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1 Introduction

1.1 Motivation

A good motivation for the existence of additional U(1) gauge symmetries is the “Dark

Force” scenario. In this setting, dark matter arises from a standard model (SM) singlet

charged under a hidden U(1), whose gauge boson has a GeV mass and mixes kinetically with

the observable photon [1–7]. Several features of such scenarios have been studied [8–10],

including supersymmetry [4, 7, 11–13], in which some of the contemporary puzzles, such

as the data of PAMELA and Fermi, could find an explanation. Furthermore, the wealth of

experiments [14–16] (see e.g. [17–19] for an overview) capable of probing hidden U(1)s over
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a very wide range of hidden gauge-boson mass and kinetic mixing values also motivates

the study of the phenomenological potential of hidden sectors. On the other hand, string

theory quite often offers a plethora of Abelian symmetries which might well help to embed

the Dark Force scenario in an ultra-violet complete and globally consistent theory. Thus,

it seems natural to ask to what extent this idea is consistent with string constructions.

As a starting point, we could well ask what hidden-sector models are generic and what

the generic parameters for them are. In particular, we can explore the amount of kinetic

mixing that promising models exhibit.

Predictions for kinetic mixing and its phenomenology were considered in type II strings

in [20–29]; in [24, 28] both masses and mixings were studied, and it was argued that the

Dark Force scenario could be accommodated provided that there is additional sequestering.

However, it is to heterotic orbifolds that we shall turn in this paper. Orbifold models in

the fermionic formulation were the corner of the heterotic string landscape where kinetic

mixing was originally searched for [30, 31] (it was also considered in heterotic models in the

geometric regime in [32, 33]), although the existence of interesting models (i.e. with non-

zero mixing) was not established. We intend to resolve this issue, and also clarify under

what conditions mixing may occur. To do so, we study kinetic mixing in heterotic orbifold

models in the bosonic formulation and focus particularly on those of the Z6-II orbifold

Mini-Landscape [34, 35], which are known to display many phenomenologically appealing

features [36]. Indeed, we hope that this paper paves the way for more exploration of the

rich phenomenology of kinetically mixed hidden sectors possible in heterotic models.

1.2 Kinetic mixing in supersymmetric theories

In an unbroken supersymmetric theory, there is only one possible operator that can yield

kinetic mixing. It appears in the gauge kinetic part of the supergravity Lagrangian, and is

thus a holomorphic function of other fields:

L ⊃
∫
d2θ

{
1

4(gha )
2
WaWa +

1

4(ghb )
2
WbWb −

1

2
χhabWaWb

}
, (1.1)

where Wa,Wb are the field strength superfields for the two U(1) gauge fields and χhab, g
h
a , g

h
b

are the holomorphic kinetic mixing parameter and gauge couplings that must run only at

one loop. In the canonical basis,

Lcanonical ⊃
∫
d2θ

{
1

4
WaWa +

1

4
WbWb −

1

2
χabWaWb

}
, (1.2)

where the canonical kinetic mixing is given in terms of the holomorphic quantity by the

Kaplunovsky-Louis type relation [24, 37, 38]:

χab
gagb

= ℜ(χhab) +
1

8π2
tr

(
QaQb logZ

)
− 1

16π2

∑

r

nrQaQb(r)κ
2K. (1.3)

Here, K is the full Kähler potential of the theory, and Z is the Kähler metric of matter

fields formed by the second derivative of K. Qa,b are the charge operators of the two U(1)s.
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The mixing can be read off from a one-loop string calculation of the S-matrix element

for two gauge bosons. At one loop this is identical to the 1PI diagram, and so we obtain

the physical mixing. The calculation is analogous to that of gauge threshold corrections,

and yields [30]

χab
gagb

=
bab
16π2

log
M2
S

µ2
+∆ab , (1.4)

where MS is the string scale, and bab and △ab are mixed β function coefficients and string

threshold contributions, respectively. (Similar computations have been done for 6D orb-

ifolds [39].)

The previous results have already been applied in several extensions of the SM, in-

cluding string theory. For example, in [30] it was found that none of their models satisfied

bab = 0, condition that ensures no running of the kinetic mixing below the string scale

and corresponds to eliminating (chiral) light states charged under both U(1)s. They also

pointed out that the phenomenological problems associated with these states can be dodged

once they are lifted out of the spectrum after certain SM singlets attain vacuum expec-

tation values (VEVs) (although this would be very challenging to calculate in practise).

Therefore, in their work ∆ab was considered of prime interest as an unambiguous indicator

of kinetic mixing. We shall take the same approach: while it would be particularly pleasing

to obtain models for which bab = 0, we shall not restrict ourselves to that case. Unfortu-

nately, ∆ab was calculated for various models then available and exactly zero was found in

each case. This is in contrast to [40], which contained examples of Z2×Z2 orbifolds without

Wilson lines for which bab = 0 and ∆ab 6= 0 but did not emphasize this result; however, the

U(1)s descended from a higher-dimensional SU(2) in each case.

Our discussion in the present work is structured as follows. In section 2, we ad-

dress the general computation of kinetic mixing in heterotic orbifolds, and attempt to

obtain a better understanding of when mixing is possible. Then in section 3, we present

examples with and without Wilson lines where ∆ab is non-zero and briefly study their

phenomenology. We show that the models of the Z6-II heterotic Mini-Landscape can ac-

commodate mixing ∆ab 6= 0 between the hypercharge and additional hidden forces in

MSSM-like supersymmetry-preserving vacua. In section 4, we briefly explore how hidden

U(1) symmetries emerging from heterotic orbifolds could yield a Dark Force scenario and

other interesting phenomenology. Finally, in section 5, we discuss our results and provide

an outlook. The appendices are devoted to the details of some sample models.

A final remark is in order. In this work, we do not consider the case where bab = 0 and

∆ab = 0 simultaneously. However, we note that in these cases, mixing can still be generated

by splitting the masses of multiplets charged under both U(1)s; in the case of light fields

obtaining VEVs, this can generate sizable mixing, while splitting due to supersymmetry

breaking seems to generate only an incredibly small effect [24, 31].
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2 Kinetic mixing in heterotic orbifolds

2.1 Heterotic orbifolds

Let us start by introducing the main concepts that are important for computing the kinetic

mixing between U(1)s in the context of heterotic orbifolds (for reviews of these construc-

tions, see [41–44]). The ZN orbifolds in which we are interested are defined as quotients of

factorisable six-dimensional tori T 6 = T 2×T 2×T 2 divided by a discrete set of isometries of

T 6 that form the so-called point group. In ZN heterotic orbifolds, the point group contains

all different powers of a discrete rotation generator ϑ = diag(e2πiv1 , e2πiv2 , e2πiv3), where

each entry of the twist vector v encodes the action of the orbifold on each 2-torus and

v1+v2+v3 = 0. Different powers k of ϑ (0 ≤ k < N) define different twisted sectors. If the

action of ϑk is trivial on only one T 2, i.e. if kvi = 0 mod 1 for an i, kv defines an N = 2

subsector. As we shall see below, orbifold constructions that may allow for kinetic mixing

require the existence of these N = 2 subsectors. Consequently, by inspecting all admissible

twist vectors (complete lists can be found in [45]), one finds that all ZN orbifolds with

non-prime N are candidates to provide kinetic mixing.1

We decompose U(1) gauge fields in terms of the Cartan generators of the initial E8×E8

(or — but not here — Spin(32)/Z2), HI(I = 1, . . . , 16), as

Qa =
∑

I

tIaHI . (2.1)

Then, a state with left-moving momenta pI will have U(1) charge tIapI . The vector ta will

be frequently called the generator of the U(1)a symmetry. The operators on the worldsheet

corresponding to the gauge bosons contain holomorphic currents j(z) satisfying the OPE

jI(z)jJ(0) ∼ kIδIJ

z2
+

if IJK
z

jK(0) , (2.2)

where kI is the level of the algebra, which we shall take to be normalised to 2. For our

U(1)s, the currents appear in the combinations
∑

I t
I
aj
I(z) and so the tree-level gauge

kinetic function satisfies

fab =S
∑

I

kItIat
I
b , (2.3)

where S is the (bosonic part of) the dilaton/axion chiral superfield. Hence the independent

U(1)s satisfy
∑

I t
I
at
I
b = δab and have gauge kinetic function fab = 2Sδab. Note that this is

not the same as tr(QaQb) = δab. Due to this orthogonality, there is no O(z−2) term in the

OPE of two different U(1)s.

We are interested in the mixing between non-anomalous U(1)s, i.e. between Abelian

symmetries satisfying the universality condition [46, 47]

1

2|tb|2
tr(Q2

bQa) =
1

6|ta|2
trQ3

a =
1

24
trQa = 0 for all a, b , (2.4)

1We note that also ZN×ZM orbifolds fall in this category, but we will not consider them here.
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where the traces run over all chiral-matter fields.2 It is well-known that the orbifold limit

of the heterotic string has commonly (at most) one anomalous symmetry U(1)anom [48].

This anomaly is cancelled via the Green-Schwarz mechanism [49] which implies that, for

the anomalous case, (2.4) takes the form

1

2|tb|2
tr(Q2

bQanom) =
1

6|tanom|2
trQ3

anom =
1

24
trQanom = 8π2δGS for all b , (2.5)

where δGS is the universal Green-Schwarz coefficient. The existence of U(1)anom induces

the Fayet-Iliopoulos D-term [50] given (in string units) by

ξ = g2s δGS =
g2s trQanom

192π2
, (2.6)

where gs is the string coupling. It is precisely the appearance of this term what renders this

anomalous symmetry harmless for phenomenology. Since we do not expect supersymmetry

to be broken at the compactification scale in realistic models, in an acceptable orbifold

vacuum ξ must be cancelled. This means that certain matter fields charged under U(1)anom
need develop vacuum expectation values, breaking thereby this anomalous symmetry and

avoiding dangerous mixing effects. Therefore, for practical purposes, we shall ignore the

anomalous U(1) and focus on constructions with two or more non-anomalous U(1)s.

Once the twist vector is set, different ZN orbifold models arise from the different

gauge embeddings that satisfy the modular invariance conditions [51–54] which ensure an

effective theory free of any anomalies. We are then interested in admissible shift vectors V

and Wilson lines Ai that comply with (no summation implied)

N(V 2 − v2) = 0 mod 2 . (2.7a)

NiAi · V = 0 mod 2 , (2.7b)

NiA2
i = 0 mod 2 , (2.7c)

gcd(Ni, Nj)Ai · Aj = 0 mod 2 (i 6= j) , (2.7d)

where the order of the Wilson lines Ni is constrained by the geometry of T 6 and gcd stands

for the greatest common denominator. We focus here on the ten-dimensional heterotic

string theory with gauge group E8×E8, which is broken down to the four-dimensional

group by the action of the shift and Wilson lines.

2.2 Kinetic mixing

For these models, the kinetic mixing at the string threshold is given by

∆ab ≡
1

16π2

∫
d2τ

Imτ
[Bab(τ)− bab]

with Bab(τ) ≡ −Str(Q
2
HQaQbe

α′M2
R2πiτeα

′M2
L2πiτ ) , (2.8)

2Although we will mostly take |ta|
2 = 1, as we mentioned before, we shall use the GUT-compatible

hypercharge normalisation |tY |2 = 5/6.
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where MR,ML are the masses of respectively right and left moving states in the theory

(which are constrained to be equal), QH denotes the helicity operator, and

bab ≡ −Strmassless(Q
2
HQaQb) (2.9)

with Strmassless being a supertrace over massless states.

Note that the result is entirely analogous to gauge threshold corrections, except there

is no moduli-independent piece proportional to the level: this is easily seen as being due to

the lack of an O(z−2) term in the OPE of the currents. Following the reasoning in [40, 55],

the result can be expressed as follows

∆ab =
∑

i

biab|Gi|
16π2|G|

[
log

(
|η(Ti)|4Im(Ti)

)
+ log

(
|η(Ui)|4Im(Ui)

)]
, (2.10)

where the sum runs over all order |Gi| N = 2 subsectors of the orbifold of order |G|, Ti, Ui
are the untwisted Kähler and complex structure moduli (in Planck units) corresponding to

the torus fixed in the subsector i, and the β-like mixing coefficient associated to the i-th

fixed torus biab is given by

biab ≡ −11

6
triV (QaQb) +

1

3
triF (QaQb) +

1

12
triS(QaQb)

=
1

4

[
− 6triV (QaQb) + triS(QaQb)

]
. (2.11)

Here, the traces in the first line are over the vectors, Weyl fermions and real scalars respec-

tively, and in the second line we have simplified the expressions using supersymmetry —

this is the form used in a brute force calculation of the mixing, by summing over all bosonic

states in the appropriate sector of the theory, identifying them as vectors or scalars, and

weighting accordingly with
∑

I,J(t
I
apI)(t

J
b pJ). Of course, the sum over states is equivalent

to the more familiar sum over N = 2 vector and hypermultiplets

biab =
1

2

(
−2triV,N=2(QaQb) + triH,N=2(QaQb)

)
,

where Qa,b are defined in eq. (2.1), i.e. they correspond to the N = 1 Abelian generators,

whereas all summations in eq. (2.11) are over N = 2 states.

We would also like now to understand when we can obtain kinetic mixing, and provide

a simple formula to explain its presence or absence. To this end, we shall rewrite biab in

terms of the properties of the gauge subgroups b′ in the different N = 2 sectors.3 In doing

so, it is important to trace the origin of the U(1)s in the N = 2 sectors. For example, there

may be U(1)s in an N = 2 sector that may be broken or not in the full orbifold, and the

N = 1 U(1)s may also arise from the non-Abelian groups in the N = 2 sector. The simple

roots of the N = 2 non-Abelian subgroups b′ shall be denoted by α̂b
′

i with i running from

1 to the sum of the ranks of the non-Abelian groups r; the N = 2 Abelian generators are

denoted by tb′ (clearly, the sum of α̂b
′

i s and tb′ s is 16). For non-Abelian groups, the α̂b
′

i

3The indices a, b, . . . denote N = 1 gauge subgroups and a′, b′, . . . refer to the N = 2 theories.
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are normalised to 〈α̂b′i α̂c
′

j 〉 = δb
′c′Cb

′

ij , where C
b′ is the Cartan matrix of the group b′. As

for N = 1, in the Abelian case we have 〈tb′tc′〉 = δb′c′ . We can then write the N = 1 U(1)a
generators of interest ta as linear combinations:

ta =

r∑

i=1

mb′,i
a α̂b

′

i +

16∑

b′=r+1

nb
′

a tb′ , mb′,i
a , nb

′

a ∈ R . (2.12)

Defining additionally the matrix bN=2
U(1) as

(
bN=2
U(1)

)

a′b′
=

1

2
(−2trV,N=2(Qa′Qb′) + trH,N=2(Qa′Qb′)) (2.13)

(with Qa′,b′ being the the analog of (2.1) for N = 2), we are ready to rewrite the mixing

coefficient biab in terms of the previous matrix, the N = 2 β-function coefficients bN=2
b′ of

the non-Abelian groups, and the Cartan matrices Cb
′
:

biab =
(
mb′

aC
b′mb′

b

)
bN=2
b′ + 2

(
na b

N=2
U(1) nb

)
. (2.14)

This provides an explanation for when kinetic mixing can be present: the U(1)s must

either contain overlapping components in non-Abelian gauge groups in the N = 2 sector,

or must derive from U(1)s that mix at that level. Note that clearly if the generators of

the U(1)s lie entirely in separate E8s, then only the second possibility is available provided

that the off-diagonal entries of bN=2
U(1) are non-trivial.

A final remark is in order. The actual value of kinetic mixing at low energies depends

not only on the high energy contribution from the N = 2 subsectors, biab (or ∆ab), but also

importantly on the N = 1 β function coefficient bab, as in eq. (1.4). Since this dependence

might alter drastically any result coming from the high-energy string states, and wishing

to have a hidden U(1), it is desirable to take bab = 0. In heterotic orbifolds, this requires

the spectrum to be vector-like w.r.t. the U(1)s, which imposes a strong constraint on the

models. This can be contrasted to D-brane models, where this constraint can be readily

satisfied by separating the branes supporting the U(1)s, but it is then necessary to ensure

the absence of mass mixing due to the Stückelberg mechanism (even though the U(1)s

may not be anomalous) while preserving kinetic mixing [23]. This does not occur in the

heterotic orbifold case since there are no axions that could generate the masses.4

3 Kinetic mixing in ZN heterotic orbifolds

Since only non-prime ZN orbifolds can produce non-trivial kinetic mixing, we shall con-

sider below one promising candidate: Z6-II, which has been found to lead to plenty of

models possessing many phenomenologically appealing features [36]. Therefore, an inter-

esting question is whether explicit models of this type exhibit kinetic mixing. Remark-

ably, even Z6-II orbifold models without Wilson lines display non-trivial values of ∆ab,

as we now discuss.

4In the geometric regime (or equivalently when the orbifold is blown up) [32, 33] it does happen.
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3.1 Z6-II orbifolds without Wilson lines

The Z6-II orbifold is defined by the twist vector v = 1/6(1, 2,−3) acting on the T 6 torus

spanned by the root lattice of G2 × SU(3) × SO(4). The structure of these constructions

allows only for three Kähler moduli T1, T2, T3 and a complex-structure modulus U3, where

the subindexes refer to the three 2-tori of T 6. Without Wilson lines, there are 61 different

gauge embeddings V that fulfill (2.7a), but only roughly 1/3 of them may lead to kinetic

mixing because they have two or more non-anomalous U(1)s.

The stringy contributions to the kinetic mixing come from the two N = 2 subsectors of

Z6-II orbifolds: a Z3 subsector generated by 2v that comprises the k = 2, 4 twisted sectors

and leaves the third T 2 invariant, and a Z2 subsector generated by 3v which includes only

the ϑ3 sector and leaves the second T 2 untouched. Therefore, we have

∆ab =
1

16π2

{
b2ab
3

log

(
|η(T2)|4Im(T2)

)

+
b3ab
2

[
log

(
|η(T3)|4Im(T3)

)
+ log

(
|η(U3)|4Im(U3)

)]}
. (3.1)

Using the methods described in section 2, we can compute biab for all Z6-II orbifolds

without Wilson lines. We find that there are 10 models with

3 . |biab| . 90 ⇒ 10−2 . |∆ab| . 10−1 , (3.2)

where we have used moduli of order unity to estimate the values of ∆ab. Remarkably, even

in this simple scenario, there is kinetic mixing.

An example. Consider now the model defined by the shift vector

V =
1

12
(10, 2, 2, 2, 0, 0, 0, 0)(9, 1, 1, 1, 1, 1, 1, 1) . (3.3)

The unbroken gauge group is then SO(8)×SU(4)×SU(7)×U(1)anom×U(1)1×U(1)2. The

(coefficients of the Cartan-expansion of the) U(1) generators are given by

tanom = 1
4
√
2
(0, 0, 0, 0, 0, 0, 0, 0)(5, 1, 1, 1, 1, 1, 1, 1) , (3.4a)

t1 = 1
4
√
14
(0, 0, 0, 0, 0, 0, 0, 0)(−7, 5, 5, 5, 5, 5, 5, 5) , (3.4b)

t2 = 1
2(−1, 1, 1, 1, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) , (3.4c)

(where we distinguish between the components of the first and second E8s) which satisfy

the orthogonality constraint ta · tb = δab. An interesting feature of this model is that the

relevant U(1)s stem from different E8 groups; however, the N = 1 matter spectrum leads

to tr(Q1Q2) = −38
√
14

15 6= 0, implying that, although there is no kinetic mixing at tree level,

at one-loop kinetic mixing may appear. In fact, in this case evaluating (3.1) results in

∆12 =
b312

2× 16π2

[
log

(
|η(T3)|4Im(T3)

)
+ log

(
|η(U3)|4Im(U3)

)]

= −6
√
14

16π2

[
log

(
|η(T3)|4Im(T3)

)
+ log

(
|η(U3)|4Im(U3)

)]
, (3.5)
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which is about 10−1 for order-one moduli.

This result is interesting because it shows that, similarly to what happens in type II

scenarios with D3-branes at Z6-II orbifold singularities [27], Z6-II orbifold compactifications

of the heterotic string allow for kinetic mixing. The advantage of the latter is that the U(1)s

are not located at singularities and, therefore, it is not necessary to build by hand a suitable

pair of U(1)s that leads to this outcome. A shortcoming of the model presented here is of

course that it has no chance of being a description of our universe, since it does not even

exhibit the gauge group of the SM.

3.2 Semi-realistic Z6-II orbifolds with kinetic mixing

Introducing discrete Wilson lines in Z6-II orbifolds leads to a large class of semi-realistic

models with an observable sector displaying the exact spectrum of the MSSM and other

phenomenologically desirable properties [36]. In the hidden sector, there are typically some

Abelian gauge symmetries, which can be broken spontaneously in explicit supersymmetric

vacua [56, 57]. However, also supersymmetric vacua leading to two or more additional

massless U(1)s exist [58], which may lead to observable kinetic mixing. In this section, we

explore this possibility.

Before computing the kinetic mixing, a second effect of the presence of Wilson line

backgrounds must be considered. It is known that the original modular symmetry SL(2,Z)

is typically broken to its congruence subgroups Γn(N),Γn(N) by the Wilson lines [59–61]

(for some n,N that depend on the chosen Wilson lines). As explained e.g. in [62, §3.1],
this breakdown forces the modular functions η(Ti), η(Ui) to be replaced by η(pi Ti), η(qi Ui),

where the factors p, q depend on the resulting modular subgroup.5 Therefore, including

the effect of Wilson lines (3.1) takes the form

∆Y X =
1

16π2

{
b2Y X
3

log

(
|η(p2 T2)|4Im(T2)

)

+
b3Y X
2

[
log

(
|η(p3 T3)|4Im(T3)

)
+ log

(
|η(q3 U3)|4Im(U3)

)]}
. (3.6)

Let us study now the subset of semi-realistic Z6-II orbifold models obtained in the

Mini-Landscape [34, 35]. We find that almost all models (255) allow for mixing between

the hypercharge and one or more additional U(1) symmetries. The stringy contribution to

χ in these constructions is approximately

0.1 . |biY X | . 7 ⇒ 10−4 . |∆Y X | . 10−2 , (3.7)

where, as before, moduli are assumed to be order one. (See appendix B, for the details

of some sample models of this kind.) This result contrasts with the one obtained in semi-

realistic orbifolds in the fermionic formulation, where ∆Y X was found to vanish [30].

It is more challenging to find possibly realistic vacua in these scenarios. In particular,

only a small fraction (11 out of 193) of the models found in [35] allow for supersymmetric

vacua satisfying all the following constraints:

5E.g. p, q = N for the subgroup Γ0(N).
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i) both the hypercharge and an extra U(1)X remain massless,

ii) the extra U(1)X is ‘hidden’, i.e. all SM-particles have no QX charge,

iii) all exotic particles are decoupled at a scale Md, close to the compactification scale,

iv) at scales lower than Md there exist(s) some massless SM-singlet(s) with QX 6= 0,

which can trigger the spontaneous breakdown of U(1)X at an intermediate scale.

The subset of models leading to these properties share an additional feature: the unbroken

gauge group after the action of the shift V contains an E6 factor, which is then broken down

to the the SM gauge group times an extra gauge sector by the Wilson lines. This means

that these scenarios are favoured in models with E6 local GUTs, in the jargon of [35].

3.2.1 A promising string realisation of kinetic mixing

Let us now inspect the details of one example. Consider the model defined by the shift

vector

V = 1
6(−2,−3, 1, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) (3.8)

and the Wilson lines

A2 = 1
4(0, 2, 6,−10,−2, 0, 0, 0)(5,−1,−5,−5,−5,−5,−5, 5) , (3.9a)

A3 = 1
6(−1, 3, 7,−5, 1, 1, 1, 1)(5, 1,−5,−5,−5,−3,−3, 3) , (3.9b)

satisfying eqs. (2.7). By itself, the shift V is known as the Z6-II standard (gauge) embedding

and leads to the breaking E8×E8 → E6×U(1)2×E8. After including both Wilson lines, the

unbroken gauge group is SU(3)C×SU(2)L×U(1)Y ×[SU(8)×U(1)X×U(1)anom×U(1)3]. The

4D N = 1 matter spectrum is shown in table 1. The modular group after compactification

is SL(2,Z)× Γ1(3)T2 × Γ1(2)T3 × Γ1(2)U3 .

The only relevant (as we shall shortly see) U(1) generators are given in the Cartan

basis of E8×E8 by

tY = (0, 0, 0,−1/2,−1/2, 1/3, 1/3, 1/3)(0, 0, 0, 0, 0, 0, 0, 0) , (3.10a)

tX = 1
4
√
2
(0, 0, 0, 0, 0, 0, 0, 0)(1,−1,−1,−1,−1, 3, 3, 3) , (3.10b)

where we have taken the phenomenologically favoured normalisation for the hypercharge

|tY |2 = 5/6. Since tr(QYQX) = 4
√
2 6= 0, there is a non-vanishing one-loop string contri-

bution to the mixing between U(1)Y and U(1)X (see appendix A for further details):

∆Y X =
1

16π2
8
√
2

3
log

(
|η(3T2)|4Im(T2)

)
, (3.11)

with b2Y X = 8
√
2 and b3Y X = 0. In this case, ∆Y X is about 1/40 assuming that the modulus

can be stabilised at 〈T2〉 ∼ 1.

To study the phenomenology of this model, we choose the specific vacuum, in which

only the fields

{s̃i} = {s01, s02, s03, s012, s019, s022, s029, s032, s036, s038, s046, s048, s050, s051, s057} (3.12)
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# Irrep Label # Anti-irrep Label # Irrep Label

4 (3,2;1)(1/6, 0) qi 1 (3,2;1)(−1/6, 0) q̄i 45 (1,1;1)(0, 0) s0i
13 (1,2;1)(−1/2, 0) ℓi 10 (1,2;1)(1/2, 0) ℓ̄i 4 (1,1;1)(0, 2

√
2/3) ξ+i

5 (3,1;1)(−2/3, 0) ūi 2 (3,1;1)(2/3, 0) ui 4 (1,1;1)(0,−2
√
2/3) ξ−i

5 (1,1;1)(1, 0) ēi 2 (1,1;1)(−1, 0) ei 7 (1,1;8)(0,−1/6
√
2) h̄i

10 (3,1;1)(1/3, 0) d̄i 7 (3,1;1)(−1/3, 0) di 7 (1,1;8)(0, 1/6
√

2) hi

4 (1,1;1)(1/2,
√
2/3) s++

i 4 (1,1;1)(−1/2,−
√
2/3) s−−

i

4 (1,1;1)(−1/2,
√
2/3) s−+

i 4 (1,1;1)(1/2,−
√
2/3) s+−

i

2 (1,1;8)(1/2, 1/2
√
2) σ+

i 2 (1,1;8)(−1/2,−1/2
√
2) σ̄−

i

2 (3,1;1)(1/6, 2/
√
2) w+

i 2 (3,1;1)(−1/6,−2/
√
2) w̄−

i

2 (3,1;1)(1/6,−2/
√
2) w−

i 2 (3,1;1)(−1/6, 2/
√

2) w̄+
i

4 (1,2;1)(0,
√
2/3) m+

i 4 (1,2;1)(0,−
√
2/3) m−

i

Table 1: Massless spectrum. Representations with respect to [SU(3)C×SU(2)L]× [SU(8)]

are given in bold face, the hypercharge and the U(1)X charge are indicated as subscript.

develop non-zero VEVs, while the expectation values of all other fields vanish. The exis-

tence of the holomorphic monomial

ψ = s01s
0
3s

0
36s

0
38(s

0
2s

0
12s

0
19s

0
22s

0
29s

0
46s

0
48s

0
57)

2(s032s
0
50s

0
51)

4 (3.13)

ensures the cancellation of the Fayet-Iliopoulos term (2.6) and, thus, N = 1 supersymmetry

below the compactification scale.

Our choice of the vacuum (3.12) has further consequences. First, all vector-like exotics

attain large masses and decouple at Md ∼ 0.1 in string units. At the same scale, all SM-

singlets s0i , and all hi, h̄i, ξ
±
i but one pair of (hi, h̄j) and (ξ+i , ξ

−
j ) acquire masses. Secondly,

the gauge group is spontaneously broken down to

GSM × [SU(8)×U(1)X ]hidden , (3.14)

where SU(8)×U(1)X is hidden in the sense that no SM-field is charged under this group.

Note that the only surviving Abelian symmetries correspond to the generators given

in (3.10). Therefore, the vacuum chosen contains only the spectrum of the MSSM plus

the two pairs of multiplets (hi, h̄j) and (ξ+i , ξ
−
j ), both of which are charged under U(1)X .

Let us call these SM singlets (h+, h−) and (ξ+, ξ−) respectively.

It follows that bY X = 0 below Md and, therefore, (1.4) becomes

χY X

gY gX
=

4
√
2

16π2
log

M2
S

M2
d

+∆Y X (3.15)

and does not run. Consequently this has nearly the correct ingredients for an interesting

hidden sector kinetically mixing with the hypercharge: the kinetic mixing is present and we

have some hidden vector-like matter. Such matter can cause higgsing of the hidden gauge

group and may be interesting for dark-matter phenomenology or laboratory experiments

at the low energy, high intensity frontier, as emphasized in the introduction.
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4 Phenomenology of hidden photons from heterotic orbifolds

Here we discuss the different hidden U(1) phenomenology and the predictions from (or

implications for a discovery on) heterotic orbifolds.

The low energy limits of heterotic orbifolds provide consistent, complete and calculable

realisations of supersymmetric field theories. They therefore provide meaningful restric-

tions on the phenomenology that we can obtain. Specifically with regard to supplementary

U(1) symmetries, in addition to the limit of the maximum total rank of all gauge groups,

there are many further constraints. The most important features for phenomenology are

whether there is hidden matter (such as in the example above) and, if so, what its couplings

are; and whether the gauge boson has a mass. To obtain massive non-anomalous U(1)s

in heterotic orbifolds we require a spontaneous breaking mechanism. This is because the

theory, in contrast to D-brane models, lacks the axions to give them Stückelberg masses.

Moreover, only one anomalous U(1) is allowed, so there is no possibility of using a fermion

condensate to give masses to any others.

In what follows, we shall assume that the hidden sectors play no role in supersymmetry

breaking, and we shall assume that moduli stabilisation and the integrating out of massive

singlets has taken place. Thus we shall treat the resulting theory as a softly broken globally

supersymmetric model, possibly with supersymmetry-breaking masses of similar order to

those in the visible sector (in the standard case of gravity mediation) or much smaller

masses (for gauge-mediated scenarios, see for example [63]).

4.1 Massless hidden U(1)s

A massless hidden U(1) can be interesting phenomenologically in a supersymmetric theory

due to its gaugino. The key issue in this case is that in heterotic orbifolds the order of

magnitude of the hidden gauge coupling and the kinetic mixing (if present) are fixed, to

being within roughly an order of magnitude or so of the standard model couplings and

10−3 respectively. As discussed in [31, 64], if the hidden gaugino is the LSP then it will

be overproduced, as the mixing cannot be reduced sufficiently to avoid this. This fate can

be avoided in, for example, models with gauge mediation [63] where the hidden gaugino

can decay to a gravitino. In that case, there could be signals due to displaced vertices

at the LHC [65].

Alternatively, in (the much more standard case of) models with gravity mediation, the

difficulty could potentially be avoided by allowing for hidden matter. However, this would

then possess millicharges under the hypercharge, and for mixing of order 10−3 is constrained

to have masses above about 100MeV [66]. Since the theory is supersymmetric, there would

necessarily be hidden fermions, and so there would need to be a hidden supersymmetric

mass for these (either an explicit hidden µ-term or a form of hidden Higgs mechanism

that does not break the U(1)). Once this is allowed for, however, we could hope to detect

the hidden gauginos in collider experiments as above. However, the scenario would not be

interesting for dark matter experiments since we cannot substantially reduce the hidden

gauge coupling; the self-interactions of a particle charged under the hidden U(1) would be

too strong, violating observations about the clustering of dark matter [67] (and a particle

– 12 –



J
H
E
P
0
1
(
2
0
1
2
)
0
2
1

not charged under the hidden U(1) would interact too weakly with the visible sector to

be detected). So then we should simply ensure that the relic density from the hidden

sector is small.

A hidden Dirac fermion ψ with mass mD and hidden gauge coupling gh is thermalised

provided that the rate of production is greater than the Hubble constant at some point.

Assuming that the temperature is at some time above the mass of the hidden fermion, we

obtain (roughly)

1 <
Γ

H
∼ (gY ghχ)

2

(
MP

mD

)
, (4.1)

which implies that most such hidden sectors at experimentally accessible energies in het-

erotic orbifolds are thermalised, since the gauge coupling and kinetic mixing (if present

and supersymmetric) cannot be substantially reduced in magnitude.6

For such a thermal species, the relic density is approximately given by

Ωψh
2

0.112
≈ 10−4

(
0.1

gh

)4 ( mD

GeV

)2
≪ 1, (4.2)

implying that the hidden matter cannot be too heavy. Including the constraints on mil-

licharges and allowing for a hidden gauge coupling as large as 1, we then constrain the

hidden matter to roughly lie in the range

100 MeV < mD . 104 GeV , (4.3)

although the upper bound could be avoided if the reheating temperature is low.

4.2 Hidden U(1) masses through supersymmetric breaking

Heterotic orbifold models typically begin with several U(1) factors that are broken super-

symmetrically by the VEVs of standard-model singlets. These VEVs are induced by the

effective Fayet-Iliopoulos term corresponding to the one anomalous U(1), and their exact

values depend on the details of moduli stabilisation. These expectation values are expected

to be of the order of 0.1MS , and the U(1) groups directly broken in this way will thus have

very large masses — so the number surviving at low energies is typically small. However,

we could in principle obtain supersymmetric breaking of a hidden U(1) with a small mass:

a prototypical example of such breaking would be a hidden-sector theory with three fields

Sh, H+ and H− which have charges 0, 1 and −1 under the hidden U(1) respectively, and

superpotential

W ⊃ λSh(H+H− − µ2). (4.4)

This theory spontaneously generates a vacuum expectation value for H±, giving a hidden

photon mass 2ghµ, and together with the D-term potential gives masses to all of the scalars

and fermions. If λ ∼ gh then these are all of order the hidden photon mass. Of course,

6Note that, even if the above bound is not met the hidden sector could become thermalised through

decays of moduli etc, although this is somewhat model dependent.
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we do not expect to obtain a tadpole term directly in the orbifold: µ should be regarded

as effective, either arising from a term of the form M2
Ss

n
0Sh, where s0 is some field that

obtains a string-scale VEV and n is suitably high (∼ 32 for 10GeV hidden gauge bosons!)

or more realistically arising from the effect of strong gauge dynamics; since the hidden sector

of heterotic orbifolds typically includes a non-Abelian group, this can be used to induce

supersymmetric breaking as above if there is light hidden matter. This does, however,

potentially preclude the use of the non-Abelian group for moduli stabilisation — in order

to effect gauge symmetry breaking we assume that the moduli are stabilised already (there

could be more than one non-Abelian hidden group, for example, with only one of them

charged under some hidden light matter).

4.2.1 An example

With the above assumption, an example of strong gauge dynamics breaking a hidden U(1)

which could appear from a heterotic orbifold would be to have a hidden sector consisting

of four fields ψ, ψ̃, φ, φ̃ which are charged under SU(N)×U(1). ψ, φ are fundamentals

of SU(N) and have charges 0,+1 respectively under the U(1); ψ̃, φ̃ are antifundamentals

under the SU(N) and have charges 0,−1 under the U(1). We take the perturbative effective

superpotential

Wpert =
λ

MS
(φψ̃)(ψφ̃) , (4.5)

where we have used brackets to show how the SU(N) indices should be contracted. Below

the strong coupling scale of the SU(N), the fields condense into the (matrix of) mesons

M ≡ (φ, ψ)⊗(φ̃, ψ̃)T . For SU(N) with Nf flavours the meson transforms under the adjoint

of SU(Nf ) and we have the classic ADS 1PI superpotential (see e.g. [68] for a good review):

W = (N −Nf )

(
Λ3N−Nf

detM

) 1
N−Nf

+Wpert , (4.6)

where Wpert is the perturbative potential, given in terms of the gauge invariants M . In the

present example, we conveniently define U ≡ (φφ̃), V ≡ (ψψ̃), H+ ≡ (φψ̃), H− ≡ (ψφ̃) so

that detM = UV −H+H−, arriving at

W = (N − 2)

(
Λ3N−2

UV −H+H−

) 1
N−2

+
λ

MS
H+H−. (4.7)

The D-term equations enforce H+ = eiθH− for some phase θ; choosing the VEV of H+

to be real fixes θ and we solve the F-term equations for the above to give (writing MS ≡
z Λ, z ≫ 1):

〈H+〉 = Λ2
( z
λ

) N−2
2(N−1)

. (4.8)

Since now H+ has dimension two, the canonical field is found by dividing by some scale of

order of the condensation scale. This produces the hidden-photon mass

mγ′ ∼ 2ghΛ
( z
λ

) N−2
2(N−1)

∼ 2ghMS z
− N

2(N−1)λ
− N−2

2(N−1) . (4.9)
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Here gh is the coupling of the hidden U(1), and we shall write gN for the SU(N) gauge

coupling with αN ≡ g2N/(4π). The exponent of z will thus vary between −1 and −1/2, so

the scale of breaking is set by the condensation scale, given by (using b ≡ 3N −Nf )

Λ = MD exp

(
− 8π2

b g2N (MD)

)

z =
MS

MD
exp

(
2π

bαN (MD)

)
, (4.10)

where MD is the scale of the lightest heavy particle charged under the SU(N) that is

integrated out (as mentioned previously, these are generically present in heterotic orbifolds).

Interestingly, however, the hidden U(1) coupling will become weaker due to the extra

matter; we have

1

g2h(Λ)
=

1

g2h(MD)
− 2N

8π2
log Λ/MD. (4.11)

For some sample values, let us suppose that there is a large amount of matter above

MD = 1016GeV so that gN (MD) is small. Taking N = 3 and α−1
N (MD) = 56 we find a

hidden gauge boson mass of 1GeV.7 Of course, such a value for the non-Abelian coupling

is rather weak; however, this problem could be avoided by, for example, introducing an

extra flavour that has an intermediate scale mass. In this way, the coupling would “walk”

down from MD to this new scale, before becoming stronger - reducing the condensation

scale. Alternatively, it would be interesting to consider an ISS-like model (by adding more

light flavours) which would potentially also break supersymmetry. However, the model is

modified, though, by invoking strong dynamics to break the Abelian gauge symmetry. We

will find that the gauge boson mass depends exponentially on the scales and couplings,

allowing a wide range of values and phenomenology.

4.3 Dark Forces after supersymmetry breaking

Most Dark Force models constructed in the literature break the hidden U(1) in the low

energy theory after supersymmetry is broken. This can be induced by the electroweak

symmetry breaking in the visible sector, where the Higgs expectation values give a D-

term to the hypercharge, and this is communicated to the hidden sector via the kinetic

mixing [11]. In the context of gauge mediation there are many possibilities for models, since

the soft masses in the hidden sector can be naturally small, but in the context of gravity

mediation this would require the hidden sector to be sequestered. Hence for heterotic

orbifolds, as investigated in [13], an ideal scenario would involve radiative breaking of

the hidden gauge group, as could be achieved in a simple hidden sector with three fields

S,H+, H− and superpotential8

W ⊃ λSS H+H−. (4.12)

7We also take λ ∼ 1 and gh ∼ 0.3.
8This was first proposed as a Dark Force model in the context of gauge mediation in [4] and explored in

more detail in [11].
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This has the advantage of having no scales, and that we actually require λS to be not

suppressed. Unfortunately we were so far not able to find examples in this class, and we

leave this as a challenge for future work.

The simplest supersymmetric Dark Force model would have superpotential

W ⊃ µ (ξ+ξ−), (4.13)

where we require µ . 10GeV and there to be a hidden gaugino mass (ideally of similar

magnitude). The kinetic mixing and hypercharge D-term would then break the hidden

gauge group spontaneously [11].

4.3.1 A promising example

The model of section 3.2.1 can in principle exactly realise a Dark Force scenario. This is

because it contains a perturbative superpotential with terms

W ⊃ s50
1

MS
(ξ+ξ−)(h+h−) + s80MS (h+h−) , (4.14)

where s0 ∼ O(0.1) is the VEV of a GSM ×U(1)X singlet expressed in string units, and h±
are SM singlets charged under both U(1)X and a hidden non-Abelian group. There are

also additional heavy fields hi, h̄i, ξ
+
i , ξ

−
i which will slow the running of the non-Abelian

group above MD, and (if some of the hi, h̄i obtain VEVs) can break it down to SU(5). So

we shall analyse an SU(N) sector with superpotential

W ⊃ sn0
1

MS
(ξ+ξ−)(h+h−) + sm0 MS(h+h−). (4.15)

As in subsection 4.2.1, at the scale Λ there is a dynamically generated superpotential given

in terms of the gauge invariant M ≡ h+h−:

W ⊃ (N − 1)

(
Λ3N−1

M

)1/(N−1)

+ sm0 MSM + sn0
1

MS
(ξ+ξ−)M. (4.16)

M then obtains a VEV (writing MS = zΛ, as before) of size

M = Λ2(sm0 z)
−N−1

N . (4.17)

We find thus an effective superpotential of the form W = µ(ξ+ξ−), with

µ = sn0
Λ2

MS
(sm0 z)

−N−1
N

= MSs
n−m(N−1

N
)

0 z−
3N−1

N . (4.18)

Taking the model of section 3.2.1 (i.e. m = 8, n = 5) we find that, in order to obtain a

µ of 10GeV, we need z ∼ 107, corresponding to a condensation scale of 1011GeV. If, as

mentioned above, we break the gauge group down to SU(5) at a scaleMD ∼ 1016GeV then

we can take α−1
N (MD) = 24 to realise a Dark Force model.
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5 Discussion

Hidden forces might play an important role in nature, most notably in the context of dark

matter. To probe the existence of Abelian hidden forces, the magnitude of their kinetic

mixing with the hypercharge in the proposed models must be contrasted to currently

observed bounds. On the other hand, string theory offers a remarkable playground for

these new interactions, since additional U(1)s generically appear in all kinds of string

compactifications. Unfortunately, kinetic mixing has been studied only in some particular

scenarios and in some cases only vanishing mixing has been found, which renders the new

forces undetectable, thus irrelevant for nature.

In this paper, we aimed at improving this situation. We have studied the kinetic

mixing between U(1)s in a special class of string constructions: heterotic orbifold models.

We have noticed that the computation of kinetic mixing contribution ∆ab here is akin to

the computation of threshold corrections. In particular, the result mostly depends on the

massless modes of the N = 2 subsectors of the orbifold. This constrains the candidates

that exhibit mixing to ZN with non-prime N and ZN×ZM orbifold models. Using the

resulting expression for kinetic mixing we have been able to provide a simple formula that

helps one to recognize promising candidates with non-vanishing mixing. We also found

that the resulting size of kinetic mixing depends on the size of the compact space, which

we assumed to have been stabilised.

As an application of our previous results, we have explored explicit Z6-II orbifold

models with and without Wilson lines. In the former case, despite not having realistic gauge

symmetries, we find 10 out of a total of 61 orbifold models with Abelian kinetic mixing in

the interval 10−2 . ∆ab . 10−1, values which are consistent with previous expectations [30].

It is interesting to note that, although this result resembles the one obtained previously

in the context of type II strings with D3-branes in orbifold backgrounds [27], the models

studied here are globally consistent constructions. This can also be contrasted to the toy

example with intersecting D6-branes in [23].

The Z6-II orbifold models with (2 and 3) Wilson lines that we have investigated are

those of the Mini-Landscape, which possess many properties of the (N)MSSM. We found

that 255 (out of 267) models have non-trivial mixing between the hypercharge and at least

one additional U(1)X . The size of the stringy contribution to the kinetic mixing lies in

the range 10−4 − 10−2. This is in contrast to previous results [30], where semi-realistic

orbifold models had been studied and no model with kinetic mixing was found. However,

demanding the new Abelian symmetry to be truly hidden and to mix with the hypercharge

in supersymmetric vacua turned out to be more challenging: only 11 models survive these

new demands.

We have also worked out explicitly the details of a sample model. We provided a

model with a supersymmetric vacuum, observable gauge group SU(3)C × SU(2)L ×U(1)Y
and hidden U(1)X , and the matter spectrum of the MSSM plus a couple of vectorlike SM

singlets that mediate interactions between both sectors. The mixing of the hypercharge

and the hidden U(1) occurs only in one N = 2 sector, rendering the result ∆Y X ∼ 1
40

stable against the running of the couplings.
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Finally, we have discussed some phenomenologically appealing possibilities that our

models allow. In particular, with the model that we have used as an example, we showed

that a Dark Force scenario arises due to the existence of a strongly interacting sec-

tor and adequate hidden matter couplings. This situation is generic, even though the

precise details of the form of the couplings and the condensation scale depend on the

particulars of each model.

Our study can be extended in several ways. First, we have focused on Z6-II orbifolds

and ignored other promising models, such as Z12–II and Z2×Z2, which have shown to be

(at least) as promising as Z6-II [69, 70]. In a fast test, we could verify that there are

plenty of models similar to those of the Mini-Landscape with kinetic mixing. It would

be worth studying the details; in particular the phenomenology of the hidden sectors and

hidden matter could be very interesting. Secondly, in this work we have concentrated on

truly hidden U(1)s, although Z ′ symmetries appear more frequently. A careful study of

the kinetic mixing and other properties of these symmetries will be carried out elsewhere.

It would also be interesting to perform our analysis avoiding the assumption of moduli

stabilisation, i.e. in heterotic orbifold models with stabilised moduli.
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A Further details on a promising model

We provide here the data of the model presented in section 3.2.1, which allows one to

compute the magnitude of kinetic mixing.

Z2 N = 2 theory. The unbroken gauge group is SU(4)×SU(3)×U(1)3× [SU(8)×U(1)],

where we have used squared parenthesis in the subgroups arising from the second E8 of the

original heterotic string. The N = 2 U(1) generators are given by

t13′ =
1√
30
(−1, 5,−1, 0, 0, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) , (A.1)

t14′ =
1√
20
(−1, 0, 4, 0, 0, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t15′ =
1√
2
(0, 0, 0, 1, 1, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t16′ =
1√
32
(0, 0, 0, 0, 0, 0, 0, 0)(1,−1,−1,−1,−1, 3, 3,−3) .

Listing complete hypermultiplets, the N = 2 matter spectrum contains the following

gauge representations

# Irrep U(1) charges # Irrep U(1) charges

2 (1 ,3 ,1 ) (− 1√
30

, 2√
5
,− 1√

2
,0) 8 (1 ,3 ,1 ) (

√
2

15
, 1√

5
, 1√

2
,0)

2 (6 ,1 ,1 ) (−
√

3

10
, 1√

5
, 1√

2
,0) 8 (1 ,1 ,8 ) (0,0, 1√

2
,− 1√

8
)

8 (4 ,1 ,1 ) (
√

3

10
, 3√

20
,0,0)
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0
2
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Consequently, the β function coefficients are given by bN=2
SU(4)=b

N=2
SU(3)=4, bN=2

SU(8)=−8 and

bN=2
U(1) =




83
10

12
5

√
6 3

2

√
3
5 0

12
5

√
6 66

5 6
√

2
5 0

3
2

√
3
5 6

√
2
5

53
2 −8

0 0 −8 4



. (A.2)

In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

nY =( 1√
30
, 1√

20
,− 1√

2
, 0), m

SU(4)
Y =( 1

12 ,
1
6 ,

1
4 ), m

SU(3)
Y =(− 1

6 ,− 1
3 ), m

SU(8)
Y =0 (A.3a)

nX = (0, 0, 0, 1) , mb′

X = 0 for all b′ (A.3b)

Thus, according to eq. (2.14), b2Y X = 8
√
2.

Z3 N = 2 theory. The unbroken gauge group is SU(4) × SU(2)a × SU(2)b × U(1)3 ×
[SU(8) × U(1)], where, as before, the parethesis refer to the subgroups arising from the

second E8 of the original heterotic string. The N = 2 U(1) generators are

t13′ =
1

4
√
11
(11,−5, 5, 1, 1, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) , (A.4)

t14′ =
1√
66
(0, 6, 5, 1, 1, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t15′ =
1√
32
(0, 0, 0, 0, 0, 0, 0, 0)(1,−1,−1,−1,−1, 3, 3,−3) .

t16′ =
1√
6
(0, 0,−1, 1, 1, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

Listing complete hypermultiplets, the N = 2 matter spectrum contains the following

gauge representations

# Irrep U(1) charges # Irrep U(1) charges

1 (6 ,1 ,1 ,1 ) ( 3√
11
, 1√

66
, 0, 1√

6
) 3 (1 ,1 ,1 ,8) (0, 0,− 1

6
√

2
,
√

2
3
)

1 (1 ,2 ,2 ,1 ) ( 1√
11
,
√

8
33
, 0,

√

2
3
) 3 (1 ,1 ,1 ,8) ( 2√

11
,−

√

3
22
,− 1

6
√
2
,− 1√

6
)

3 (6 ,1 ,1 ,1 ) ( 1
3
√
11
,− 7

3
√
66
, 0, 5

3
√
6
) 6 (1 ,1 ,1 ,1 ) (− 8

3
√
11
,− 5

3

√

2
33
, 0, 1

3

√

2
3
)

3 (4 ,2 ,1 ,1 ) (− 7
6
√
11
, 4
3

√

2
33
, 0, 1

3

√

2
3
) 3 (1 ,1 ,1 ,1 ) (− 8

3
√
11
, 23
3
√
66
, 0,− 1

3
√
6
)

3 (4 ,1 ,2 ,1 ) (− 1
6
√
11
,− 13

3
√
66
, 0,− 1

3
√
6
) 3 (1 ,1 ,1 ,1 ) (− 2

3
√
11
,− 19

3
√
66
, 0,− 7

3
√
6
)

3 (1 ,2 ,2 ,1 ) (− 5
3
√
11
, 1
3

√

2
33
, 0,− 2

3

√

2
3
) 3 (1 ,1 ,1 ,1 ) (− 4

3
√
11
,− 5

3
√
66
,− 2

√
2

3
,− 5

3
√

6
)

3 (1 ,1 ,1 ,8 ) ( 2
3
√
11
,− 7

3

√

2
33
, 1
6
√

2
, 2
3

√

2
3
) 3 (1 ,1 ,1 ,1 ) (− 2√

11
,
√

3
22
, 2

√
2

3
,− 1√

6
)

3 (1 ,1 ,1 ,8 ) ( 2
3
√
11
, 19
3
√
66
, 1
6
√
2
, 1
3
√
6
)

Consequently, the β function coefficients are given by bN=2
SU(4) = 12, bN=2

SU(2)a
= bN=2

SU(2)b
= 16,

bN=2
SU(8) = −4 and

bN=2
U(1) =




490
33 −131

33

√
2
3 −4

3

√
2
11

13
3

√
2
33

−131
33

√
2
3

2171
99

28
3
√
33

− 25
9
√
11

−4
3

√
2
11

28
3
√
33

10
3

4
3
√
3

13
3

√
2
33 − 25

9
√
11

4
3
√
3

227
9



. (A.5)
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In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

m
SU(4)
Y = ( 16 ,

1
3 ,

1
2 ), m

SU(2)b
Y = − 1

2 , nY = 0, mb′

Y = 0 for other b′ , (A.6a)

nX = (0, 0, 1, 0) , mb′

X = 0 for all b′ . (A.6b)

Thus, according to eq. (2.14), b3Y X = 0.

B Other promising models with kinetic mixing

The models presented here exhibit kinetic mixing. However, they do not satisfy all the

qualities we demand in section 3.2.

B.1 Example 1. Mixing in the observable E8

Another interesting example of U(1) kinetic mixing in heterotic orbifolds arises from con-

sidering the Z6-II gauge embedding:

V = 1
6(2,−3,−3, 0, 0, 0, 0, 0)(3,−1,−3,−3,−3,−3,−3, 3) , (B.1a)

A2 = 1
2(1, 0, 0, 0,−2,−1,−1, 1)(1,−1,−1,−1,−1,−1, 1, 3) , (B.1b)

A3 = 1
3(3,−6,−4,−4,−4,−4,−4, 5)(6,−3,−5,−5,−5,−5,−8, 1) . (B.1c)

The interesting U(1) generators are given in the Cartan basis of E8×E8 by

tY = (0, 0, 0,−1/2,−1/2, 1/3, 1/3, 1/3)(0, 0, 0, 0, 0, 0, 0, 0) , (B.2a)

tX = (0, 1, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) . (B.2b)

The matter spectrum can be obtained from [71] or by using the program orbifolder [72, 73].

Using the data below, the resulting kinetic mixing is

∆Y X = − 1

4π2
log

(
|η(2T3)η(U3/2)|4Im(T3)Im(U3)

)
. (B.3)

Z2 N = 2 theory. Using the notation of the previous appendix, the unbroken gauge

group is SU(5)×U(1)4× [SU(6)×SU(2)a×SU(2)b×U(1)], and the N = 2 U(1) generators

are given by

t12′ =
1√
70
(7, 3, 3, 0, 0,−1,−1,−1)(0, 0, 0, 0, 0, 0, 0, 0) , (B.4)

t13′ =
1

2
√
7
(0, 4,−3, 0, 0, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t14′ =
1√
2
(0, 0, 0, 1, 1, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t15′ =
1
2(0, 0, 1, 0, 0, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t16′ =
1√
6
(0, 0, 0, 0, 0, 0, 0, 0)(0, 0, 1, 1, 1, 1, 1, 1) .

The N = 2 matter spectrum contains the following hypermultiplet gauge representa-

tions

# Irrep U(1) charges # Irrep U(1) charges

2 (5 ,1 ,1 ,1 ) ( 3√
70
,− 3

2
√
7
, 1√

2
,− 1

2
, 0) 1 (1 ,20 ,2 ,1 ) (0, 0, 0, 0, 0)

2 (1 ,1 ,1 ,2 ) (0, 0, 0, 0,
√

3
2
) 2 (1 ,1 ,1 ,1 ) (

√

5
14
,− 5

2
√
7
, 1√

2
,− 1

2
, 0)

2 (1 ,1 ,1 ,1 ) (
√

5
14
,− 1√

7
,− 1√

2
,−1, 0) 8 (1 ,6 ,1 ,1 ) (0,−

√
7

4
, 0, 1

4
,− 1√

6
)

8 (1 ,6 ,1 ,1 ) (0, 0,− 1√
2
, 0,− 1√

6
)
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Consequently, the β function coefficients are given by bN=2
SU(5) = −8, bN=2

SU(6) = bN=2
SU(2)a

= 16,

bN=2
SU(2)b

= −2 and

bN=2
U(1) =




19
14 −3

√
10
7 −3

2

√
5
7 0 0

−3
√
10
7

92
7 2

√
2
7 −2

√
7

√
42

−3
2

√
5
7 2

√
2
7

31
2 −

√
2 4

√
3

0 −2
√
7 −

√
2 4 −

√
6

0
√
42 4

√
3 −

√
6 11




. (B.5)

In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

nY = (−
√

2
35 ,

1√
7
, −

√
2, 1, 0), m

SU(5)
Y = ( 2

15 ,
4
15 ,

2
5 ,

1
5 ), mb′

Y = 0 for other b′ (B.6a)

nX = ( 3√
70
, 2√

7
, 0, 0, 0), m

SU(5)
X = (− 1

5 , − 2
5 , − 3

5 , − 3
10 ), mb′

X = 0 for other b′ (B.6b)

Thus, according to eq. (2.14), b2Y X = 0.

Z3 N = 2 theory. The unbroken gauge group is SU(3)a × SU(3)b × U(1)4 × [SU(6) ×
U(1)3], and the N = 2 U(1) generators are

t10′ = (1, 0, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) , (B.7)

t11′ = (0, 1, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t12′ = (0, 0, 0, 0, 0, 0, 0, 0)(1, 0, 0, 0, 0, 0, 0, 0) ,

t13′ = (0, 0, 0, 0, 0, 0, 0, 0)(0, 1, 0, 0, 0, 0, 0, 0) ,

t14′ =
1√
3
(0, 0, 1, 1, 1, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t15′ =
1√
3
(0, 0, 0, 0, 0, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t16′ =
1√
6
(0, 0, 0, 0, 0, 0, 0, 0)(0, 0, 1, 1, 1, 1, 1, 1) ,

The N = 2 matter spectrum contains the following hypermultiplet gauge representa-

tions

# Irrep U(1) charges # Irrep U(1) charges

1 (1 ,1 ,1 ) (0, 0,−1,−1, 0, 0, 0) 1 (1 ,1 ,20 ) (0, 0,− 1
2
, 1
2
, 0, 0, 0)

1 (1 ,1 ,1 ) (0, 0, 1
2
, 1
2
, 0, 0,−

√

3
2
) 1 (1 ,1 ,1 ) (0, 0, 1

2
, 1
2
, 0, 0,

√

3
2
)

1 (1 ,1 ,1 ) (0, 0, 1,−1, 0, 0, 0) 1 (3 ,3,1 ) ( 1
2
,− 1

2
, 0, 0,− 1

2
√
3
, 1
2
√
3
, 0)

1 (1 ,1 ,1 ) ( 1
2
,− 1

2
, 0, 0,

√
3
2
,−

√
3
2
, 0) 1 (1 ,1 ,1 ) ( 1

2
, 1
2
, 0, 0,−

√
3
2
,−

√
3
2
, 0)

6 (1 ,1 ,1 ) ( 2
3
, 0, 0, 2

3
, 0, 0, 0) 3 (3 ,1 ,1 ) (− 1

3
, 0, 0, 2

3
, 0,− 1√

3
, 0)

3 (1 ,1 ,6) ( 2
3
, 0, 0,− 1

3
, 0, 0, 1√

6
) 3 (3,1 ,1 ) (− 1

3
, 0, 0, 2

3
, 0, 1√

3
, 0)

3 (1 ,1 ,6 ) ( 2
3
, 0, 0,− 1

3
, 0, 0,− 1√

6
) 3 (1 ,1 ,1 ) ( 2

3
, 0,−1,− 1

3
, 0, 0, 0)

3 (1 ,1 ,1 ) ( 2
3
, 0, 1,− 1

3
, 0, 0, 0) 3 (1 ,1 ,1 ) (− 5

6
, 1
2
,− 1

2
, 1
6
, 1
2
√
3
, 1
2
√
3
,− 1√

6
)

3 (1 ,3,1 ) (− 1
3
, 0,− 1

2
, 1
6
, 0,− 1√

3
,− 1√

6
) 3 (3 ,1 ,1 ) ( 1

6
, 1
2
,− 1

2
, 1
6
, 1
2
√
3
,− 1

2
√
3
,− 1√

6
)

6 (1 ,1 ,1 ) ( 1
6
,− 1

2
,− 1

2
, 1
6
,− 1

2
√
3
,− 1

2
√
3
, 1√

6
) 3 (1 ,3 ,1 ) (− 1

3
, 0,− 1

2
, 1
6
, 0, 1√

3
, 1√

6
)

3 (1 ,1 ,6) ( 1
6
,− 1

2
, 0,− 1

3
,− 1

2
√
3
,− 1

2
√
3
,− 1√

6
) 3 (1 ,1 ,1 ) ( 1

6
,− 1

2
, 0, 2

3
,− 1

2
√
3
,− 1

2
√
3
,−

√

2
3
)

3 (1 ,1 ,1 ) ( 1
6
,− 1

2
, 1
2
,− 5

6
,− 1

2
√
3
,− 1

2
√
3
, 1√

6
) 3 (1 ,1 ,6 ) ( 1

6
,− 1

2
, 1
2
, 1
6
,− 1

2
√
3
,− 1

2
√
3
, 0)

3 (1 ,3,1 ) ( 1
6
, 1
2
,− 1

2
, 1
6
, 1
2
√
3
,− 1

2
√
3
, 1√

6
)

– 21 –



J
H
E
P
0
1
(
2
0
1
2
)
0
2
1

Consequently, the β function coefficients are given by bN=2
SU(3)a

= bN=2
SU(3)b

= bN=2
SU(6) = 6 and

bN=2
U(1) =




16 −3 2 −6 −
√
3 −

√
3 0

−3 10 −9
2

3
2 3

√
3

√
3

√
3
2

2 −9
2 15 −4 −3

√
3

2 0 0

−6 3
2 −4 15

√
3
2 0 0

−
√
3 3

√
3 −3

√
3

2

√
3
2 4 1 1√

2

−
√
3

√
3 0 0 1 10 2

√
2

0
√

3
2 0 0 1√

2
2
√
2 11




. (B.8)

In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

nY = (0, 0, 0, 0,− 2√
3
, 2√

3
, 0), m

SU(3)b
Y = ( 13 ,

2
3 ), nY = 0, mb′

Y = 0 for other b′, (B.9a)

nX = (0, 1, 0, 0, 0, 0, 0) , mb′

X = 0 for all b′ . (B.9b)

Thus, according to eq. (2.14), b3Y X = −8.

B.2 Example 2. Mixing in models with 3 Wilson lines

Let us consider now the gauge embedding with 3 wilson lines:

V = 1
12(−1,−7, 3,−3,−3,−3, 3, 3)(12, 0, 0, 0, 0, 0, 0, 0) , (B.10a)

A2 = 1
4(0, 0, 2,−2,−2,−2, 2, 2)(−3, 3, 3,−1,−1,−1, 1, 3) , (B.10b)

A′
2 = 1

4(−4,−2, 4,−2,−2, 2, 0, 0)(1, 3, 3,−1, 3,−1,−3, 3) , (B.10c)

A3 = 1
3(−3, 3, 1,−1,−1,−1,−1,−1)(1, 0, 0, 0, 0, 1,−3, 1) . (B.10d)

The interesting U(1) generators are given in the Cartan basis of E8×E8 by

tY = (0, 0, 0,−1/2,−1/2, 1/3, 1/3, 1/3)(0, 0, 0, 0, 0, 0, 0, 0) , (B.11a)

tX = 1√
6
(0, 0,−1, 1, 1, 1, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) . (B.11b)

The matter spectrum can be obtained from [71] or by using the program orbifolder [72, 73].

Using the data below, the resulting kinetic mixing is

∆Y X = − 1

16π2

√
3

2
log

(
|η(3T2)|4Im(T2)

)
. (B.12)

Z2 N = 2 theory. The unbroken gauge group is SU(5)×U(1)4×[SU(2)×SU(5)h×U(1)3],

and the N = 2 U(1) generators are

t10′ = (0, 0, 0, 0, 0, 0, 0, 0)(1, 0, 0, 0, 0, 0, 0, 0) , (B.13)

t11′ =
1√
70
(−3, 7,−3,−1,−1,−1, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t12′ =
1

2
√
7
(−3, 0, 4,−1,−1,−1, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t13′ =
1√
2
(0, 0, 0, 0, 0, 0, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t14′ =
1√
2
(0, 0, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 1, 0, 1) ,

t15′ =
1
2(−1, 0, 0, 1, 1, 1, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t16′ =
1√
5
(0, 0, 0, 0, 0, 0, 0, 0)(0, 1, 1, 1, 1, 0,−1, 0) .
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The gauge representations of the N = 2 matter spectrum are:

# Irrep U(1) charges # Irrep U(1) charges

2 (5,1,1) (0,− 3
√
70, 2

√
7, 1

√
2, 0, 0, 0) 2 (1,1,1) (0,−

√

5
14
, 1
√
7,− 1

√
2, 0, 1, 0)

4 (1,1,1) (−1,
√

5
14

2,− 1
2
√
7
,− 1

2
√
2
, 0, 1

2
, 0) 4 (1,2,1) (0,

√

5
14

2,− 1
2
√
7
,− 1

2
√
2
,− 1

√
2, 1

2
, 0)

4 (1,1,1) (− 1
4
,
√

5
14

2, 5
4
√
7
, 1
2
√
2
, 1
2
√
2
, 3
4
,
√
54) 4 (1,1,1) (− 1

4
,−

√

5
14

2, 9
4
√
7
,− 1

2
√
2
, 1
2
√
2
,− 1

4
,
√
54)

4 (1,1,1) ( 1
4
,
3
√

5

14

2
, 1
4
√
7
,− 1

2
√
2
,− 1

2
√
2
,− 1

4
,−

√
54) 4 (1,1,1) (− 3

4
,
√

5
14

2, 5
4
√
7
, 1
2
√
2
,− 1

2
√
2
,− 1

4
,−

√
54)

4 (1,1,5) (− 1
4
,
√

5
14

2, 5
4
√
7
, 1
2
√
2
, 1
2
√
2
,− 1

4
, 1
4
√
5
) 4 (5,1,1) (0, 11

2
√
70
, 1
√
7, 1

2
√
2
, 0, 0, 0)

4 (5,1,1) (0, 9
2
√
70
, 1
2
√
7
,− 1

2
√
2
, 0, 1

2
, 0)

Hence, the β function coefficients are given by bN=2
SU(5) = bN=2

SU(2) = 0, bN=2
SU(5)h

= −6 and

bN=2
U(1) =




33
8 −9

4

√
5
14 − 45

8
√
7

− 5
4
√
2

− 5
4
√
2

−3
8 −

√
5
8

−9
4

√
5
14

165
14

57
28

√
5
2 0 −3

4

√
5
7

15
4

√
5
14 − 15

4
√
14

− 45
8
√
7

57
28

√
5
2

537
56

11
4

√
7
2

41
4
√
14

− 9
8
√
7

13
8

√
5
7

− 5
4
√
2

0 11
4

√
7
2

17
2

9
4 − 21

4
√
2

1
4

√
5
2

− 5
4
√
2

−3
4

√
5
7

41
4
√
14

9
4

17
4 − 9

4
√
2

5
4

√
5
2

−3
8

15
4

√
5
14 − 9

8
√
7

− 21
4
√
2

− 9
4
√
2

57
8

3
√
5

8

−
√
5
8 − 15

4
√
14

13
8

√
5
7

1
4

√
5
2

5
4

√
5
2

3
√
5

8
21
8




. (B.14)

In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

nY =(0, 1√
70
, 1
2
√
7
, 1√

2
, 0,−1

2 , 0), m
SU(5)
Y =(− 1

10 , −1
5 , − 2

15 , − 1
15), mb′

Y =0 for other b′

(B.15a)

nX=( 3√
70
, 2√

7
, 0, 0, 0), m

SU(5)
X =(− 1

10 , −1
5 , − 2

15 , − 1
15), mb′

X=0 for other b′

(B.15b)

Thus, according to eq. (2.14), b2Y X = −3
√

3
2 .

Z3 N = 2 theory. The unbroken gauge group is SU(3)a × SU(3)b × U(1)4 × [SU(2) ×
SU(5)×U(1)3], and the N = 2 U(1) generators are

t10′ = (1, 0, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) , (B.16)

t11′ = (0, 1, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t12′ = (0, 0, 0, 0, 0, 0, 0, 0)(1, 0, 0, 0, 0, 0, 0, 0) ,

t13′ =
1√
2
(0, 0, 0, 0, 0, 0, 0, 0)(0, 0, 0, 0, 0, 1, 0, 1) ,

t14′ =
1√
3
(0, 0, 0, 1, 1, 1, 0, 0)(0, 0, 0, 0, 0, 0, 0, 0) ,

t15′ =
1√
3
(0, 0,−1, 0, 0, 0, 1, 1)(0, 0, 0, 0, 0, 0, 0, 0) ,

t16′ =
1√
5
(0, 0, 0, 0, 0, 0, 0, 0)(0, 1, 1, 1, 1, 0,−1, 0) ,

– 23 –
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The gauge representations of the N = 2 hypermultiplets are

# Irrep U(1) charges # Irrep U(1) charges

1 (1 ,1 ,1 ,1 ) ( 1
2
, 1
2
, 0, 0,−

√
3
2
,
√
3
2
, 0) 1 (3 ,3 ,1 ,1 ) ( 1

2
, 1
2
, 0, 0, 1

2
√
3
,− 1

2
√
3
, 0)

6 (1 ,1 ,1 ,1 ) ( 2
3
, 2
3
, 0, 0, 0, 0, 0) 3 (3,3,1 ,1 ) ( 1

6
, 1
6
, 0, 0,− 1

2
√
3
, 1
2
√
3
, 0)

3 (1 ,1 ,1 ,1 ) ( 1
6
, 1
6
, 0, 0,

√
3
2
,−

√
3
2
, 0) 3 (3,1 ,1 ,1 ) ( 1

6
, 1
6
, 0, 0,

√
3
2
, 1
2
√
3
, 0)

3 (1 ,3,1 ,1 ) ( 1
6
, 1
6
, 0, 0,− 1

2
√
3
,−

√
3

2
, 0) 3 (1 ,1 ,2 ,1 ) (− 5

6
, 1
6
, 1
3
,− 1

3
√
2
, 1
2
√
3
, 1
2
√
3
, 0)

3 (1 ,1 ,1 ,1 ) (− 1
3
,− 1

3
,− 2

3
,
√
2
3
,− 1√

3
,− 1√

3
, 0) 3 (1 ,3 ,1 ,1 ) ( 1

6
, 1
6
,− 2

3
,
√
2
3
,− 1

2
√
3
, 1
2
√
3
, 0)

3 (1 ,1 ,1 ,1 ) (− 1
3
,− 1

3
, 2
3
,−

√
2
3
, 1√

3
, 1√

3
, 0) 3 (1 ,1 ,2 ,1 ) ( 1

6
,− 5

6
,− 1

3
, 1
3
√
2
,− 1

2
√
3
,− 1

2
√
3
, 0)

3 (3 ,1 ,1 ,1 ) ( 1
6
, 1
6
, 2
3
,−

√
2
3
,− 1

2
√
3
, 1
2
√
3
, 0)

Consequently, the β function coefficients are given by bN=2
SU(3)a

= bN=2
SU(3)b

= 12, bN=2
SU(2) =

2, bN=2
SU(5) = −10 and

bN=2
U(1) =




6 3 −1 1√
2

−
√
3
2 −

√
3
2 0

3 6 1 − 1√
2

√
3
2

√
3
2 0

−1 1 6 −3
√
2

√
3

√
3 0

1√
2

− 1√
2
−3

√
2 3 −

√
3
2 −

√
3
2 0

−
√
3
2

√
3
2

√
3 −

√
3
2 9 0 0

−
√
3
2

√
3
2

√
3 −

√
3
2 0 9 0

0 0 0 0 0 0 0




. (B.17)

In the notation of eq. (2.12), the overlap of the hypercharge and U(1)X is given by

na =
1√
3
(0, 0, 0, 0,−1, 1, 0), mSU(3)b

a = (16 ,
1
3), na = 0, mb′

a = 0 for other b′, (B.18a)

nb = (0, 0, 0, 0, 1√
2
, 1√

2
, 0) , mb′

b = 0 for all b′ . (B.18b)

Thus, according to eq. (2.14), b3Y X = 0.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution Noncommercial License which permits any noncommercial use, distribution,

and reproduction in any medium, provided the original author(s) and source are credited.

References
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