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Abstract

A multiplicity of quark-lepton families can naturally arise as zero-modes in flux
compactifications. The flavour structure of quark and lepton mass matrices is
then determined by the wave function profiles of the zero-modes. We consider
a supersymmetric SO(10) x U(1) model in six dimensions compactified on the
orbifold T?/Zy with Abelian magnetic flux. A bulk 16-plet charged under the
U(1) provides the quark-lepton generations whereas two uncharged 10-plets yield
two Higgs doublets. Bulk anomaly cancellation requires the presence of additional
16- and 10-plets. The corresponding zero-modes form vectorlike split multiplets
that are needed to obtain a successful flavour phenomenology. We analyze the
pattern of flavour mixings for the two heaviest families of the Standard Model
and discuss possible generalizations to three and more generations.
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1 Introduction

The explanation of the masses and mixings of quarks and leptons remains a challenge
for theories which go beyond the Standard Model (SM). Interesting relations between
quark and lepton mass matrices are obtained in grand unified theories (GUTSs) based on
the gauge groups SU(4) x SU(2) x SU(2) [1], SU(5) 2], SO(10) [3,/4] and flipped SU(5)
[5,6], and some understanding of the hierarchies between quark-lepton generations can
be obtained by means of U(1) flavour symmetries [7].

Extending grand unified theories to higher dimensions offers new possibilities for
symmetry breaking and the doublet-triplet splitting problem. This has been studied
in particular in orbifold GUTs where the colour triplet partners of the Higgs doublets
are projected out from the spectrum of massless states [8-12]. Orbifold GUTSs can also
be obtained as intermediate step towards the embedding of the Standard Model into
string theories [13-16].

Important progress in understanding the flavour structure of the Standard Model
has also been made in the context of the heterotic string [17,/18] as well as in F-
theory [19-21]. In string theory Yukawa couplings are dynamical quantities whose
values depend on the vacuum structure of the theory. An interesting example are flux
compactifications where the Yukawa couplings can be calculated as overlap integrals
of wave functions that have non-trivial profiles in the magnetized extra dimensions
[22]. In a similar way, Yukawa couplings of magnetized toroidal orbifolds have been
analyzed [23-26]. The resulting flavour structure depends on the number of pairs
of Higgs doublets. In the simplest cases it appears difficult to obtain the measured
hierarchies of quark and lepton masses [24}25].

Magnetic flux leads to a multiplicity of chiral fermion zero-modes according to
the number of flux quanta, which can be used to explain the number of quark-lepton
generations [27]. Moreover, flux is an important source of supersymmetry breaking [28].
Starting from a six-dimensional orbifold GUT model [29] with gauge group SO(10), we
have considered in [30] possible effects of an additional U(1) factor. Abelian magnetic
flux can be used to generate a multiplicity of quark-lepton families from a charged
bulk 16-plet. Bulk anomaly cancellation requires additional 10-plets and 16-plets that
can be uncharged. The orbifold projection then leads to split multiplets, which allow
for the familiar solution of the doublet-triplet splitting problem in the Higgs sector.
Since the quark-lepton hypermultiplet carries U(1) charge, the scalar superpartners of
quarks and leptons acquire large supersymmetry breaking masses of order the GUT
scale, leading to a picture reminiscent of ‘split supersymmetry’ [31},32].

In this paper we study the flavour structure of the orbifold GUT model [30]. The
magnetic flux leads to a non-trivial profile of the quark and lepton bulk wave functions
whereas the Higgs zero-modes have a constant bulk profile. Contrary to previously
considered flux compactifications, Yukawa couplings arise from superpotential terms at
the orbifold fixed points, i.e., from products of quark-lepton wave functions and not
as volume integrals over products of quark-lepton and Higgs wave functions. More-
over, mass mixings of quarks and leptons with split multiplets occur. This offers new
possibilities to obtain a realistic pattern of quark and lepton mass matrices.



The paper is organized as follows. In Section 2 we recall the needed features of
the symmetry breaking in the GUT model [30] and discuss properties of the zero-
mode wave functions. The main part of the paper are Sections 3 and 4. Here the
structure of the quark and lepton Yukawa couplings and mass mixings is discussed,
and a quantitative description is given for masses and mixings of the two heaviest SM
families. Section 5 summarizes some aspects of supersymmetry breaking and the Higgs
sector. The appendices A and B give some details on Wilson line breaking and the
complex flavour vectors which determine Yukawa matrices and mass mixings.

2 GUT model and symmetry breaking

In this section we recall the main features of a six-dimensional SO(10) GUT model
previously discussed in [30]. In particular, we discuss the GUT symmetry breaking
by means of Wilson lines, list all the fields relevant for flavour mixing and discuss the
properties of the zero-mode wave functions that determine the Yukawa matrices and
the mixings with split multiplets.

We start from A/ = 1 supersymmetry in six dimensions with SO(10) x U(1) gauge
symmetry, compactified on the orbifold T2/Z,. In addition to the 45-plet of vector
multiplets the model contains six 10-plets and four 16-plets. For this set of bulk fields
all irreducible and reducible SO(10) gauge anomalies cancel [2930]. It is convenient to
group 6d vector multiplets into 4d vector multiplets A = (A4,,, A) and 4d chiral multiplets
Y = (As6, N), and 6d hypermultiplets into two chiral multiplets, (¢, x) and (¢', x’) [33].
Note that (¢', x’) transform in the the complex conjugate representation compared to
(¢, x). The origin (; = 0 is a fixed point under reflections, Ry = —y, where y denotes
the coordinates of the compact dimensions. Defining fields on the orbifold such that

(1)

breaks 6d NV = 1 supersymmetry to 4d A/ = 1 supersymmetry at the fixed point {; = 0.

The bulk SO(10) symmetry can be broken to the Standard Model group by means
of two Wilson linesﬂ The fixed points (;, © = PS, GG, fl are invariant under combined
lattice translations and reflection: TZ-Q = (;, with TZ =T;,0oR, T;y =y + \;, where \;
denotes a lattice vector (see Appendix A). Demanding that fields on the orbifold satisfy
the relations

PrsA(z, Tpsy)Pﬁsl = npsA(z,y) ,

R (2)
PocA(z, Tacy) Pog = nacA(z,y),

Tn Refs. [11] the breaking of SO(10) was obtained by considering the orbifold T2/Z,®. This is
equivalent to the symmetry breaking on T2 /Zy with two Wilson lines that is considered in this section.
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Figure 1: Orbifold T?/Zs with two Wilson lines and the fixed points (i, Cps, (aa, and (.

with matrices Pps, Pgg given in Appendix A and parities nps, nac = =+, the gauge
group SO(10) is broken to the Pati-Salam subgroup Gps = SU(4) x SU(2) x SU(2)
and the Georgi-Glashow subgroup Ggg = SU(5) x U(1)x at the fixed points (ps and
Caa, respectively (see Fig. 1). The surviving SM gauge group is obtained as intersection
of the Pati-Salam and Georgi-Glashow subgroups of SO(10),

GSM’ = GPS N GGG = SU(3) X SU(2) X U(l)y X U(l)X. (3)

Group theory implies that SO(10) is broken to flipped SU(5), Gg = SU(5)' x U(1) x,
at Cﬁ.
Analogously to the vector multiplets the hypermultiplets satisfy the relations

PPS¢('I> TP5y> = 77PS¢<3:7 y) )

A (4)

Paco(r, Taay) = nacd(z,y)
where the matrices Ppg and Pgg now depend on the representation of the hypermulti-
plet. The SO(10) multiplets A and ¢ can be decomposed into SM multiplets, A = { A%}
and ¢ = {¢*}. Each of them belongs to a repesentation of Gpg as well as Ggg and is
therefore characterized by two parities,

A%z, Tpsy) = s A%(z,y),  A%(x, Tacy) = 186 A% (2, ), (5)
¢ﬁ($, Tpsy) = ngsﬁéﬁ(% Y), Cbﬁ(fﬂa Taay) = Uéeﬁbﬁ(ﬁa y) . (6)

The parities of the vector multiplet are fixed by the requirement that the SM gauge
bosons are zero-modes. The parities of the hypermultiplets can be freely chosen subject
to the requirement of anomaly cancellations. A given set of parities then defines a 4d
model with SM gauge group.

Magnetic flux is generated by a U(1) background gauge field. One bulk 16-plet, v,
carries U(1) charge. The other 16-plets, 1°, ¥ and ¥, and the 10-plets Hy, ..., Hg have
no U(1) charge. Each hypermultiplet leads to a ‘split multiplet” of 4d zero-modes that



SO(10) 10
Gps (1,2,2) | (1,2,2) | (6,1,1) | (6,1,1)
Gaa 55 5.2 5" 5 542
s TIcG | Tlps Tga | Mps TlGG | Tlps  TIGG
H,y + -1+ + |- - -+
H,
H, + + |+ - - + | - -
Hy
Hj - - |- 4+ |+ -]+ +
d
Hy - - - + |+ + |+ -
de
SO(10) 16
Gps (4,2,1) | (4,2,1) | (4%,1,2) | (4*,1,2)
Gaa 10, 513 10, 5% 13,1 5
s Tlcg | Tlps Tlga | Mps TlGG | TIps  TIGG
(G -  + |- -+ + |+ -
4i l; 5765 df,nf
¢ e
\ - - - + | + = +  +
D¢, N¢
SO(10) 16*
Gps (4%,2,1) | (4%,2,1) | (4,1,2) | (4,1,2)
Gaa 107, 5_3 107, 5 3,15
parities || 7ps  7Mca | Mps MGG | Mps MGG | 1ps MGG
(I -  + |- -+ + |+ -
u, e
pe - - -  + |+ -+ +
D, N

Table 1: PS- and GG-parities for bulk 10-plets and 16-plets.




Table 2: The four different parity assignments for the charged 16-plet ¢, encoded in the parities for the
(4,2,1)-plet at (ps and the 10_-plet at (g, and the resulting wave function for the different SM fields.
The profile of the wave functions is shown in Fig. 2.
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Model npg 77(;(;‘ q u® d° { e n

I + Yy Yy Y Yy Yy Y

II S S 1R 1 U 1 FU 1A U
11 + = Y Ym g Y W Yy
IV = = o g Yy Yy b

have both parities positive. This allows for the wanted doublet-triplet splitting in the
Higgs sector. The parities ngs and 77('8;G can be chosen such that H; and Hs contain the
Higgs doublets H, and H,, respectively. The 16-plets W and W€ contain zero-modes
D¢, N¢ and D, N, respectively. Expectation values of N¢ and N break U(1)y, and
therefore B — L. D¢ and D have down-quark quantum numbers and acquire mass by
mixing with the zero-modes of the 10-plets H; and Hg listed in Table 3 of Appendix A.
The 10-plets H3; and H, also have zero-modes with down quark quantum numbers.
In Table 1 all zero-modes are listed, which are relevant for our discussion of flavour
mixing.

The charged bulk 16-plet v yields N 16-plets of zero-modes for N flux quanta,
independent of the parity assignements, plus an additional split multiplet of zero-modes
for which both parities are positive. The zero-modes of a charged hypermultiplet have
non-trivial wave function profiles. There are four possibilies to choose a pair of parities
nps, Nac- Correspondingly, there are four models that differ by the parities of the SM
components, and therefore the assignment of the four types of wave functions to quarks
and leptons. The four models are listed in Table [2]

For our discussion of flavour mixings we choose model II where u¢ and e® have both
parities positive. Hence, the bulk field ¢ has the decomposition

N+1
9 =3 [aw® + 1+ (s +nf) ] + 30 s + e i) (7
i=1 a=1

For the wave functions ¢,S{ES,7GG(y) we use the expressions given in [34]. For N flux
quanta they read

w%i)sﬁcc (y) =N 672”Ny% Z €_2WN<n_ﬁ>2_i”<n_ﬁ>(ikps_kGG)

ne”Z
.k .
X COS |:27T (—ZnN +7+ %S) (y1 + zyg)} : (8)
nps =€ nge = € kpg kag = 0,1.
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Figure 2: The modulus squared of the wave functions 14 (y), a,b = +, —, on the orbifold. Darker shades
indicate larger values for |1)4p|?. Solid circles represent fixed points with non-vanishing values for the wave
function, whereas hollow circles are fixed points where the respective wave function vanishes.



For nps = ngg = + there are N + 1 zero-modes, with j = 0,1,... N. In all other cases
one has N zero-modes, with j = 0,1,... N — 1. The shape of the wave functions is
shown in Fig. . The wave functions wﬂ are non-zero at all fixed points. All other
wave functions are non-zero at two fixed points and vanish at the other two. As we shall
see in the subsequent section, this leads to a characteristic pattern of flavour mixings.

3 Flavour mixings from geometry

In this section we discuss the geometric origin of flavour mixing in our model. Su-
persymmetry in six dimensions does not allow for a bulk superpotential. Couplings
between the bulk hypermultiplets can therefore only arise at the fixed points. There,
the couplings of fields are proportional to the product of their wave functions, evaluated
at the respective location. The background flux leads to a multiplicity N of fermion
families in our model, and each Yukawa coupling of hypermultiplets at a fixed point is
therefore turned into a N x N flavour matrix. The SM gauge quantum numbers and
the Wilson line configuration determine the wave function for a given field, see Table
In the following we shall focus on model II.

In order to illustrate how the Yukawa matrices arise from the wave function profiles,
let us consider a 2 x 2 down-type quark Yukawa matrix. This arises at the SO(10)
fixed point from the term

Wi D hiy b Hale, D by qiy div'?) Halg -
> vphly dids ) | = vaY) dide,

where 7, 7 are the family indices which label the degeneracy of of the zero-mode wave
functions. The wave functions have to be evaluated at the SO(10) fixed point, and we
assume electroweak symmetry breaking with v, = (Hy). From Eq. (9) and Egs. (59),
one obtains the down-quark Yukawa matrix

(10)

N 0.32 (1+1i) 0.71
| )

1.50 (1+4) 3.29

In principle, there are further contributions to the down-quark Yukawa couplings from
other fixed point superpotentials. However, all operators involving the quark doublet
vanish at the Pati-Salam fixed point, as they are proportional to 1/)@+ that vanishes at
(ps due to their negative parity there. By the same reason there is neither a contribution
from the Georgi-Glashow fixed point where the right-handed down quark wave functions
wﬁf)_ vanish, nor from the flipped SU(5)" x U(1)’ fixed point where both the quark
doublets and the right-handed down quarks cannot couple. Up to higher-dimensional
operators, the model II therefore predicts the down-quark Yukawa couplings uniquely.

The matrix given in Eq. has some characteristic features. First of all, one of



the eigenvalues vanishes, R
Y, = h} diag(0,5.0) , (11)

so there is only one heavy state with nonvanishing mass. This follows immediately from
the fact that the matrix Y, is a dyadic tensor build from two vectors that determine
the couplings of ¢; and d5 at the fixed point ¢;. As we shall see, a second nonvanishing
mass can be obtained from the mixing with vectorlike split multiplets. Furthermore,
it is interesting that the matrix (10) is complex, which is a consequence of the two
nonvanishing Wilson lines. It therefore naturally incorporates CP violation.

In most cases, the Yukawa matrices have contributions from two fixed points. It
is straightforward to list the lowest-dimensional operators that contribute to fermion
masses at the various fixed points after B — L and electroweak symmetry breaking,

Wy = 01 (o, ¥t Hy + hy ) Hy + hy, 1 0ee)
+6ps (hi® 44" Ay + h})® 44° Ay + h}S 4°4*FF)
+dca (h$91010 Hs + hG9 5°10 Hs + hy'® 5*n Hs + hi® n‘n° NN)
+6a (R 5710 Hy. + hS 1010 Hg + A 57¢° Hy + b 1010777,

(12)

where we denote the Higgs fields in the representations of the unbroken SO(10) sub-
groups at the various fixed points by Hiles = A1, Hileee = Hs, Hil, = HE,
Hleps = Doy Halcooq = Hs+, Halg, = Hg, Vg = F, Vo = N and ¥l = T
oy =0y — (), p=1,... ., and the vacuum expectation values of the Higgs fields are
(Hy) = (H,) = v1, (Hy) = (Hyq) = v9 and (V¢) = (N) = vp_r. We refer to the matter
fields at the various fixed points by their SU(4) or SU(5) representation respectively,
marking flipped SU(5)’ x U(1)’ fields with a tilde. Specifying to model II, all but six of
the operators in Eq. vanish because in most couplings one of the matter field wave
functions is zero at the fixed point. This considerably simplifies the superpotential,

Wyw = 01 (thL Utp Hy + hy vnp Hy + hy, Wﬂ‘I’C‘I’C) (13)
+ 6pshl® 4*4*FF 4 6achSC 10 10 Hy + 6gh" 5%e¢ Hy .

The dimension-four operators give Yukawa couplings for the quarks, charged leptons
and neutrinos, whereas the dimension-five operators give Majorana masses for the right-
handed neutrinos.

As we showed above for the down-type quarks, the wave functions fully determine
the matrix structure of the couplings. Of special note in this regard are the fields with
even parities at all fixed points, u{ and ej. For these, the degeneracy induced by N
flux quanta is N 4 1-fold, so the up-quark and charged lepton Yukawa matrices derived
from Eq. are actually N x (N + 1) matrices.

As described in the previous section, the considered GUT model unavoidably pre-
dicts additional vectorlike states that are expected to have mass terms of order the GUT
scale. Mixing them with quarks and leptons, one can obtain realistic mass matrices.



First, we project the bulk 16*-plet, ¥, in such a way that it complements the addi-
tional u¢ and e we obtained from the flux (see Table 1). Mixing with these zero-modes
u and e, the up-quark and charged lepton Yukawa couplings turn into (N +1) x (N +1)
matrices. Next, we project two of the additional bulk 10-plets to a vectorlike pair of
down-type quarks, H3 D d, Hy D d¢. Introducing mixing in the down-quark sector pro-
vides sufficient freedom to reproduce the measured features of quark mixing. Finally,
a large number of SM singlet fields are required by the cancellation of gravitational
anomalies. These can mix with the right-handed neutrinos, and with the left-handed
neutrinos via nonrenormalizable operators.

The mixing of up-quarks and charged leptons with the zero-modes of ¥ occurs
through bilinear mass terms at the fixed points where u, e are contained in ¢°|¢,, = 4/,
V°¢ee = 10*" and 9°|¢, = (5',¢). The mass mixing terms read

Wanix = Y mb, 1)),
P (14)
- mi wcl/}kz + mES 4,4*|Cps + mSG 10*/10|CGG + mg lL;’,5*|Cﬁ + mg eechﬂ'

As for the Yukawa couplings, the mixing terms are proportional to the relevant wave
function, w‘f‘l in this case, evaluated at the respective fixed points. The mass matrices
of up-quarks and charged leptons after electroweak symmetry breaking are then given
by

Momo X vl v+ Y vl vt

p=I,GG p=I,PS,GG,f1
=uY,” wu, + my uug,, (15)
B p () () c p () c
M. = vy g he Vlabiy e, eieq + me Piile, eeq
p—1Al p=I,PS,GG A
=Y eel, + my ee, (16)

where ¢ = 1...N, and o« = 1... (N 4+ 1). vy correspond to the electroweak scale,
while the m? are assumed to be of the order of the compactification scale. At all but
the flipped SU(5)" x U(1)" fixed points, u® and e® are part of the same irreducible
representation, forcing m? = m? with p = I, PS, GG; in addition one has the SO(10)
relation hl = hl.

The down-quarks d;, df mix with the vectorlike pair d, d° through operators involving

(2

the Higgs field . The superpotential terms read

Wmix = AI<\I[>r¢-EI3|CI + )‘PS<F*>4*6|CPS

17
NG Gy + o F) (Do) 46 1"

where Hs|ee = 6 D d, Hyleps = 6" D d° and V|, = F*. All fixed points contribute to

10



a mass term of order the unification scale for HyHy D dd°. With (U)(F*) = vg_p, as
B — L breaking vacuum expectation value, the down-quark mass matrix becomes

Mg = vshly 0000 | dids + vy Y N 05|, dd (18)
p=LPS
+ 2L N O, dide 4 mpdd?
]\44< p V—+I1G Y D
p=IL,GG
= 0¥ did + vp- o Ny ddf + ZZEN did” + mpdde (19)

*

where we have explicitly introduced the mass scale M, for the nonrenormalizable terms.

A third kind of mixing appears in the neutrino sector. Gauge singlets, required by
the cancellation of gravitational anomalies, can mix with the SM singlet right-handed
neutrinos. These couplings involve the Higgs field W°. The gauge singlets can also
couple to the left-handed neutrinos through a nonrenormalizable interaction, involving
both ¥ and H,. Considering for simplicity only one singlet S, one obtains for the
bilinear superpotential terms

Whix = FGI<\I’C>¢S|CI + Kpg <F>4*S|CPS

- (20)
+ pr(H1)(W)¥S|e, + pa(Hz ) (T)5"S|cps

all fixed points contribute to a singlet mass term mgSS. Combining the mixing terms
with the Yukawa interactions (13)), one obtains a N x (N + 1) Dirac neutrino mass
matrix,

i j ¢, W1VB-L i
MVD = ’UlhlI/ Q/JS)_wgz)_‘gl Vinj + T Z ppw(—)—kp WS
*op=1g

=Y, vin§ + UIE_L oL viS (21)

where hl, = bl and a (N + 1) x (N + 1) Majorana neutrino mass matrix for the heavy
sterile neutrinos,

2
UVp_ i j c,.c i c
My =St 7 0 s T o2 S S
P p=1ps p=LPS
2
v . .
= ULyt 4 v 1, nES +msSS (22)

Despite the mixing with an additional sterile neutrino, the seesaw formula can still be

11



applied to obtain the N x N light neutrinos mass matrix

1

Let us finally emphasize the GUT relations between the parameters. These are in
particular the SO(10) relations for the Yukawa couplings at the fixed point (: hl, = hl
and hl = hl, as well as the relations for the mixing parameters, m? = mf with p =
I, PS, GG.

4 The two heavy families

Let us now consider the case of two flux quanta, N = 2, and apply it to the two
heaviest families of the Standard Model. We start with the down-quark mass matrix,
already discussed in the previous section. As an example, we choose the parametersﬂ
hL = 0.007, &t = 0.3, Aps = 0.2, \{ = 0.1, Ay = 0.13 and mp = 10 GeV. From
Eq. and the values of the wave functions given in Egs. , one obtains the

3 X 3 matrix

0.12 (1 +1) 0.27 0.08
MP[GeV] = | 058 (1+14) 1.27 007 |, (24)
7.6 (1+1) x 10" 84 x 10™ 1x 10

where the third row vector contains GUT scale masses.
It turns out that the quark and charged lepton mass matrices are all of the form

(]\Zfégﬂ)):(mz;fﬂz‘)’ i,j=1...N, «af=1...N+1, (25)
B

with m ~ y ~ v <K M ~ wvg_r. This matrix can be reduced to a N x N matrix
by integrating out one heavy state with GUT-scale mass M [29]. Let us introduce an
orthonormal set of vectors e, with

€ales =00 Mg = M(ely, )5 - (26)

2We also choose vp_1 = 10'° GeV, M, = 2 x 10'7 GeV, tan 8 = 3. Note that the precise values
of these parameters is not important. A change can be compensated by rescaling the superpotential
parameters. The parameters are chosen to reproduce the properties of the two heaviest SM families.

12



Defining two unitary matrices V and U by

Vaﬁ = (eﬁ)a )
1 1 (27)
Uly = b — 270 (mijleny1); + pilenyi)v1) O + O (W) :
one easily verifies (i,7 =1...N),
UtV = mik(€j>k + ,ui(ej)N—f—l 0 ’ (28)
0 M

up to corrections of relative order 1/M. Clearly, the N x N matrix in the upper-left
corner is the relevant low-energy mass matrix.

Using Eq. it is straightforward to integrate out the heavy state contained in
the matrix . For a convenient choice of vectors e; one then finds the 2 x 2 matrix

(2) (012 (1—4) 0.15
M, [GeV] = (0'57 1) 0.87> (29)

with the mass eigenvalues
M,[GeV] = diag(0.023,1.20) . (30)

The up-quark mass matrix can be obtained in the same way. We choose the additional
parameters as hl, = 0.15, hS¢ = 0.00075 and m? = (0.1,0.05,0.15,1.0) x 10 GeV with
p = (I,PS, GG, fl). From Egs. , and one obtains the 3 X 3 mass matrix

11 18 1.9
M®[GeV] = 53 81 7.1 : (31)
—8.7x 10" 4.2 x 10" 2.0 x 10%

After integrating out the heavy state one finds the 2 x 2 matrix

11 1
M [GeV] = (51 82) (32)

13



with the mass eigenvalues
M,[GeV] = diag(0.33,99) . (33)

Diagonalizing the up- and down-quark mass matrices by biunitary transformations,
one obtains from the left-handed rotation matrices the CKM matrix. We find the
mixing angle sin#2; = 0.031. The obtained bottom, strange, top and charm masses
and the CKM mixing angle agree with the measured values at the GUT scale within
5%E|. Given the structure of the quark mass matrices the small mixing angle sin 03, is
rather surprizing. Indeed, the individual rotation angles for the diagonalization of the
up- and down-quark matrices are much larger. However, since the matrices are rather
similar, the mismatch is small, which leads to a small angle in the CKM matrix.

The charged lepton mass matrix is mostly determined by the parameters of the
quark mass matrices. In addition we choose hl = 0.0013 and m! = 1.9 x 10! GeV.
From Eq. and the wave functions given in Egs. , one obtains the 3 x 3
charged lepton matrix

0.22i 0.19+0.16i 0.18 —0.15i
M®[GeV] = | 0.81 — 0.03i 1.27 0.11+0.05i | - (34)
1.1x10%®  3.0x10% 59x 10"

Integrating out the heavy state yields the 2 x 2 matrix

0.234 0.09 + 0.21¢
MP[GeV] = Lo " ' (35)
0.82 —0.03¢ 1.07—0.02¢
with the mass eigenvalues
M,[GeV] = diag(0.07,1.38) . (36)

The neutrino sector plays a special role. Eq. yields a 2 x 3 Dirac neutrino mass
matrix whereas Eq. gives a 3 X 3 matrix for the heavy sterile neutrinos. Choosing
the remaining parameters as p; = 0.8, pg = 0.1 and hl = 6, hES = 3, mg = 10" GeV,
k1 = 0.3, kps = 0.4, and using the wave functions Eqs. , , one finds the Dirac

neutrino mass matrix,

(37)

10i 11 (1+4) o. 07
Mf[GW]:( 0i (1+41) 030+007Z> |

37 (1+4) 81 1.29 4 0.03

3We take all masses and mixings angles at the GUT scale from the recent compilation [35].
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and the sterile neutrino mass matrix,

0.53i 0.19 (1 +14) —0.38 (141)
M,[GeV] = | 0.19 (1 + 1) 1.27 5.9 x 101 . (38)
—0.38(1 + 1) 5.9 10

The seesaw formula then yields the 2 x 2 matrix for the light neutrinos

, (2L T6(1+i)
M meV] = <7.6 (1+i) 54 ) (39)

with the mass eigenvalues

~

M, [meV] = diag(0,54) . (40)

The vanishing eigenvalue is again a consequence of the dyadic tensor structure of the
neutrino Yukawa matrix. Diagonalizing the charged lepton and neutrino mass matrices
one finds the MNS mixing angle sinf; = 0.38. The lepton masses and the MNS
mixing angle are roughly consistent with the measured values at the GUT scale [35].
Contrary to the quark sector the mixing angle is large in the lepton sector. This is a
consequence of the seesaw mechanism which implies that the transitions from flavour
to mass eigenstates for charged leptons and neutrinos do not compensate each other.

Having fixed the parameters of our model one could hope that changing the number
of flux quanta to N = 3 would yield a successful description of the Standard Model
with three quark-lepton families. Unfortunately, this is not the case. In fact, the third
family would remain massless. The reason is once more the dyadic structure of the
Yukawa matrices. The flux compactification provides a N-component complex vector
for each of the six SM fields at the four fixed points (see Table 2). However, due to
the presence of two Wilson lines, for five SM fields these vectors vanish at two fixed
points. Hence many Yukawa matrices, which are products of two vectors, and mixings
with the additional vector-like states vanish. As a consequence, mass matrices with full
rank can be obtained for N = 2 but not for N = 3.

There are several ways to avoid this problem. The simplest possibility is to have
more than one bulk 16-plet that feels the magnetic flux, for instance one 16-plet with
charge one and one 16-plet with charge two in the case of one flux quantum. Alter-
natively, one could start with a smaller bulk gauge group such as SU(6) so that one
Wilson line is enough to achieve symmetry breaking to the Standard Model. Finally, it
is conceivable that not all quarks and leptons are zero-modes from magnetic flux and
that some of them result from split bulk fields or from fields localized at some fixed
points. These possibilities will be studied in future work.
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5 Supersymmetry breaking and Higgs sector

For completeness, we summarize in this section some other aspects of the considered
GUT model, which are of phenomenological interest. The Abelian magnetic flux breaks
supersymmetry. Since the matter hypermultiplet ¢ carries U(1) charge, scalar quarks
and leptons acquire universal masses of the order of the compactification scale, which
corresponds to the GUT scale [28,[36],

AnN
—m? = 7{/ ~ (10" GeV) 2, (41)

2

m

20 N

where NN is the number of flux quanta and V5 is the volume of the compact dimensions.
The magnetic flux together with a nonperturbative superpotential at the fixed points
can stabilize the compact dimensions [36], and it is possible to obtain Minkowski or
metastable de Sitter vacua [37] with small cosmological constant. In these vacua the
U(1) vector boson A, the moduli and the axions are all heavy [38],

Mmoduli ™~ Maxions ™~ MA > mgso ~ 1014 GeV. (42)

The expectation values of the moduli F-terms are of the order of the gravitino mass.
Since the moduli dependence of the gauge kinetic terms is known [38], one easily obtains
for the gaugino masses

Mg ~ My ~ MG ~ M3/, (43)

whereas the SM gauge bosons are massless by construction.

At tree-level the two Higgs fields H, and H, are massless since they originate from
bulk 10-plets that do not feel the magnetic flux. Also the higgsinos are massless since
they are protected by a Peccei-Quinn-type symmetry. One may worry whether it
is possible to consistently extend such a theory up to the GUT scale. In fact, this is
known not to be the case for split supersymmetry or high-scale supersymmetry because
of vacuum instability [39]. On the contrary, for a two-Higgs doublet model, with or
without higgsinos, an extrapolation to the GUT scale is possible |40] for stable or
metastable vacua [41]. This implies constraints on the masses of the heavy neutral
scalar and pseudoscalar as well as charged Higgs bosons H, A, H*, respectively, and
on the ratio of vacuum expectation values,

2

my, mg+ =ma+ O (U—Q) , ma 2 1TeV,

A (44)
V2

tanf = — = 0(1).

(%1

Solutions of the two-loop renormalization group equations of gauge and Yukawa cou-
plings show gauge coupling unification at a scale ~ 10 GeV. At LHC energies the
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main hope for new discoveries lies on additional heavy Higgs bosons and higgsinos with
masses mj 2 U12.

A large scale of supersymmetry breaking, like the GUT scale that lies many orders
of magnitude above the electroweak scale, reintroduces the ‘hierarchy problem’. Is an
enormous fine tuning of parameters needed to keep the Higgs bosons at the electroweak
scale once quantum corrections are included? This is certainly the case in the effective
4d theory if only zero-modes are taken into account in the loop diagrams. However, the
situation might be different if the virtual states are extended to the whole Kaluza-Klein
tower. A well known example is the mass of a Wilson line for an Abelian 6d gauge field
compactified on a torus. After some regularization, one obtains a Wilson line mass of
the order of the inverse size of the compact dimensions [42]. Remarkably, as was recently
shown, in the presence of magnetic flux the one-loop quantum corrections to the Wilson
line mass vanish [43]. This suggests that magnetic flux may provide a partial protection
of scalar masses w.r.t. quantum corrections. However, the applicability to electroweak
symmetry breaking in the considered GUT model remains to be investigated.

6 Summary and conclusions

Supersymmetric grand unified theories in higher dimensions provide an attractive ultra-
violet completion of the Standard Model. An example is the six-dimensional SO(10) x
U(1) model with magnetic flux considered in this paper, which itself may have an em-
bedding into string theory. An orbifold compactification to four dimensions with two
Wilson lines can break the six-dimensional gauge symmetry to the Standard Model
gauge group. The quark-lepton families arise as zero-modes of complete 16-plets due
to the magnetic flux, whereas two Higgs doublets are obtained as split multiplets from
bulk 10-plets. Additional bulk 16- and 10-plets lead to further split multiplets that
can mix with the complete quark-lepton 16-plets.

After describing the symmetry breaking and the quantum numbers of the zero-
modes, we have analyzed the Yukawa couplings and the bilinear mixings of the zero-
modes. In many flux compactifications, where also the Higgs fields feel the magnetic
flux, Yukawa couplings arise from overlap integrals of bulk wave functions. On the
contrary, in the model under consideration Yukawa couplings and mass mixings are
superpotential terms that can arise at the orbifold fixed points. The entire flavour
structure is then contained in complex vectors in flavour space, one for each SM repre-
sentation at each fixed point. These vectors are a prediction of the flux compactification.
They determine the mixings with split multiplets and their products yield the Yukawa
matrices.

We have shown that this pattern of flavour mixing can account for masses and
mixings of the two heaviest Standard Model families. The mass hierarchies are either
due to a hierarchy of Yukawa couplings or to relative importance of Yukawa couplings
and mass mixings. Starting generically from large flavour mixings, the CKM mixing
turns out to be small due to the small mismatch of the rotation matrices for up- and
down-quark mass matrices. On the other hand, the seesaw mechanism distinguishes
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between the charged lepton and the neutrino mass matrices, and the MNS mixing
therefore remains large. It turned out that the two-flavour model cannot be extended
to a three-flavour model in a straightforward way. Due to the dyadic structure of
the Yukawa matrices and the presence of two Wilson lines, too many terms vanish
that would be allowed by the gauge symmetries, and the lightest quark-lepton family
remains massless. As briefly described in the previous section, there are several ways
to avoid this problem. The investigation of these possibilities is left for future work.

Let us finally compare the pattern of flavour mixings described in this paper with
successful flavour models of Frogatt Nielsen type (see, for instance, [44-47]). In these
models the entries of the mass matrices are powers of a small parameter, and therefore
small. The powers are determined by the U(1) charges of the Standard Model fields.
Choosing appropriate charges one obtains hierarchical masses and small mixings in
the quark sector. The lepton sector is different due to the seesaw mechanism. Mass
hierarchies in the Dirac neutrino mass matrix and the sterile neutrino mass matrix
can compensate each other, leading to small mass ratios and large mixings for the light
neutrinos. On the contrary, in flux compactifications one starts from mass matrices with
large entries, which have rank one due to the dyadic structure of the Yukawa matrices,
and therefore only one massive family. Smaller Yukawa terms and mixing with split
multiplets yields small corrections and increases the rank. CKM mixings in the quark
sector are small due to the small mismatch between the rotation matrices of up- and
down-quark mass matrices. The neutrino sector is again different because of the seesaw
mechanism and large MNS mixings remain. The two pictures of the origin of the flavour
structure in the Standard Model are complementary to each other. Mass matrices of
Frogatt Nielsen-type have been obtained in heterotic string compactifications (see, for
instance, [50]) as well as F-theory compactifications (see, for instance, [19]). It will be
interesting to understand the connection to string theory compactifications that realize
large flavour mixings as in the flux compactification described in this paper.
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A Wilson line breaking on orbifolds

The breaking of SO(10) to the Standard Model gauge group by boundary conditions
is often based on the orbifold T?/(Zy X Zs X Zs) [11]. For completeness, we recall the
equivalent description based on T?/Z, with two Wilson lines in the following.

The torus 72 is obtained by identifying points y = (y1, y2) which differ by a lattice
vector, i.e. T? = R?/Z? (see Fig. 3),

y~Ty=y+XN, i=12. (45)
Further identifying points that are related by a rotation of 180° around the origin,
y~Ry=—y, (46)

one obtains the orbifold T%/Z,. The orbifold has four fixed points,

T =G, p=1PS GG, (47)
where X A A )
Ti=R, Tes=TioR, Tec=TooR, Ta=TooT,oR. (48)

In an orbifold field theory one needs an embedding of the space group S = {I, R, T}, 1>}
into field space (see, for instance, [48]) which is defined on the covering space R?. The
corresponding transformations K[S] act linearly in field space. On the fundamental
domain of the orbifold the fields then satisfy certain boundary conditions.

Using the reflection R to break 6d ANV = 1 supersymmetry to 4d N' = 1 supersymme-
try and considering the fields even under reflection, the embedding of the space group
into the gauge fields is defined by

PA(x, Ty)P ' = n;A(z,y) , i=PS,GG, (49)
where the P; are SO(10) matrices with
PP=I, ni=1. (50)

In addition, one has R
PyA(w, Tay) Pyt = naA(z,y) , (51)

with Py = PogPps, 1a = naenps. As the subscripts indicate, the matrices P; can be
chosen such that SO(10) is broken to the Pati-Salam and the Georgi-Glashow subgroups
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Figure 3: Left: torus T?; right: orbifold T?/Zy with the fixed points (,, p =1, PS, GG, 1l.

at (ps and (qq, respectively. For hypermultiplets one has

~

where the matrices P; depend on the representation of ¢, and the parities n; can be
chosen independently for each hypermultiplet.

The embedding , of the translations into field space imply that SO(10) is
broken to the corresponding subgroups at the fixed points,

The SO(10) multiplets A and ¢ can be decomposed into SM multiplets, A = {A*},
¢ = {#°}. Each of them belongs to a representation of Gpg as well as Ggg and is
therefore characterized by two parities,

A%(x, Try) = N2 A%(x,y) ,  ¢°(x, Tiy) = )% (x,y) , i =PS,GC . (54)

The matrices Pps and Pgi have been explicitly given in [11] for the fundamental
representation. At a fixed point ¢; each SO(10) representation can be decomposed into
representations of the unbroken subgroup, and the matrices P; can be written as linear
combinations of projection operators P onto these representations. One finds for the
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S0(10) 45
Gps (15,1,1) | (15,1,1) | (15,1,1) | (15,1,1)
Gaa 24, 104 10° 1
Nps 7NGG | Mps MGG | Tlps TIGG | Tlps TIGG
A + 4+ + - + - + +
G X
Gps (1,3,1) | (1,1,3) | (1,1,3) | (1,1,3)
Gaa 24, 24, 10,4 10,
nps 7NGG | Tlps NGG | MIps MGG | TS TIGG
A + + + + -+ - +
|14 B
Gps (6,2,2) | (6,2,2) | (6,2,2)
Gaa 24, 104 10*,
nps  7NGG | Mlps TG | Tlps  7)GG
A -+ — - — —
SO(10) 10
Gps (1,2,2) | (1,2,2) | (6,1,1) | (6,1,1)
Gaa 5" 342 5" 342
Nps MGG | s 7Naa | Mps Tca | Tlps TlGG
Hj -+ — — +  + + -
D!
Hg - == 4+ |+ -+ +
D

Table 3: PS- and GG-parities for the bulk 45-plet and the 10-plets Hs and Hg. G, W, B and X denote
gluons, electroweak gauge bosons and the additional U(1) gauge boson contained in SO(10).
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45-, 10- and 16-plet, respectively (see [49)]),

~

(Pasa) + Pasi) + Pas) — Pez2 for 45

Pps =< Paa) — P for 10 (55)
\p(4*,1,2) - ]5(4,2,1) for 16,
(p240 + plo — P104 — plO*_4 for 45

Pog =4 Py, — D5, for 10 (56)
\P5§ + P, — Pro_, for 16.

Using these relations the parities in Tables 1,2 can be easily determined.

In Table 1 we have listed parities and zero-modes for all fields that are relevant for
the Yukawa couplings and the mixings of split multiplets with the 16-plets of zero-
modes. For completeness we list parities and zero-modes for the gauge fields and the
10-plets H5 and Hg in Table 3.

B Vectors in flavour space

The flavour structure of our model is entirely determined by the values of the wave
functions at the various fixed points, w((;b)\cp. The degeneracy index labels idependent
fields, which means we can interpret the set of wave functions with given parities as a
vector in flavour space,

1)
ab

wab = ¢éi) ) a, b= +, = (57)

In this appendix we give the explicit values of these vectors for N = 2 flux quanta
evaluated at the fixed points.

Right-handed up-quarks and electrons are states with even parity at all fixed points.
Therefore, their wave function does not vanish at any fixed point. The four vectors in
flavour space read

0.15 0.15 1.68 1.68
Vitla = [ 109 |, Yipleps = | =109 |, Viileee = | 1.09 | 5 Yiilea = [ —1.09
1.68 1.68 0.15 0.15

(58)

They are three-vectors because the 1, , are N 4 1-fold degenerate.
The left-handed quark doublet’s distribution in the internal space is given by ¢_ .
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Their wave function is non-zero at two fixed points only,

0.42 1.96
77D—-&-|C1 = (196) ) w—+|CGG = <0'42> : (59)

The up-quark Yukawa coupling matrix is a linear combination of two matrices which
are obtained as dyadic products of flavour space vectors,

Y, = h£¢++|c1 X P_yle + h3G¢++|CGG X V_ylega (60)

Note that this matrix has rank two, independent of the dimensionality of the flavour
space vectors. Mixing with the additional state w is governed by a linear combination
of the ¢ |¢,, which were given in Eq. (58),

My = ZWWLIQ- (61)
p

This gives the overall up-quark mass matrix

AV
Ly,D(ut uv? u R B (62)
m 2

The numerical values for an example parameter set are given in Eq. .

Right-handed charged leptons have the same field profile as right-handed up quarks.
However, the left-handed lepton fields are given by the wave function ¢__. They are
present at the SO(10) and flipped SU(5)" x U(1)" fixed points,

(0281 +1) [ 039
w“kl_( 1.95 ) 1/’“‘43_(1.38(1—@)‘ (63)

Again, the Yukawa couplings follow from a linear combination of dyadic products,

Y; = hil¢++‘(1 X w**‘(:l + h§¢++|<ﬂ X w**kﬂ? (64)

while the mixing with the additional state e is given by the vectors ¥, |c,,

me = Z meYle,- (65)
p
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GUT relations imply m2 = m?, p =1, PS, GG.
The down-quark mass terms are

UQ}/d vVVB T, )\Zi di
LoD <d1 ds d) My ds | (66)
VB—LAd mp ch

where Y; = ki _|¢, x ¥_4]¢, is a dyadic product. The wave function values for
right-handed down quarks are

0.77(1 +1i —0.77(1 +i
w+|@=( 1(.68+2))’ m\@S:( 1.((38“)) : (67)

while those for the left-handed quarks were already given in Eq. The coupling
between d and the d is

Ag = )\I?ﬂj{_‘gl + )\Pswi{—‘ﬁps? (68)

while the coupling between the d; and d€ is

A=A Vil + Aoe V-+liqg - (69)

The Dirac neutrino mass matric reads

41
ﬁm D) <l/1 1/2) <U1YV %’ﬂ/) Vé: ) (70)
S

with the Yukawa matrix Y, = hly__|;, x ¥, _|¢, given by the dyadic product of the
vectors given in Eq. and Eq. (67). The mixing with the SO(10) singlet scalar S,

pv = pr |, + pa -, (71)

is also governed by the values in Eq. (63]).
Finally, the Majorana mass matrix for the sterile neutrinos is

”123—L M UB—L K Y1
Ly D (V{ Vs S) PO I N7 (72)
5 K,V my S
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The corresponding mass matrix M, reads

M, = héw+*yél X er*‘CI + hESer*’CPS X er*‘CPs: (73)

where the ¢, _|¢, are already defined in Eq. . The same flavour space vectors govern
the mixing with the sterile neutrino S

Ry = KRy w+*’<] + KPS w+*’§PS . (74)

This explicit presentation showcases that the entire flavour sector is determined by

the four sets of wave functions. These determine flavour space vectors when evaluated
at the fixed points. All relevant numerical values were presented in Egs. (58), (59),

and. (7).
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