson with non-universal couplings to leptons and flavor

changing couplings in the down-quark sector. We have explored the possibility of realizing

this scenario with a string inspired abelian gauge boson. Such neutral gauge boson at the

TeV scale arises from intersecting D-brane models with a low string scale, in which case the

spacetime extends into large extra dimensions. We consider the five-stack model studied

in [37], for which left-handed quarks and leptons simultaneously arise from different D-

brane intersections. We find that this class of models can accommodate current anomalies

in b→ s`+`− data in certain regions of the parameter space.

Future experimental prospects regarding b → s`+`− transitions as well as direct Z ′

searches at the LHC make this scenario very appealing. We find that the stringy Z ′

boson considered has non-negligible couplings to the first two quark generations and has a

mass in the range ∼ [3.5, 5.5] TeV, so it should be possible to discover such state directly

during the next LHC runs via Drell-Yan production in the di-electron or di-muon decay

channels. We find Br(Z ′ → µ+µ−)/Br(Z ′ → e+e−) ∼ [0.5, 0.9] so that the Z ′ boson would

decay slightly more to electrons than to muons. Correlations arising in this model can be

also tested with precise measurements of b → s`+`− observables. The model considered

predicts CNPµ
9 = CNPe

9 . This has important implications given that CNPµ
9 ∼ −1 is required

to accommodate b → sµ+µ− data. Deviations from the SM in RK are explained due to

differences between CNPµ
10 and CNPe

10 , given that there are no right-handed flavor changing

currents in the down-quark sector. We find CNPe
10 ∼ [−0.8,−0.3] while CNPµ

10 is compatible

with zero, showing some preference for positive values.
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