Yukawa Unification in Heterotic String Theory

Evgeny 1. Buchbinder!, Andrei Constantin?, James Gray®, Andre Lukas!

L The University of Western Australia,
35 Stirling Highway, Crawley WA 6009, Australia

2 Department of Physics and Astronomy, Uppsala University,
SE-751 20, Uppsala, Sweden

3 Physics Department, Robeson Hall, Virginia Tech,
Blacksburg, VA 24061, USA

4 Rudolf Peierls Centre for Theoretical Physics, Oxford University,
1 Keble Road, Ozford, OX1 8NP, U.K.

Abstract

We analyze Yukawa unification in the the context of Eg x Eg heterotic Calabi-Yau models which
rely on breaking to a GUT theory via a non-flat gauge bundle and subsequent Wilson line
breaking to the standard model. Our focus is on underlying GUT theories with gauge group
SU(5) or SO(10). We provide a detailed analysis of the fact that, in contrast to traditional
field theory GUTSs, the underlying GUT symmetry of these models does not enforce Yukawa
unification. Using this formalism, we present various scenarios where Yukawa unification can
occur as a consequence of additional symmetries. These additional symmetries arise naturally
in some heterotic constructions and we present an explicit heterotic line bundle model which

realizes one of these scenarios.
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1 Introduction

One of the attractions of heterotic string phenomenology is its ability to preserve many of the suc-
cesses of conventional Grand Unified Theories (GUTSs) while avoiding their undesirable consequences.
For example, the unification of gauge coupling constants seen in GUTs [1-4] can be reproduced in
the string theory [5—14]. Indeed, such unification is mandatory, barring large threshold corrections
or unusual embeddings of the standard model group. This is a simple consequence of the fact that
the theory only has a single gauge coupling constant in each sector at high energies [15,16]. On the
other hand, it has long been known that the unification of Yukawa couplings observed in conven-
tional Grand Unification [17,18], which can lead to many phenomenological issues, is not generically
reproduced in heterotic models [19]. In this paper, we will present a detailed approach to study
this phenomenon in generality. This will allow us to investigate under what special circumstances
(partial) Yukawa unification can, in fact, be exhibited. For some nice related work in the context of
orbifold compactifications see [20,21].

In order to address these questions it is important to be specific about the underlying class of
models. For the purpose of the present paper, we will focus on the standard heterotic Calabi-Yau
models with an intermediate GUT stage [19,22]. By this we mean models which are constructed
in a two-step process. In the first step, the original Fg gauge group is broken to a GUT group,
typically SU(5) or SO(10), by a gauge bundle V — X with a non-flat connection on a smooth
Calabi-Yau manifold X. In a second step, this model is divided by a discrete symmetry I’ of X and
V and the GUT group is broken to the standard model group by introducing a Wilson line on the
quotient. For such constructions, a well-defined and consistent string model with GUT symmetry
can be associated to the resulting standard model and we can ask if this underlying GUT model
can lead to Yukawa unification. Such models can also be compared to traditional field theory GUTs
with SU(5) or SO(10) gauge symmetry. The simplest versions of these field theory GUTs lead to
the unification of d-quark and lepton Yukawa couplings for all families in the case of SU(5) and to
unification of all three types of Yukawa couplings in the case of SO(10). Under what circumstances
do heterotic Calabi-Yau models with an intermediate GUT symmetry share these properties?

At this point we may pause and ask why we insist on models with an underlying GUT symmetry
(beyond the desire for unification of the gauge couplings). One may attempt instead to construct
heterotic models without Wilson lines where the Fg gauge group is directly broken down to the
standard model group by a bundle with non-flat connection. In Refs. [23-25] such models have been
considered and an interesting conclusion has been obtained. First of all, it turns out it is possible to
break to the standard model directly by including flux in the standard hypercharge direction within
SU(5) while keeping a suitable “flipped” version of hypercharge massless and obtain standard model

multiplets with the correct values of hypercharge. However, when trying to engineer a standard



model spectrum within such setting a serious obstruction arises. Having broken up the spectrum
into all the various standard model multiplets means that an independent index condition for each
multiplet has to be imposed on the compactification. It turns out, and has been shown in Ref. [26],
that these index conditions can never be satisfied simultaneously for any Calabi-Yau. In other
words, the standard model spectrum is too complicated and too fragmented to be obtained directly,
at least in the heterotic context, without an underlying GUT symmetry. This problem disappears
for models with an intermediate GUT symmetry and Wilson line breaking. Obtaining the correct
chiral asymmetry at the GUT level requires only one index condition and the subsequent Wilson
line breaking, while splitting GUT multiplets into standard model multiplets, does not change the
chiral asymmetry. This strongly suggests that heterotic models with an intermediate GUT theory
constitute the right approach to heterotic model building. In addition to reminding us of how non-
trivial it is that the heterotic string is able to reproduce the standard model spectrum, the above
comments also add emphasis to the question on what effect this intermediate GUT theory might

have on the unification of Yukawa couplings.

Returning to the main line of argument, the observation that generically Yukawa couplings do
not unify is simple and relatively easy to explain by comparing the string standard model with
the associated underlying GUT theory. First, consider a heterotic GUT model, with GUT group
SU(5) or SO(10), based on a Calabi-Yau three-fold X and a vector bundle V' — X. Assume that
X has a freely-acting discrete symmetry T’ so that X = X /T is a Calabi-Yau manifold. Further
assume that the symmetry I' “lifts” to the bundle V which then descends to a bundle V — X on
the quotient manifold. On the quotient we add a Wilson line W, so that the gauge bundle becomes
V @& W, in order to break the GUT symmetry to the standard model symmetry. The “upstairs”
and “downstairs” indices are related by ind(V) = ind(V')/|T| (where |T| is the order of the group T')
while, as discussed earlier, the Wilson line does not affect the index. Hence, for a standard model
with three families of quarks and leptons we require an underlying GUT model with 3|T’| families
and the associated GUT Yukawa couplings are matrices of size (3|I'|) x (3|I'|). It turns out, and
we will show explicitly in the course of the paper, that the standard model Yukawa matrices which
would be equal in the context of a field theory GUT always originate from different parts of this
larger Yukawa matrices present in the GUT theory. Thus the Grand Unified symmetry itself never

relates the Yukawa couplings.

For example, consider a model with SU(5) GUT symmetry. For a standard field theory GUT
the Yukawa couplings Y; EHEiloj, where 7,5 = 1,2, 3, lead to Y;-g-e) = Yig-d), that is, to equal lepton
and d-quark Yukawa matrices. In contrast, consider a heterotic Calabi-Yau model with intermediate
SU(5) GUT symmetry and, say, discrete group I' = Zs. In this case, the GUT Yukawa couplings

Yis EHEIIOJ, where I,J = 1,...,6, involve six families and a 6 x 6 Yukawa matrix Y7;. One finds



that the 3 x 3 lepton and d-quark Yukawa matrices Yig-e)

parts of the 6 x 6 matrix Y7, and are, hence, unrelated by the GUT symmetry.

and Yig-d) always originate from different

The comments of the previous paragraph do not mean that Yukawa unification cannot occur
in such models. For one, special choices of the upstairs Yukawa couplings Vi can lead to Yukawa
unification, although such ad-hoc choices might seem unconvincing. One might also ask whether
Yukawa unification can be enforced by additional symmetries of the upstairs theory, distinct from
the GUT symmetry. Having developed a concrete formalism to describe the phenomenon discussed
in the previous two paragraphs, we then employ this technology to address this question. The
upstairs theory is certainly invariant under the discrete symmetry I" and in addition, depending on
the structure of the bundle V, can have a number of additional U (1) symmetries J = S(U(1)7). We
will show that the additional symmetries J and T do not enforce Yukawa unification if they commute.
On the other hand, we present scenarios with non-commuting J and I which can lead to (full or
partial) Yukawa unification. We also construct an explicit example, in the context of heterotic line
bundle models, where such a scenario is realized. For this concrete example we compute the Yukawa
couplings directly, using the formalism developed in [27,28], to demonstrate that they do not vanish
and that the model does indeed exhibit unification.

In conclusion, the underlying GUT symmetry in heterotic models never enforces Yukawa unifi-
cation in the same way that it does for field theory GUTs. However, in certain examples, Yukawa
unification can be exhibited, being enforced by certain symmetries in the high energy theory that
we characterize.

The plan of the paper is as follows. In the next section, we will review the construction of
heterotic Calabi-Yau models with both underlying SU(5) and SO(10) GUT theories. In Section 3,
we analyze the relation between upstairs and downstairs Yukawa couplings and show that the GUT
symmetry does not lead to unification. Scenarios where additional symmetries of the GUT theory
can lead to Yukawa unification are presented in Section 4. Section 5 provides an explicit heterotic

line bundle model which realizes one of these scenarios. We conclude in Section 6.

2 Heterotic GUT models

In this section, we describe the basic model-building set-up for both SU(5) and SO(10) heterotic
GUT models (for more details, see Refs. [29-31]). In either case, the “upstairs” GUT model is
based on a Calabi-Yau three-fold X with freely-acting discrete symmetry I' and a vector bundle
V — X with a structure group that embeds into Eg and with a I'-equivariant structure. There is a
projection 7 : X — X to the quotient manifold X = X /T and, thanks to its equivariant structure,
the bundle V descends to a bundle V — X, so that V = 7*V. The quotient manifold X, together



with the bundle V' and a Wilson line W on X define the “downstairs” theory.

2.1 Models with underlying SU(5) GUT

In this case, the structure group H of V is embedded into Fy via H c SU (5) C Es, using the
SU(5) x SU(5) maximal sub-group of Eg. The low-energy gauge group is the commutant of H
with Eg and we require that it is of the form SUgur(5) x J, where J = S(U(1)f) represent a
certain number, f — 1, of additional U(1) symmetries. For the maximal choice of structure group,
H = SU(5), there is no additional U(1) symmetry and .J is trivial. The other extreme is a maximally
split bundle with structure group H = S(U (1)) for which we have four additional U(1) symmetries,
J = S(U(1)%). Altogether the GUT theory has gauge symmetry SUgur(5) x J and a discrete
symmetry I'. It should be noted that the additional U(1) symmetries are typically Green-Schwarz
anomalous and, hence, have super-heavy associated gauge bosons.

This theory can, in principle, contain the SU(5) multiplets 10, 10, 5, 5 and 1 which are associ-
ated with the following cohomologies:

10 » HY(X,V), 10 < HY(X, V), 1 & H(X, VeV, -
5 o HY(X,AW), 5 o HY(X,A2UY). 2

For the correct chiral asymmetry, we only have to impose the single condition ind(V') = —3|T'|
(since ind(A%V) = ind(V) holds in general for SU(5) bundles). In order to avoid anti-families we
require the absence of 10 multiplets, that is, hl(X , V*) = 0. Finally, we require a vector-like 5-5
pair to account for the Higgs so we should demand that hl(X , A2V*) > (. If these three conditions
are satisfied we have obtained a GUT model with a physically promising spectrum.

The downstair model is obtained as a quotient of the upstairs theory by I' and it is defined on
the quotient Calabi-Yau manifold X = X JT. Since V has a I'-equivariant structure all cohomologies
of V become I’ -representations and V descends to a bundle V — X. The Wilson line W on X is
embedded into the standard hypercharge direction within SUgyT(5) and can be described by two
characters, x2 : I' = C* and x3 : I' — C* satisfying x2 ® X% =1 and y2 2 x3. Such a Wilson line
breaks SUgur(5) to the standard model group, Ggy, so that the full downstairs gauge symmetry
is Ggm X J, where J is the part of J which survives the quotient.

Since the index is unaffected by the Wilson line, the 3|T'| upstairs families in 1065 automatically
give rise to three families of quarks and leptons downstairs, with the GUT multiplets splitting in
the standard way as 10 — (Q,u, e) and 5 — (d, L). The vector-like 5-5 pairs decompose into Higgs
doublets and triplets as 5 — (T, H) and 5 — (T, H). For a suitable choice of equivariant structure
and Wilson line it is often possible to project out the Higgs triplets and keep exactly one pair, H, H,

of Higgs doublets. Every downstairs multiplet acquires a Wilson line charge which is related to its



hypercharge and explicitly given by

XO=X2®X3 Xu=X3 Xe=X3 Xd=X5 XL=X3» XH=X5, Xg=X2- (2.2)

Let us denote a generic downstairs multiplet by 1, its associated Wilson line representation, as given
above, by Xy and the corresponding induced Wilson line bundle by Wy,. Then, the multiplet ¢ is
associated with the cohomologies

Y & HYX,VaeW,) = |HY(X,V)® xy . (2.3)

sing
The subscript “sing” in the last expression refers to the I'-singlets of the enclosed expression. This

formula shows that the downstairs spectrum can be computed purely from representation theory of

I" applied to the upstairs cohomology.

2.2 Models with underlying Spin(10) GUT

The set-up is analogous to the SU(5) one. The structure group H of V is now embedded into Eg
via H C SU(4) C Fg, using the maximal subgroup' SU(4) x Spin(10) of Eg. Further, H should
be sufficiently large such that its commutant with Eg is Spin(10) x J, where J = S(U(1)f). For
the maximal choice H = SU(4) there are no additional U(1) symmetries and .J is trivial while the
minimal choice H = S(U(1)*) leads to three additional U(1) symmetries, so J = S(U(1)%). Hence,
the symmetry of the GUT theory includes Spin(10) x J and the discrete symmetry I'. As in the
SU(5) case, the additional U(1) symmetries are typically Green-Schwarz anomalous.

The possible Spin(10) multiplets in the GUT theory are 16, 16, 10 and 1, with associated

cohomologies
16 & HY(X,V), 16 & H'(X,V*), 10 HY(V,A*V), 1 HY(X,VeVY). (2.4)
As before, we need to impose one index condition, ind(V') = —3|T'|, for the correct chiral asymmetry.

In addition, we need h'(X,V) = 0 for the absence of anti-families and h'(X,A%V) > 0 so that at
least one 10 multiplet is present as a possible origin of the Higgs multiplets.

The downstairs model can be obtained by a two-step process. In the first step, we focus on the
maximal sub-group SUguTt(5) X Ux (1) C Spin(10) and include a Wilson line in the Ux (1) direction.
Following Ref. [32], we specify the embedding of Ux (1) = {e*’ | § € [0,27]} into Spin(10) by using
the spinor representation 16. It turns out that this embedding is given by

916(9) = diag(e_w]]-loa 63i6157 e—5i9) ) (25)

!The maximal sub-group of Es does involve Spin(10), rather than SO(10).



which means that the branching 16 — 10_; & 53 @ 1_5 under SUgyt(5) x Ux(1) provides the
correctly normalized values of the Ux(1) charge. We can specify the Wilson line by a character
X : I' = Ux(1) and in order for this to break Spin(10) to SUgur(5) x Ux (1), rather than a larger
sub-group, we have to require from Eq. (2.5) that

5

x 1, %%, x7° are inequivalent. (2.6)

The various resulting SUgyT(5) multiplets receive the Wilson line charges
X10=x5 x5=x% x1=x" xgr =X % Xszr =X, (2.7)

where the last two relations follow from the branching 10 — 5? ® 3512 of the fundamental rep-
resentation under SUgut(5) X Ux(1). For the second step we can proceed as in the SU(5) case
and embed another Wilson line, described by two characters y2 and x2 with x3 ® x3 = 1 and
X2 Z X3, into the standard hypercharge direction in SUgyT(5). Under certain additional conditions
on I', x, x2 and x3 which will not be relevant for our purposes the gauge group is then broken to
Gsm X Up_p(1) x J, where Up_r(1) is obtained as a specific combination of Ux (1) with hypercharge
and J is the part of J which survives the quotient. The standard model multiplets in this theory are
characterized by their Wilson line charge x4 in Eq. (2.7) and the Wilson line charge x, in Eq. (2.2),
where ¢ = 10, 5, gH, 58 and = Q,u,e,d, L, H H. They are associated to the cohomologies
(6.0) & HY(X,V@W,y) 2 [H(X, V)8 xs0x] (2.8)

sing
3 Yukawa couplings upstairs and downstairs

We will now discuss Yukawa couplings in the upstairs and downstairs theories and the relation

between them. Again, in order to be specific we will do this separately for SUgyT(5) and Spin(10).

3.1 Yukawa couplings for SU(5)

We begin with the Yukawa couplings in the upstairs theory. The only Yukawa couplings poten-
tially relevant for unification are of the form 5510 and (2.1) shows that the relevant associated
cohomologies are

Vip:= H' (X, V), Vs:= H(X,A%V). (3.1)

It it useful to introduce a basis

V10 = Span (1/}10) Ve = Span (1/(3)> (3.2)

)1:1,...,3\1“\ ’ I=1,.. 3|0+
of bundle-valued (0, 1)-forms on these cohomologies, where we recall that we have 3|T"| families in

the upstairs theory. The number of vector-like 5-5 pairs is denoted by 7ify. The four-dimensional



SUquT(5) multiplets associated to these basis forms are denoted 107 and 5 and the relevant Yukawa

terms in the superpotential read

W:YIJKEIEJIOK_F...’ YA}JK:/Q/\I/(S)/\I{(])/\I/SO), (3.3)

X
where ) is the holomorphic (3,0)-form on X. This defines the holomorphic Yukawa couplings Yiik
which arise in the superpotential. For the physical Yukawa couplings we also require the relevant

matter field kinetic terms given by

K = k101107 + K&F'5 + ...

10 1 10 5 1 5
K}"):5/X§)A w10 K}J):g/XpA*V()’

(3.4)

where 9 is the volume of X.

The relevant multiplet types in the downstairs theory are ¢ = @Q, e, d, L, where for convenience
of notation, we write the Higgs H as one of the lepton doublets L, with associated cohomologies
and basis forms

Vy 1= H'(X,V & W) = Span (v*)) . (3.5)

The index range is ¢ = 1,2,3 for v = Q,e,d and ¢ = 1,...,3 + ny for ¢» = L, where ny is the
number of Higgs doublets pairs which remain from the the fy vector-like 5-5 pairs. The relevant

superpotential and Kéahler potential terms then read

W=y e YO LdQr+ ..., K=Y KvivI ., (3.6)
where
Q p) _ 1 ¥) n
Z]k—/Q/\V )/\Vlg), Z]k—/Q/\V ) () Ki(j):;/xyi()/\*yg).
(3.7)

Here, Q is the holomorphic (3,0)-form on X and v is the volume of X.

We have now set up the relevant terms and couplings in both the upstairs and the downstairs the-

ory. How are they related? The equivalence in Eq. (2.3) shows that the downstairs (0, 1)-forms Vi(w),

pulled back to X can be written as linear combinations of the upstairs (0, 1)-forms. This means

* *x_ (€ x (d 5 x (L 5
7o =l 0, 1 =Y 1@ =y D =y, (39

where c{ vy are the coefficients which project onto the appropriate I'-representations, in line with

Eq. (2.3). This shows that the upstairs and downstairs holomorphic Yukawa couplings are related

by

e d
Vil = clopelmselton¥i . Yii = cluiclayelonYiox (3:9)



where Y7 = Yi Kk /|T'|. Analogously equations

Q _ 10 e _ 10
K =gl KD K =l k5 (3.10)

d _ 5 L _ 5
K =yl K5 K =yl 5 (3.11)

hold for the matter field Kéhler metrics. Hence, the key to understanding the relation between
upstairs and downstairs couplings are the coefficients c{ Wi which, up to trivial basis transformations,
are determined by I' representation theory.

To make this more explicit, we recall a few simple facts from the representation theory of finite
groups [33]. Consider a (unitary) representation p : I' — GI(V) of a finite group I' over a complex

vector space V. For any character y : I' = C* we can define define the linear maps

1
Poo = 1 > x(ely) - (3.12)
yer
which project onto the sub-space of representations y within V. It is easy to verify from this

definition, that the projectors for two characters x and ¢ satisfy

PooPey =0 Py . (9) = % > X e(y) - (3.13)

~er
In particular, this shows, setting ¢ = x, that the P, are indeed projectors and, choosing x % ¢,
that P,y P4 = 0, that is, they are orthogonal projectors provided the two characters are different.
Returning to Yukawa couplings, we recall that, as a result of the equivariant structure on V,
the two relevant upstairs cohomologies V19 and Vg become I' representations. Hence, we have two

representations

pio: L — Gl(Vl()) , Py I'— Gl(Vg) s (3.14)

which we think of as given by matrices relative to our choice of basis on each space. Given these

representations we can define the projectors

1 1
Po = mZXQ(W)Pm(V) ; Pey = EZXe('Y)PlO(’Y) :
- . (3.15)
Pay = mZXd(V)Pg(V) , Pyry = mZXL(’Y)pg(’}/) .
yer ~er

The key observation is now that the Wilson line characters xs and ys are different and, hence,
from Eq. (2.2), that xo 2 Xe and x4 2 xr. From Eq. (3.13) this implies orthogonality of the

corresponding projectors, that is,

P(Q)P(e) =0, P(d)P(L) =0. (3.16)



It follows that C](LQ)Z.C(e)j = (P(Q)C(Q)i)T(P(e)c(e)j) = (PEQ)C(Q)Z')T(P(Q)P(e)c(e)j) = 0 and similarly in
the d and L sectors. Here c(y); are the vectors whose components are c{ Wi As a result, we have

the orthogonality relations
i — ] _
C@i€ei =0, € =0- (3.17)

Comparing with Eq. (3.9) this means that Y(®) and V(9 originate from different components of
the upstairs Yukawa couplings Y. Yukawa unification between leptons and d-quarks is still pos-
sible, provided the upstairs couplings YijKk are suitably related. However, since these couplings
are independently SUgyr(5)-invariant such relations cannot be enforced but the GUT symmetry.
Hence, the SUgut(5) symmetry does not lead to any Yukawa unification, unlike standard SU(5)
field theory GUTs which predict Y(©) = y(4),

3.2 Yukawa couplings for Spin(10)

For Spin(10), the relevant superpotential term is of the form 1016 16 so from (2.4) the associated
cohomologies are

Vio= HY(X,A?V), Vig=HYX,V). (3.18)

As before, we introduce a basis of bundle-valued (0, 1)-forms on these spaces

V10 = Span (V}10)>A LA V16 = Span <V§16 (3.19)
=1,....,hg

)

and denote the corresponding four-dimensional Spin(10) multiplets by 107 and 167, respectively.

The relevant superpotential term is

W = V10’ 167165 + ... | ?UK:/ QA VIO AL A (16 (3.20)

X

and analogous expressions for the matter field Kahler metrics.

For the downstairs theory the Spin(10) multiplets break up, first, into the SU(5) multiplets
¢ =10,5, EH, 57 and then into the standard model multiplets ¢ = Q,u, e, d, L, H, H with associated
cohomologies

Vdmp = HI(X, V& qu’w) = Span (I/Z-(w)) . (3.21)
We have the downstairs Yukawa terms
W =YLk + V)L Qr + v I + ... (3.22)
where Y(©) and Y@ are given by Eq. (3.7) and
v = / QA I/(H) A VJ(»U) A Vng) . (3.23)
X

ijk %

10



With the relation of upstairs and downstairs (0, 1)-forms as in Eq. (3.8) the Yukawa couplings of

the two theories satisfy

e d u
Yl = lpclnictonYim . Yy = clupelpselonYur . Y5 = claylyelonYi . (3:24)

where Y = Y/|T'|. From Egs. (2.6) and (2.7) we know that y1¢ 2 Xxg and a projector argument

similar to the one we have used for SU(5) then shows that
¢ i =0 (3.25)

As a result, the d-quark and u-quark Yukawa matrices are not related due to the underlying GUT
symmetry. Further, since xg % Xxe and x4 2 Xxr, the projector relations (3.17) remain valid and
imply that Y(©) and Y@ are unrelated by the GUT symmetry. Hence our conclusion is similar to
the one for SU(5). In contrast to standard SO(10) field theory models, the underlying Spin(10)

symmetry does not enforce any unification of the three types of Yukawa couplings.

4 Engineering Yukawa unification

In the previous section, we have seen that the underlying GUT symmetry does not lead to Yukawa
unification. This happens because the downstairs Yukawa couplings which would unify in field theory
GUTs originate from different parts of the underlying larger Yukawa couplings of the upstairs theory
which has 3|I'| rather than just three families. This does not mean that Yukawa unification cannot
be incorporated. In particular, additional symmetry of the upstairs theory which impose relations on
the upstairs Yukawa couplings might translate to unification-type relations between the downstairs
Yukawa couplings. In this section, we discuss to what extent the discrete symmetry I and the U(1)
symmetries in J may lead to such a unification. We will also present some model-building scenarios
where (full or partial) unification due to these symmetries can be realised. For definiteness we will
focus on models with an underlying SU(5) GUT symmetry from now on, but analogous arguments

can be made for Spin(10).

4.1 A no-go statement

Recall that, for models based on SU(5) the two relevant cohomologies are Vqg and Vg, as defined in
Eq. (3.1). We have already seen that these spaces are equipped with representations of the discrete
group ', namely

p1o:I' = Gl(Vio), pg:T — GI(V5). (4.1)

In addition, they also form representations of the U(1)-symmetries J = S(U(1)7) which we denote
by
Rio:J — Gl(Vig), Rg:J — Gl(Vg). (4.2)

11



Invariance of the upstairs theory under both symmetries imposes the following conditions

Rs(9)"  Re(9)™ jR1o(9)™ Vinun = Yo, ps() " 1ps()™M jpr0(0)Y kYiun =Yg - (4.3)

on the Yukawa couplings. Our task is to translate these condition into conditions on the downstairs

Yukawa couplings. We begin by writing the projectors (3.15) as
_ T
Py = clyi€)i - (4.4)
i

where ¢ = @, e,d, L, assuming that the vectors c(y); are chosen to be orthonormal.

Let us first discuss the implications of I'-invariance of the upstairs Yukawa couplings. From

p1o(7) Py = X;Z(’y)Pw) (for ¢ = Q,e) and pg(7)Py) = X*w(’y)Pw) (for v = d,L) for v € T, it
follows that

100" sy = X5 (Metyyy + ps(N s = X0 (Nl - (4.5)
Multiplying the second relation (4.3), which expresses I'-invariance of the upstairs Yukawa couplings,

with the relevant ¢ vectors and using the previous equations leads to

YO =) Y, YD = xr()xaxeY@. (4.6)

However, from the Wilson line relations (2.2) it follows immediately that

X2()*xe(r) = x2(Nxa(V)xe() =1, (4.7)

so that these relations are trivially satisfied. In particular, no relations between Y (¢ and Y@ are
implied. This means, invariance of the upstairs Yukawa couplings under the discrete symmetry I'
does not lead to any relations between Y (¢) and Y@,

Next, we consider the effect of the symmetry J. In fact, for the purpose of our no-go statement

we focus on the sub-group

J ={g € J|[Ri0(9), pr0(7)] = [R5(9), p5(7)] =0 Vy €T}, (4.8)

of J which commutes with I'. For a g € J it follows immediately from the definition of the pro-
jectors (3.15) that [R1o0(g), Py)] = 0 for ¢ = Q,e and [R5(g), Py)] = 0 for ¢ = d,L. By direct
calculation, this leads to

Rio.k(wg = Bw)(9)j¢pas  Bw(9)'; = ey, Rao(9)™ sy - (4.9)

for v = @, e and similarly for Rg and ¢ = d, L. Then, contracting the first relation (4.3), which
reflects the J-invariance of the upstairs Yukawa couplings, with the appropriate ¢ vectors, using the

previous identities and the definitions (3.24) of the downstairs Yukawa couplings we find
n € (& m n d d
R (9)" Yo = Y0 o Ruy(9) Ry (9)™ Rigy(9)" Yie, = Vit » (4.10)
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These relations are valid for all g € J but not necessarily for all g € J. As is evident, these relations
simply reflect J-invariance of the downstairs theory and, while this may lead to constraints on the
couplings in Y and Y@ | it does not lead to unification-type relations between Y (¢) and Y@,
We conclude that the sub-group J C J which commutes with T’ cannot cause Yukawa unification.
In particular, if J = J , that is, if Jand T commute, then neither of these symmetries can lead to
unification. On the other hand, if J and T do not entirely commute so that J is a proper sub-group of
J the non-commuting part J \J of the symmetry may have some effect on Yukawa unification. This
statement provides us with useful guidance for model building: We should aim to construct models
where J and T’ do not commute. In the remainder of this section, we will consider model-building

scenarios with this feature and show that they can indeed lead to Yukawa unification.

4.2 A unification scenario for I' = Z,

This scenario is within the context of heterotic line bundle models which are defined by a line bundle

sum

V=L, (4.11)

with ¢1 (V') = 0. For suitably generic line bundles L, the upstairs gauge symmetry of such models
is SUqur(5) x J, where J = S(U(1)%) = U(1)*. Explicitly, we write .J as

5
j:{g(a):(eml,...,eio‘s)\Zaa:O} . (4.12)
a=1

For such models, the various SUgyT(5) multiplets in the low-energy theory acquire a characteristic
pattern of S(U(1)°) charges. Specifically, the 10 multiplets carry charge 1 under precisely one of
the U(1) symmetries and such a multiplets is denoted by 10,, where a = 1,...,5, if it is charged
under the a'" U(1) symmetry. The 5 multiplets carry charge 1 under precisely two U(1) symmetries
and are correspondingly denoted by 5,;, where a,b=1,...,5 and a # b.

Our example is for the discrete group I' = Zy = {1, —1} and has the postulated GUT spectrum

Vl() = Span(104, 105) 5 Vg = Span(gf2,3374,53,5) . (4.13)

(Here, we have identified the low-energy multiplets with the underlying bundle valued (0, 1)-forms

which are the actual elements of the above cohomologies.) This means that the J representations
are given by

Rio() = diag (e, e™®%) (4.14)

Rg(a) = diag (ei(el—i-ez).a’ ez’(eg+e4).a’ ez’(eg—i-es).a) ’ (4‘15)
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where e, are the five-dimensional standard unit vector. For the Z, representations we choose

pro(-1) =0,  pg(—1) = diag(~1,0) a=<(1) ;) (4.16)

that is, multiplets charged under the 4" and 5" U(1) symmetry are exchanged under Z,. Finally,
we specify the Wilson by setting x2(—1) = —1 and x3(—1) = 1 which, from Eq. (2.2), implies

XQ(_l) =-1, Xe(_l) =1, Xd(_l) =1, XL(_l) =-1, (4'17)

for the Wilson charges of the relevant standard model multiplets. At this point it is, of course,
unclear if an actual heterotic line bundle model with all these properties can be engineered. We
will see in the next section that this is, in fact, possible. For now we just proceed with the above
scenario and discuss its implications for Yukawa unification.
The first observation is that the sub-group J of J which commutes with I' (as defined in Eq. (4.8))
is
J={g(a) e J|as = as} (4.18)
and is, hence, a proper sub-group of J. From our discussion in Section 4.1 this means that there is

at least a chance for Yukawa unification. From Egs. (3.15), the projectors are easily computed as

1 1 . .
P(Q) = 5(12—0‘) s P(e) = 5(124—0‘) s P(d) = dlag(O,P(e)) 5 P(L) = dlag(l,P(Q)) . (419)

Note that the Higgs triplet is projected out (which is indicated by the zero entry in the upper left
corner of P(g)) while the doublet is kept (which is indicated by unity in the upper left corner of

P(1)), as a result of choosing 5‘1’{2 to be Zs-odd. The corresponding ¢ vectors are

1 (1 1 (1
Cco) = — , Cle) = —= , Cd) =Ce), C(L)=CO) s 4.20
@ =75 ( _1> © =75 ( 1) @ =% 1) =@ (4.20)

where, for simplicity of notation, we have left out the the Higgs direction in Vs.

The most general J invariant upstairs Yukawa couplings of type 5510 are

N A T . 0
W =581, (BsuBss) V| ], V=2v= v (4.21)
105 y/ 0

In fact, I' = Zy invariance implies, in addition, that 3’ = —y but we will not impose this for now.

For the downstairs Yukawa couplings we find

. 1 1
VI = el Yew =clgVew =30 =y), YW =clyYeq =ciyYeq = 700/ —v) . (422)

4
so, Y@ = _y (&) The sign is, of course, physically irrelevant so that we have a case of Yukawa
unification. The statement persists if we impose the Zs constraint vy’ = —y but it is, in fact,
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true irrespective of that. In essence, Yukawa unification in this case is a consequence of the U(1)
symmetry in .J which does not commute with I' and is, hence, not contained in .J. Under this U (1)
(generated by ay — as) a family with subscript 4 has charge +1 and a family with subscript 5 has
charge —1 while all other multiplets are invariant. This enforces the off-diagonal form of the Yukawa
couplings in (4.21) which, in turn, leads to Yukawa unification downstairs. The fact that c(4) = c(¢)
and ¢(z) = ¢(@) also means that the the matter field Kahler metrics for d and e as well as for L and
Q are the same so that not only the holomorphic but also the physical Yukawa couplings unify.
This example can easily be generalized to multiple families. We can introduce n pairs each
of (104,105) and (534, 535) plus (6 — 2n) families 10 & 5 with other sets of charges, so that they
cannot appear in the upstairs Yukawa couplings. Then, the above calculation goes through basically
unchanged but with ¥y and ¥/ now n x n matrices. The result in the downstairs theory is Yukawa

unification for n families and 3 — n families without (perturbative) Yukawa couplings.

4.3 A unification scenario for I' = Z;

Following similar lines, we can also set up a scenario for the discrete group I' = Zs, where three

upstairs families are permuted. We postulate the upstairs spectrum
_H — — —
Vl() = Span(103, 104, 105) 5 Vg = Span(5172, 54,5, 5375, 53,4) s (4.23)
so that the relevant J representations are given by

Rio(a) = diag (e"¥®, e+*, ¢'°%) (4.24)
Rg(a) = diag <ei(e1+e2)-a, ei(e4+e5)-a’ ei(e3+e5)-a’ ei(e3+e4)-a> ) (425)

We write Zs = {1, 3, 8%}, where 8 = exp(2mi/3) and introduce the representations

0 10
po(B) =0, pg(B)=diag(l,o), o= 0 0 1 (4.26)
1 00
The Wilson line is defined by x2(8) =1 and x3(8) = 8 which, from Eq. (2.2), leads to
XB) =8, xeB)=1, xa(f)=5", xr(f)=1. (4.27)
The sub-group J C J which commutes with T' is then given by
J={g(a)eJ|ag=as =05}, (4.28)
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and is, hence, a proper sub-group of J , as required in order to avoid the no-go statement from

Section 4.1. Dropping the Higgs direction in Vg, we find the projectors

1 8 B2 111 1 BB
1 1
Po=z| 1 B |, R=Ph=g1 11|, =g 1 @ (4.29)
Bl 111 g2 B 1
with associated ¢ vectors
1 1 1
1 1 1
cQ=— 21, co=c — , Cg=— 4.30
Q \/g B e L \/g d \/g B ( )
B 1 B
The J-invariant 55 10 term in the superpotential reads
105
W =515(B45535550V | 10, |, ¥ =3Y =diag(A3, A1, As) . (4.31)
105

Invariance under I' leads to the additional constraints A3 = Ay = A5 but, as before, this is not
relevant for Yukawa unification. For the downstairs theory this implies

1 1
Y =cf})Yer = gl +ystuys), Y = cfyYeq) = gz +ya+uys), (4.32)

and, hence, unification of the holomorphic Yukawa couplings. Due to the Zg symmetry, the upstairs
Kahler metrics in the 10 and 5 sectors are both proportional to the unit matrix. Even though the
structure of ¢ vectors in Eq. (4.30) is more complicated than in the Zy case this means that the
Kahler metrics for Q and e as well as the d and L are identical and, hence, that the physical Yukawa
couplings unify as well.

As for the Zy case, we can generalize this set-up by introducing n triplets (103,104,105) and
(54,5, 53,5, 53.4) each and 9 — 3n families 10 ® 5 with other J charges such that they cannot appear
in the upstairs Yukawa couplings. Then we obtain a downstairs model with Yukawa unification for

n families and 3 — n families without (perturbative) Yukawa couplings.

5 An example with Yukawa unification

We would now like to construct an explicit line bundle model which realizes the Zs scenario described
in Section 4.2. The very specific pattern of multiplets required for this scenario imposes strong
constraints on model building and it is not easy to find a viable model. In fact, our model building

experience [31,34-43] indicates that such models are quite rare, at least within the context of line
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bundle models. The model presented below is not realistic in that it leads to four families (starting
from eight families upstairs) and contains various exotics. However, it does have a sub-sector which
realizes the scenario of Section 4.2 and, therefore, serves as a proof of existence.

In the first part of this section, we will present the model and show that it does indeed realize
the scenario in Section 4.2. In the second part, we will compute the upstairs Yukawa couplings for

this model explicitly and show that it is non-vanishing.

5.1 The model

The manifold underlying the model is a complete intersection Calabi-Yau (CICY) [44,45] defined

in the eight-dimensional ambient space A = P! x P! x P! x P! x P2 x P2. Its configuration matrix

reads
_ - 6,26
PLi1 01 00
Pli1 0100
. PLio 1 0 01
X ~ (5.1)
P01 0 01
P21 0 0 1 1
P2/0 1 1 10
L 4 —40
Here, the column vectors, which we also denote by q,, where r = 1,...,5, represent the multi-

degrees of five polynomials whose common zero locus in A defines the Calabi-Yau manifold X. The
superscript in Eq. (5.1) gives the Hodge numbers hl’l(f( ), h2’1(f( ) and the subscript corresponds to
the Euler number of X. It will be useful to introduce the line bundles A, = O 4(q,) whose sections

are the defining polynomials, as well as their sum
N =N, (5.2)

whose restriction N = A|x is the normal bundle of X in A. We also denote the homogeneous
coordinates of the four P! factors by T, Where i = 1,2,3,4 and a = 0,1 and the homogenous
coordinates of the two P? factors by y = (yo,y1,%2)" and z = (29, 21, 22)” .
For suitably restricted defining polynomials, this manifold has a freely-acting Zy symmetry [46]

which acts on the homogeneous coordinates as
Tio = (—1)M20, yoz, (5.3)
and on the defining equations or, equivalently, the line bundles N, as
N N3, No Ny, Nyg—Ny. (5.4)
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The line bundle model is defined by a sum of five line bundles £, — A and their restrictions

Lo = L4l to X which are explicitly given by

Ly :OX(_LO)_LLO)O) , Lo :OX(27172707_17_1) ) L3:OX(1717_17_17070) s ( )
5.5

Ly=04(-1,-1,0,0,0,1), Ls=04(-1,-1,0,0,1,0) .
Using the methods developed in Refs. [30,47-49] the line bundle cohomology of L, and their tensor

product can be calculated as

he(X,Ly) = (0,6,0,0), he(X,Ly) = (0,1,0,0),

h*(X, Ls) (0,1,0,0) , he(X, L1 ® Ly) (0,2,0,0) ,
h*(X, L1 ® Ls) (0,2,0,0) , h*(X,L; ® Ly) (0,0,2,0) , (5.6)
h*(X, L1 ® Ls) (0,0,2,0) , h*(X,Ls® Ly) (0,1,0,0) ,
h*(X,Ls®Ls) = (0,1,0,0), (X, Li®Ls) = (0,7,1,0),

with all other cohomologies of L, and L, ® L; appearing in wedge products of the sum of line

bundles vanishing. These results can be translated into the GUT spectrum

104, 105, 257, B34, Bys 5.1
6102, 2513, 2514, 2515, 7545, 5a5-
Comparison with Eq. (4.13) shows that, apart from the presence of two rather than one Higgs
multiplet, the top line realizes the spectrum required for the Z, unification scenario for one family
while the remainder of the spectrum in the bottom line accounts for three more families and some
exotics. Clearly, this model is not realistic but does contain a sub-sector of the required type on
which we focus. Of course we still have to check that the multiplets in this sub-sector have the correct
Zo transformation properties. To this end, we determine the cohomologies for the multiplets in the

first line of the spectrum (5.7) more explicitly. By chasing through the relevant Koszul sequences we

learn that these cohomologies can be expressed in terms of ambient space cohomologies as follows.
HYX,L,) = H*AN*®L,) =H (AN} @ Ly) = HHA,04(-2,-2,0,0,0,0))
1
= Span < > for (a,b) = (4,3),(5,1) (5.8)

T1,021,1 22,0 T2,1

HYX,L3® L) = H*AN*®L3QL,) = HX(A,N;RL3RL,) = H* (A, 04(0,0,—2,-2,0,0))

1
>~ Span for (a,b) = (4,2),(5,5 5.9
b (mmlmm) (a,b) = (4,2), (5,5) (5.9)

Hl(X,Ll ® Ly) = ];[4(/\3./\/'>|< ® L ® L)
= HY AN QN QNS QLI ®Ly) ®HY AN QN QNE @ L1 ® Lo)
= H*Y(A,04(0,0,0,0, -3, —3))%

= Span <—1 >®2 . (5.10)

Yo Y1 Y2 20 21 22
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These results, together with the transformations (5.3) and (5.4), can be used to determine the Zo
representations of the various multiplets. For example, the explicit representation for H 1(X , L)
and H' (X, Ls) in terms of coordinates show that these cohomologies are invariant under the coor-
dinate part (5.3) of the Zo action. However, the action (5.4) on the normal bundle exchanges N
and N3 which means, again from Eq. (5.8) that the multiplets 104 and 105 are exchanged. The
transformation of the other multiplets can be reasoned out in a similar fashion. The end result is

that the cohomologies
Vio = Span (104,105) , Vs = Span <Sf’21,ﬁf’22,53,43375) (5.11)

carry the Zso representations

pro(—1) =0 = ( (1) (1) ) , pg(—1) = diag(o,0) . (5.12)

This differs from the required transformation (4.16) only in that two Higgs multiplets are present.
We can get to a complete match by focusing on the Zs odd combination 5{{,2 = 3{{’; — 5{{’2. Then,
using the same Wilson line choice as in Eq. (4.17) will project out the Higgs triplet from this odd
combination and keep the Higgs doublet. (For the even combination it is, of course, the other way
around and the Higgs triplet will be kept.) Focusing on this sub-sector we have indeed the same

Yukawa couplings of type 5510 as in Eq. (4.21), namely

- a {10 . 0
W=5 (BssBs5)V | |, V=2v= 7 (5.13)
1,2 ) 5
105 y/ 0

This leads to Yukawa unification for one family of d-quarks and leptons from the arguments presented

in Section 4.2.

5.2 Explicit computation of the Yukawa coupling

While our previous example realizes the correct multiplet structure required for the Yukawa uni-
fication scenario it is of course important for any meaningful statement about Yukawa unification
that the requisite Yukawa couplings in (5.13) are indeed non-zero. There are no obvious symmetry
reasons to forbid these couplings but, as has been observed in Refs. [27,28,50], there may be other
reasons for the absence of perturbative Yukawa couplings in string theory. Following the methods
developed in Refs. [27,28], we will now explicitly calculate the Yukawa couplings in Eq. (5.13) and
show that they are non-zero.
The upstairs Yukawa couplings are given by the following general expression

ALK = / QA v HED A B A (105 (5.14)
b
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We would like to compute the Yukawa couplings for the particles in the first line of the spectrum (5.7),
so that I,J,K = 1,2. We denote 5" = 534, 5 = 535, 10! = 105, 10> = 104 and H', H?
represent the two Higgs fields 5‘1’{2 in (5.7). According to the computational procedure developed in

Refs. [27,28] we can lift the integral to the ambient space as

") A (105 /\5<i) /\---/\5( ! > . (5.15)

. 1 _
ALJK = —/ A pHD A G 2
A P1 b5

(2mi)®

Here © for each particle is the lift of the corresponding form v from X to A, that is v = 70,

P1,-..,p5 are the defining polynomials described in (5.1) and g is the holomorphic volume form on

the ambient space. On a single projective space P" with homogeneous coordinates x;, p is given by
1 apai...a

f= —TagdTa; A+ A dig, 040 (5.16)

n

while on a product of projective spaces u is given by the wedge product of the individual holomorphic
volume forms on each projective space. Since an integral over P” can be viewed as an integral over
C™ (provided all the forms are well-defined as forms on P") we can introduce affine coordinates w
on P™ in which p is simply

p=d"w. (5.17)

In the present case we have
= dwy A dwg A dws A dwy A duy A dug A doy A dos (5.18)

where w; are affine coordinates on the four P! spaces in (5.1), and wu;,v; are affine coordinates on
the two P2 spaces in (5.1).

As explained in [27,28] the forms © are, in general, no longer closed. However, they are related
to a collection of closed forms on A which can be obtained using the Koszul exact sequence and
the corresponding cohomology long exact sequence. Let v € H* (X' , K) for some line bundle K and

v € QYA K) where K = K|. If X is of co-dimension m in A the Koszul sequence has the form

0— A"N* @K "F A N oK ™F . N oKk K- K —0. (5.19)
Here N is the normal bundle, r is the restriction map, p = (p1,...,pm) is the row vector of m

defining polynomials and ¢, are the induced maps between higher exterior powers of vector bundles.
The maps ¢, are uniquely fixed (up to a constant which can be absorbed in the coefficients of the

polynomials p,) by the composition properties

4a©Gat1, poq =0 (5.20)
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and by the degrees of the vector bundles in (5.19). It was shown in [27,28] that © is obtained by

solving the following system of differential equations

v="rlyg, ve H(X,K),

o0 = pin e QYA K),

0y = q1iva, @ € (AN @K),

gdzm_l = Gm—_1Wm , Wm—1 € Qm(.A, Am_lN* ® IC) s

Qs =0, bom € H™HAAN* ® K). (5.21)

The consistency of this system follows from (5.20). The general solution to (5.21) is given by the
general solution to the homogeneous equations and a partial solution to the inhomogeneous ones.
The former describes closed forms, that is elements in H**'(A, AKN*®K),k =0,1,...,m—1. The
total number of independent closed forms obtained this way is in one-to-one correspondence with
the number of particles described by v.2 Since Yukawa couplings depend only on the cohomology
classes we can choose these closed forms to be harmonic forms on A with respect to the Fubini-
Study metric. Such forms were explicitly constructed in [27,28]. Knowing the general solution to
the homogeneous equation we can then solve (5.21) to find a partial solution to the inhomogeneous
equations. Of course, in some cases it may happen that the system (5.21) is truncated at a earlier
step and Wy = Wer1 = -+ = Wy, = 0 for some s < m. Then the maximal degree of an ambient space
closed form associated to v is s < m + 1.

Let us now apply this procedure to the present example. All relevant non-vanishing cohomology
groups with coefficients in AKA™* @ K for relevant K are given in Eqgs. (5.8), (5.9), (5.10). Let us
start with 2(2"). We see that they are related to closed (0,4)-forms. Hence, the system of equations

becomes

oo = o™ Bl = g™, Bl = gal™, =0, (5.22)

Since H*1 (A, AFN* @ £1 ® L£3) = 0 for all k except k = 3, it follows that the only solution to the
(HT)

homogeneous system is @5 ’ and all partial solutions to the inhomogeneous equations are restored
I I
using (IJ:(,)H ). Since the form (IJ:(,)H ) takes values in APN* @ £1 @ Lo it can be viewed as a tensor or

(H")

3 abe> Where

rank 3 whose components we will denote as @

o) € HYAN; @ Nf o N; @ Li© Ls), a<b<c. (5.23)

C

2There is a subtlety that, in general, thus obtained closed forms do not span the entire space HkH(A, APN* ® K)
but rather a subspace in it given by the kernel or cokernel of g,. This all can be obtained from the cohomology
long exact sequence corresponding to the Koszul sequence (5.19). This subtlety will not play any role in the present

example and we will not discuss it. See Refs. [27,28] for more details.
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(H

From eq. (5.10) we see that w, aé)

. has only following non-vanishing components

~(H! ~(H?
W:(a,34% ) W:(a,mz); . (5.24)

Using the results of [27,28] we can write down harmonic representatives of these forms. Since

HY AN QNG N QLI @ Ly) = HYAN; QN QNZ @ Ly @ L)
= H4(A7 O.A(O7 07 07 07 _37 _3)) )

ht(A, 04(0,0,0,0,—-3,-3)) = 1 (5.25)
. ~(HY) ~(H?%) . . . .
it follows that W3 345 and W3 194 are equal to each up to a coefficient. Their harmonic representatives
are
~(H1) ai — —
w = duy N dus A\ dvy N dos
BT (L P Ju PP forP o) 0T T
o) = a2 ATy, A iy A dTy A do, . (5.26)
’ (1 Ju|? + Juol?)3(1 + [v1]? + [v2[?)?

The coefficients a; and ag can be absorbed into the four-dimensional field H' and H?. However, we
will keep them for reasons that will become clear later on. The solution for the lower-degree forms

(which are not closed) in (5.22) can be obtained using the explicit form of d):(figz in (5.26) and the

maps p, q1,qe. It is a very lengthy calculation but fortunately these forms will not be needed.
Now we apply the system (5.21) to ")
(0,2)-from and the system (5.21) becomes

. We see from Eq. (5.9) that it is associated to a closed

— (w1 ~ gf
o005 = pwg ),
=T

a®) = 0. (5.27)

Since all H*'(A, AKN* @ L3 ® L,) = 0 except for k = 1 it follows that the only solution to the
=1

7 =1
homogeneous system is d)? ) and a partial solution for #(® ) is obtained using d)? ) by solving (5.27).

—_7I =
() as (column) vectors with components d)ﬁa) € H*(A,N; ® L3 ® Ly), where
I

the index b labels different 5 multiplets just like the index I. From Eq. (5.9) we see that d}? ) have

We view the forms w

the following non-vanishing components
—1 =2
%) e HHAN; @ Ly ® La), 0 € HAANE © L3 @ Ls) . (5.28)
Since

HY*(ANZ @ L3® Ls) = H* (A N5 @ L3 @ L) = H*(A,04(0,0,-2,-2,0,0)) ,
h%(A,04(0,0,—2,-2,0,0)) =1 (5.29)
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it follows that the forms in (5.28) are equal to each other up to a coefficient which can be absorbed

in the four-dimensional fields 5'. The harmonic representatives of (5.28) are given by

2B _ () _ 1 -

=
~—

The solution for »(51)

can be found from (5.27) using (5.30) and the explicit formulas for the
polynomials pq, ..., ps but fortunately we will not need it.
Finally, we apply the same procedure to 7109 From Eq. (5.8) we see that it is also related to

a closed (0,2)-form and the system of equations describing it is

— . I N 10[
op(107) — pwg ),

10D — o, (5.31)

(107)

1o = have the following non-vanishing components

The (column) vectors w
oM e B2 AUNT @ Ls), o) € HY (AN @ L4) . (5.32)
Since

H*(A N7 @ Ls) = H*(A,NF @ L) = H* (A, 04(—2,-2,0,0,0,0)) ,
h%(A, O4(—2,-2,0,0,0,0)) =1 (5.33)

it follows that

1
o) =ay) = Sdw A dw; . (5.34)

(1 + wi]?)2(1 + |wz[?)

In the upstairs theory we have two down Yukawa couplings

—_—

W = 5\1,1H1[723374105 + 5\2,1H1{23375104 , (5.35)

where A\; ; and Ay ; are given by

N 1 I =1 1 —r1 —71
— S(HY) A 5(B7) A p(100) “ VA =
ALT Gri) /(cg,u/\l/ NPT ND A@(pl) A /\8<p5> ,
N 1 I =2 2 —r1 —71
— H(HY) A 5(B7) A p(10%) “ VA =
Ao Gl /(cg,u/\l/ ANV AND A@(pl) A /\8<p5> . (5.36)

To compute 5\171 and 5\271 we integrate by parts using Eqgs. (5.22), (5.27), (5.31) and the maps p, q,.

I w1 T
Fortunately, our analysis simplifies because the total degree of the closed forms wéﬁbz, wf’a), wﬁ? )
is 442+ 2 = 8 which is the dimension of A. On general grounds, after integration by parts we have

to obtain the following result

/ 1A By (5.37)
(CS
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I
for some (0, 8)-form [g. There is only one possibility to create (g out of w:(fibz, wgsa), wﬁ? ) and

the lower—degree forms arising as partial solutions of Egs. (5.22), (5.27) and (5.31) which is fg ~
(HI) A w( " A wgml). However, one has to be more specific because all these forms carry indices
Whlch must be appropriately contracted. For the integral (5.37) to make sense the form fg must

take values in the canonical bundle of A

Kg~ NN =NFON; @ N5 @ Nf @ N7 . (5.38)

(! 5')

I
This means that only such combinations of components can appear in ws ) A w% 107)

A w% in
which each NV appears exactly once. Looking at eqs. (5.24), (5.28), (5.32) we then conclude that
5\172 = 5\271 = 0. That, the first Higgs particle couples only to 33,4105 and the second Higgs particle
couples only to 53,5104.3 Up to an overall coefficient there is a unique way to build the general

expression for fg satisfying the above properties. It is given by

10
Bs = 6abcdewi(; a?)c A wg 3 A wg e ) ) (5.39)
where it is assumed that a < b < ¢ and €4p¢qe is totally antisymmetric with €19345 = —1. The overall

coefficient can be fixed by performing a sample calculation when wéH), w§5), w%lo) each has only

one component and these components can combine according to Eq. (5.39). This fixes (g in the
form (5.39). We will not present this calculation in the paper because it is rather lengthy and the
precise value of the coefficient is not important for our discussion (as long as it is non-zero). Then
using Eqgs. (5.24), (5.28), (5.32) we find that

3 1 (H") (5 ) (101

A= Gri)y /(c WA €abedeWs gpe N W1 g" AWy (5.40)
for (a,b,c) = (3,4,5), d =2, e=1 and

3 1 (H?) (5 ), (10%)

Ao = Gri) /(c WA €abedeWs gpe N W1 g" AWy, (5.41)

for (a,b,¢) = (1,2,4), d =5, e = 3. Substituting now the forms using Eqs. (5.26), (5.30), (5.34) we

obtain
Mi=a1y, o= —ay, (5.42)
where
1
= _T!73
Yy = (27TZ) 2
dw N dw dwi A dwy A dwg A dws
= | — = 5.43
= Loaerr B L E e e (543)

3The vanishing of the couplings H12’253’4105 and H11725375 104 is pure geometric and cannot be explained by sym-

metries of the theory.
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Evaluating the integrals gives?

Ty =2mi, Tp=(2mi)%, y=(2mi). (5.44)
The down Yukawa coupling in the upstairs theory is then given by
W = y(a1H11723374105 - a2H12,253,5104) . (5.45)

This formula is similar to Eq. (5.13) except we have two Higgs fields. However, when we mod out
by the action of Zs to go to the Standard Model only one Higgs field will survive the projection. To
bring (5.45) to the form (5.13) lets us eliminate the Higgs field which will not descent to the Standard
Model. Using the properties of the Zs action in (5.3), (5.4) and Eqs. (5.24), (5.26) it follows that
the Zsy action interchanges the forms wég;% and wélgi or, equivalently, it interchanges a; and as.
Let us recall from Eq. (2.2) that the Higgs field has the charge y2 under the discrete symmetry T
For I' = Zs it is easy to realize that yo must be non-trivial, that is the Higgs field is odd under Z.
This means that the appropriate linear combination of the forms in (5.26) which will descend to the
downstairs Calabi-Yau threefold X is their difference ~ a; — as. Similarly, the appropriate linear

combination of the Higgs fields which will descent to the Standard Model is Hy 2 = Hll’2 - H12’2.

Ignoring the other linear combination H 11’2 +H 1272 and absorbing a1 — as into Hj 2 we obtain
W = yH1723374105 — yH1723375104 . (5.46)

Thus, we obtain precisely Eq. (5.13) where ¢y = —y and y is given by Eq. (5.44). As was discussed

before this leads to Yukawa unification for one family in the downstairs theory.

6 Conclusion

In this paper, we have discussed Yukawa unification in the context of heterotic Calabi-Yau models
based on the standard, two-step construction. This involves a non-flat gauge bundle, which breaks
FEs to a more standard GUT group, in the first step. The second step is to introduce a Wilson
line on a quotient of the original manifold, breaking the gauge group to the standard model. As
reviewed in the introduction, models of this kind are the only ones in the context of smooth, Kéahler,
heterotic compactifications that are capable of producing a realistic low-energy spectrum. Our main
question has been whether such models can ever lead to Yukawa unification similar to that seen in
traditional field theory GUTs.

We have provided a detailed analysis of the fact [19] that such unification is never enforced by

the underlying GUT symmetry, at least for the two main GUT groups SU(5) and SO(10) on which

AThe integral (273) 'Z; is just the integral of the Kéhler form J over P! which is normalized to 1. The integral

(2mi) 725 is the integral of J A J over P? which is also normalized to 1.
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we have focused. The reason for this can be easily understood qualitatively. The standard model
and the underlying GUT theory are related by a quotient with a discrete symmetry I'. In order to
obtain three standard model families the GUT theory requires 3|I’| families and it has, hence, larger
Yukawa matrices of size (3|I'|) x (3|I'|). The standard model Yukawa matrices always originate from
different parts of the larger upstairs Yukawa matrix. Hence, the GUT group never enforces Yukawa
unification for such models.

Additional symmetries in the GUT theory can, however, lead to relations between the upstairs
Yukawa couplings which, in turn, may translate into Yukawa unification in the downstairs model.
We have studied the possibility that the discrete symmetry I', together with possible additional U(1)
gauge factors, can play this role. It turns out that these symmetries do not lead to unification if
they commute. In contrast, we have presented two scenarios in the context of heterotic line bundle
models where the discrete groups I' = Zy,Z3 do not commute with some of the high energy U(1)
symmetries, and where (full or partial) Yukawa unification does occur. In particular, it is possible
to unify Yukawa couplings for one family but not the others.

Finally, as a proof of existence, we have presented an explicit heterotic line bundle model based
on SU(5), where this scenario is realized for I' = Zo. It is clear that such models are quite rare and
difficult to find.

In this paper, we have focused on obvious sources of additional symmetries, namely the discrete
symmetry I' and additional U(1) factors which can originate from split bundles. Further discrete
symmetries might be available in specific models and might also result in complete or partial Yukawa

unification.
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