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ABSTRACT: Closed string fluxes induce generically SUSY-breaking soft terms on super-
symmetric type IIB orientifold compactifications with D3/D7 branes. This was studied
in the past by inserting those fluxes on the DBI4CS actions for adjoint D3/D7 fields,
where D7-branes had no magnetic fluxes. In the present work we generalise those com-
putations to the phenomenologically more relevant case of chiral bi-fundamental fields
laying at 7-brane intersections and F-theory local matter curves. We also include the ef-
fect of 7-brane magnetic flux as well as more general closed string backgrounds, including
the effect of distant D3(D3)-branes. We discuss several applications of our results. We
find that squark/slepton masses become in general flux-dependent in F-theory GUT'’s.
Hypercharge-dependent non-universal scalar masses with a characteristic sfermion hierar-
chy m% < m% < m2Q < m2D < m2U are obtained. There are also flavor-violating soft
terms both for matter fields living at intersecting 7-branes or on D3-branes at singulari-
ties. They point at a very heavy sfermion spectrum to avoid FCNC constraints. We also
discuss the possible microscopic description of the fine-tuning of the EW Higgs boson in
compactifications with a MSSM spectrum.
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1 Introduction

Supersymmetry is probably the most elegant and attractive symmetry beyond the Stan-
dard Model (SM) which has been proposed so far. One of its more relevant properties is
the stability of scalars against radiative corrections, which makes a SUSY version of the
SM (like the MSSM) a possible solution to the hierarchy/naturality problem. The recent
discovery at LHC of a scalar particle with the properties of the Higgs particle and a mass
around mp ~ 126 GeV [1, 2| is consistent with the expectations of the MSSM, which pre-
dict mpy < 130 GeV. On the other hand such a value for the Higgs mass requires a quite
massive spectrum of SUSY particles, with squarks typically heavier than 3-5TeV at least
and possibly much higher. This is is also in accord with the fact that no trace of SUSY
particles has been observed at LHC at 8 TeV. Still SUSY remains singled out as one of the
most attractive ideas to stabilise the hierarchy of scales. This is particularly so within the
context of String Theory, in which supersymmetry is a built-in ingredient.



There is a variety of ways in order to obtain chiral N' =1 SUSY string compactifica-
tions, many of them related by different string dualities. In recent years much effort has
been dedicated to the study of type IIB orientifold compactifications with unbroken N’ = 1,
D =4 SUSY [3]. Its non-perturbative extension, F-theory [4] compactified on Calabi-Yau
(CY) 4-folds has been in particular extensively analysed. One can construct local F-theory
SU(5) unified models with a number of phenomenologically interesting properties [5-12],
including gauge coupling unification and a large top quark Yukawa coupling. Furthermore,
closed string RR and NS fluxes in type IIB compactifications may lead, when combined
with other dynamical effects, to a fixing of all the moduli [13-17].

A crucial ingredient to make contact with low-energy physics is the structure of the
SUSY breaking soft terms. In trying to study those, two complementary paths have been
followed:

e Bottom-up local approach. In this case one studies the physics of a local set of D7-
branes (or D3-branes), without a full knowledge of the complete compact space.
SUSY-breaking is felt by the D-branes as induced by the closed string backgrounds
in the vicinity of the branes. These backgrounds include RR and NS 3-form fluxes
as well as a 5-form flux, dilaton and metric backgrounds. They parametrize our
ignorance of the full compactification details. The SUSY-breaking soft terms may
be obtained by expanding the DBI4+CS 7-brane action around its location including
closed string background insertions.

o N =1 supergravity effective action. Here one starts from the effective supergavity ac-
tion in terms of the Kéhler potential of the moduli fields and the Ké&hler metric of the
matter fields. The superpotential includes a Gukov-Vafa-Witten moduli-dependent
piece fixing the complex dilaton and the complex structure moduli as well as non-
perturbative superpotentials included to fix the Kéahler moduli.

Both approaches have advantages and shortcomings. The first gives us a microscopic
description of the origin of the soft terms but no information on the global structure of
the compactification, including how closed string moduli are fixed. On the other hand the
effective supergravity approach requires a detailed knowledge of the Kéahler potential of the
moduli as well as the matter metrics and the allowed non-perturbative effects. Having a
full control of these latter aspects in specific compactifications is a challenge. In this paper
we will follow the first bottom-up strategy to study SUSY-breaking soft terms induced by
closed and open string backgrounds on localised sets of bulk and/or intersecting 7-branes.

In ref. [18] (see also [19]) soft terms induced by closed string 3-form G5 fluxes on bulk
D7-branes were obtained by starting with the DBI4+CS action and inserting closed string
backgrounds. The matter fields transform in the adjoint representation, so that the results
are not of direct phenomenological interest. Fully realistic models require two additional
features to induce chirality: i) intersecting 7-branes and ii) open string magnetic fluxes on
the world-volume of the branes. As we said, a particularly interesting class of models are
local F-theory SU(5) GUT’s, in which SM fermions live in 1-complex dimensional matter
curves which may be interpreted as 7-brane intersections. In these models chirality is



induced by open string fluxes. Furthermore, the breaking from SU(5) to the SM gauge
group appears through non-vanishing hypercharge fluxes (Fy) # 0. This novel way to
break a GUT symmetry requires certain conditions on the structure of U(1) couplings to
axions and it is not directly available in other classes of string compactifications like the
heterotic string. In this paper we address the computation of soft terms for chiral fields at
matter curves. We also study the effect from magnetic fluxes, including hypercharge, on
the obtained soft terms.

First, we revisit in section 2 the structure of soft terms for the world-volume adjoint
fields of 7-branes. We start with the DBI4+CS D7-brane action and switch on both ISD
and TASD closed string fluxes. Here we generalise the results of [18] by allowing for the
simultaneous presence of both classes of flux. We then switch on in addition open string
magnetic fluxes and compute their effect on the soft terms, which appear in this case
at quadratic order on the open string fluxes. Although the addition of magnetic fluxes
may induce chirality starting with bulk 7-branes, in the context of F-theory GUT model
building, the divisor S wrapped by the GUT 7-branes is rigid. That means that the adjoint
fields ® parametrizing the 7-brane location are absent and no Yukawa coupling ® x A x A is
present. This is an additional reason to consider the SM fields to be localised at intersecting
7-branes.

Chiral fields at F-theory matter curves generically appear when the 7-brane geometric
mode ® gets a position-dependent vev on the divisor S. At these complex dimension-
one curves the symmetry of the F-theory singularity of the base (A4 for an SU(5) GUT
symmetry) is enhanced to a larger one (SU(6) or SO(10) for SU(5) GUT’s). One can write
down a topologically twisted action for the 6-dimensional theory on the matter curves [6],
with matter fields localised on the curves with an exponential damping in the traverse
directions. If there are appropriate magnetic fluxes on the matter curves, upon reduction
to 4D a chiral spectrum of GUT families appears localised on the curves.

In section 3 we study the soft terms induced by the closed string background on the
chiral fields localized on these matter curves. To do this we combine the results obtained
for adjoint fields in section 2 together with knowledge of the structure of the local wave-
functions on the matter curves. In addition, we also compute the leading open string flux
corrections to those soft terms. These leading corrections in this case turn out to be linear
on the open string flux, rather than quadratic as in the case of adjoints. We also compare
with a simple effective single Kéahler-modulus supergravity action and see how, in the
simplest situations, ISD fluxes with no magnetic fluxes correspond to modulus-dominated
SUSY breaking soft terms with matter fields of modular weight 1/2.

In section 4 we discuss the possible effect of other distant sources that may be present in
a complete compactification, on the local set of 7-branes. Those effects can be understood
in terms of the backreaction of the distant sources on the local closed string background.
Unlike D3-brane models, D7-branes have no D3-brane charge and to leading order they do
not feel the presence of distant D3-branes. However, once magnetic fluxes are switched on
the world-volume of 7-branes, there is an induced D3-brane charge and distant D3-branes
contribute to the soft scalar masses to quadratic order in the magnetic fluxes. We also
discuss additional compactification effects in a simple example.



In section 5 we apply the obtained results in several directions. First we consider the
local SO(12) configuration of ref. [20], in which a set of matter curves associated to the
SU(5) matter fields is given, with an appropriate set of magnetic fluxes consistent with
local SU(5) chirality, hypercharge fluxes breaking SU(5) down to the SM gauge group
and doublet-triplet splitting. This local setting is appropriate for the study of Yukawa
couplings of type 10 x 5 x 5y which give rise to charged lepton and D-quark masses.
Such scheme gives us an explicit arena in which the flux dependence of the soft terms can
be computed in some detail. We compute the magnetic flux corrections for matter fields
and find that they depend both on the U(1) fluxes giving rise to chirality as well as on
hypercharge fluxes. Magnetic fluxes may give substantial non-universal corrections, that
may be as large as 50% of the uncorrected squared masses. We also find a hierarchy of
sfermion masses with mQE < m% < mé < m2D < mQU This ordering is quite particular and
is different from what RGE or MSSM D-term contributions originates. We also compute
the flux-dependent corrections to trilinear scalar terms. In subsection 5.2 we address the
scalar soft masses for a local F-theory FEjg setting [21], which is the appropriate enlarged
symmetry for the generation of U-quark masses in F-theory.

As a second application we consider the generation of flavor-violating soft terms in-
duced by fluxes. As noted in [22], if the closed string 3-form flux background strongly
varies over the 4-cycle S, flavor-dependent soft scalar masses appear both for squarks and
sleptons. In subsection 5.3 we describe this effect within the context of the SO(12) local
y non-diagonal transitions
coming from trilinear couplings. In general, the scale of soft terms is strongly constrained

model of ref. [20]. We also consider the generation of (m% R)

by experimental limits on FCNC transitions, which point towards very massive squark and
slepton spectra, in the multi-TeV regime or above. In subsection 5.4 we also briefly com-
pare the flavor non-universalities here discussed with those arising in MSSM-like models of
D3-branes at singularities. We point out that the backreation of localised sources in generic
compactifications also tends to induce substantial flavor non-universalities in this case.
As a final application, in subsection 5.5 we discuss the different terms contributing to
the Higgs mass in a setting with the Higgs living at intersecting 7-branes. We do this in view
of the possibility that the Higgs mass in a high-scale SUSY-breaking context could remain
light due to a fine-tuning, trying to identify the microscopic origin of this fine-tuning. One
sees that there is a wealth of corrections contributing to the Higgs mass in such a setting.
One important point is that the mass is directly sensitive to the local value of the flux
densities rather than to the integrated (integer) fluxes. In addition it depends on the full
geometry of the compactification, including the precise location of other localised objects.
Finally, we leave section 6 for the discussion and outlook.

2 Soft terms on type IIB orientifolds with bulk matter fields

In this section we review and extend the local computation of flux-induced SUSY-breaking
soft-terms that was performed in ref. [18] for 7-brane scalars transforming in the adjoint
represention of the gauge group. However, we consider slightly more general configura-
tions than in [18], allowing for the simultaneous presence of imaginary self-dual (ISD)



and imaginary anti self-dual (IASD) 3-form fluxes as well as for magnetization on the
7-branes. Even though only ISD fluxes provide for solutions to the 10D classical equations
of motion, complete compactifications addressing moduli fixing typically include additional
non-perturbative ingredients that generically induce TASD fluxes and other closed string
backgrounds. That is why it is interesting to keep trace also of those.

More precisely, we consider closed string backgrounds of the general form

ds® = Z(xm)_l/Qnuydi"d:ﬁ” + Z(2™) 2 dsty (2.1)

T=rT(z™)
1
G3 = gGlmn(.Im)dﬂfl Adz™ A dz"

x4 = x(z™)di® A dit A di? A diB
F5 = dy4 + *10dx4

with 7 = Cp + ie~? the complex axio-dilaton, G = F3 — 7Hs (with F3 and Hs the RR
and NSNS flux respectively) and dS%Y the Ricci-flat metric of the underlying Calabi-Yau.
Hatted coordinates are along the non-compact directions.

At any point in the internal space the background can be decomposed according to the
SU(3)-structure preserved by the compactification. In general the relation between local
and global parameters of the background is however highly non-trivial, except for simple
cases like toroidal compactifications where the local SU(3)-structure can be straightfor-
wardly extended into a global one.

From the viewpoint of the local SU(3)-structure the antisymmetric flux G3 transforms
as a 20 = 10 + 10, with the 10 and 10 representations corresponding respectively to the
ISD G;’ and IASD G5 components of the 3-form flux, defined as

1
Gy = 5(Gs FixeGs), *6Gy = +iGy . (2:2)

These components can be further decomposed into irreducible representations of SU(3).
Thus, IASD fluxes in the 10 are decomposed according to 10 = 6 + 3 + 1, where the 6 and
3 representations read [23]

Sij = 5 (emGizr + €mGi) (2.3)

N — DN -

Aij = = (G — €5iGrii)

respectively, whereas the singlet is given by the G123 component of the flux, proportional
to the holomorphic 3-form  of the internal space. Local coordinates are complexified
according to the local complex structure as 2z = % (:c2m+2 + ix2m+3), m = 1,2,3. Similar
definitions apply in the decomposition of ISD fluxes into G1a3, Sj; and A;;. For simplicity
and to avoid cumbersome expressions, in this paper we take Sj2=A12=573=A473=0. The
dependence on these components can be obtained by requiring SO(4) x SO(2) convariance
in our expressions [18]. Furthermore, the tensors A;; and Aj; correspond respectively

to (1,2) and (2,1) non-primitive components of the flux, that are incompatible with the



cohomology of a Calabi-Yau (although a local component in principle could be allowed).
In addition we set S3; = S3 = 0, where 2 is the complex direction transverse to the
D7-branes, since those flux components generically lead to Freed-Witten (FW) anomalies
in the worldvolume of D7-branes, as discussed in [18].

Being defined in the Mp;, — oo limit, soft-terms in the effective 8d theory of a stack
of 7-branes can be understood from the background in a local transverse patch around the
stack of 7-branes. Such local background receives in general contributions from globally
non-trivial fluxes as well as from the backreaction of distant sources, as we discuss in
section 4. Thus, we expand the background (2.1) around the stack of 7-branes as

1
772 =1+ 5Km,ﬂf”y“ +... (2.4)

1
T=10+ iTmnymy” +...

1
X = const. + ixmnymy” +...

Gion(2") = Glon + - ..

where we have denoted by 3™ the two coordinates that are transverse to the stack of 7-
branes and which for the sake of concreteness in what follows we take to be 2® and z°.
Dots in the r.h.s. of egs. (2.4) represent higher order terms in the expansion, and will
only contribute to non-renormalizable couplings in the 4d effective action. In the next
subsections we make use of this local expansion to compute the flux-induced soft-breaking
terms for the adjoint fields of a stack of 7-branes.

2.1 Unmagnetized bulk D7-brane fields

We first address the case of unmagnetized 7-branes, leaving the case of magnetized branes
for the next subsection. We closely follow the procedure developed in [18]. Thus, we
expand the DBI+CS action of D7-branes in transverse coordinates in presence of the local
background (2.1) and (2.4), and make use of the identification

23 =27/ ® (2.5)

to derive an 8d effective action that contains flux-induced SUSY-breaking soft terms. Di-
mensional reduction then leads to a soft-breaking Lagrangian in the 4d effective theory.
The relevant piece of the D7-brane DBI4-CS action for the computation of flux-induced
soft terms is given by

S = —p7 STr [/ d3¢ e=?\/—det (P[Ew) + 0 Fa) — gs / P[~Cg A Fa + Cs] (2.6)
where
Eu=e*?Gay— By,  o=2md',  pur=2n) S0 17,  Fo=Bys—oF. (2.7)

‘STr’ denotes the symmetrized trace over gauge indices and P[-] is the pull-back to
the 7-brane worldvolume. Our conventions are such that the metric has signature
diag(— + + +...) whereas dz! A dz! A dz? A dz? has negative signature.



The terms contributing to the determinant in the DBI piece of the action are given by
det(P[Ey)) = € det (gab +20°D(, @Dy ® — e_¢/2fab> . (2.8)

Expanding the determinant as well as the square root in the DBI piece then leads to the
following 8d Lagrangian!

—1
Lgq = ,u7e¢ STr (—1 — O'QDQCDDG&) — ng]:abJrab 4+ Cs — Cg A ]:2> . (2.9)

In order to proceed further we should relate the dilaton ¢, the B-field and the RR-fields
that appear in this expression to fluctuations of the 8d field ® in the limit Mp; — co. Let
us first address the case of the axio-dilaton. Complexifying the second equation in (2.4)
and making use of eq. (2.5) we write

.1 02733 2 027'33 =2 2 2
T =g, 1+T(I) +T(I> + o“Ta3| P + ... (2.10)
where for simplicity we have fixed (7) = ig;'. The 10d supergravity equations of motion
then put restrictions on the parameters of this expansion. More precisely, from the equation

1 1 4K3o(Im 7)% 557
2 M mmn 10
= — Gy G — A= T TOT 2.11
V= m Y T VMT g Gy vJ—g o7 (2.11)
we get the constraint
3
1 1
T3 =5 <G1230123 1 ; Skkskk) (2.12)

and therefore in the presence of both ISD and TASD 3-form fluxes the dilaton is generically
non-constant. In this expression we have assumed that localised distant 7-brane sources do
not contribute to the soft terms, and thus have ignored last term in eq. (2.11). This is the
case if there are no anti-D7-brane charges present in the compactification, as we assume in
what follows.

Similarly, from the equation

Im G3
By = — 2.1
B Im 7 (2.13)
we obtain for the B-field components
gso % 1 - 1 =
Bir = = (G1a3)"® — 593% — Gis® + 5(533) o (2.14)
sO * T *
Bl? = 947; |: — SQQ(I) + (Sﬁ) b — 511D+ (522) (I):| .
And from the equations
dCs = H3 N Cy — 19 Re G5 (2.15)

ngZHg/\CG—*loReT

The non-conventional sign for the kinetic term of ® is due to the particular signature that we have
taken of the 8d metric.



we get respectively for the RR 6-form and 8-form potentials
o « 1, = 1 =
Chisgia = % [_(GIQS) P — Gia3® + 5533‘5 + 5(533) ‘b] (2.16)
o . e _
Chissia = 1 [Sééq’ + (S22)*® — (511)"® — Slﬂ’}
and

2
gso * *
001231122 = T [(—2G123533 + (S11522)" — S71533 + 2(G133533) )@2 + c.c.

+ (ISs3]° = |S53|* —4|G1z3]* + |S11]* + |Sal* + 4|G1a23]* — [S22|* — |S11]?) @!2}
igsa2
1

In particular the non-constant contribution (2.12) of the axio-dilaton is crucial for dCs to

+ [r33 + (133)"] @% + c.c.. (2.17)

be locally integrable when ISD and TASD 3-form fluxes are simultaneously present.

Plugging egs. (2.12), (2.14), (2.16) and (2.17) into the 8d Lagrangian (2.9) and rescaling
the fields in order to have canonically normalized 8d kinetic terms, we get the following
Lagrangian for the worldvolume bosons of 7-branes

- 1 1 1 1
Lp="Tr <Da<I>Da<I>—42FabFab—gs [2(;123|2+|533|2+|sn\2+|522|2} B2 (2.18)
92 4 2 2 2

S * * 1 * * * 1 * .
+i{(5’33) ((G1a3) —G123)+§(S11) ((S22)" —S23) — (G123) 533—5(522) 511—2”33} P?
1/2
—&—h.c.—lgs

@[(522)*<61A§—62A1+gg [AI,AQ])+(511)*(01A2—02A1+g8 [AT,AQ])
+(Sza)" (0147~ 04T 45 [ AT, 4%) ) +2(G1za)" (9142 — Dy A" + g [A1, 47)) ] +h.c.>

where the 8d gauge coupling constant gs is given by

gs = g% (2m)%2d/ (2.19)

The closed string background therefore may induce scalar masses as well as trilinear cou-
plings for the fields in the worldvolume of the 7-branes. Apart from the terms that were
derived in [18], sourced by purely ISD or IASD 3-form fluxes, there are extra contri-
butions to the B-term coming from the simultaneous presence of ISD and TASD 3-form
fluxes as well as from the non-constant complex axion-dilaton. These contributions can
arise in non Calabi-Yau compactifications, but also may result from the backreaction of
non-perturbative effects in more conventional compactifications [24-26]. Observe also the
presence of quadratic derivative couplings induced by the 3-form fluxes. These couplings
were already noticed in [27], where it was shown that represent a mixing between massive
modes due to Majorana mass terms induced by 3-form fluxes. Such mixing however does
not affect the lightest mode of each KK tower and those derivative couplings therefore can
be safely neglected for the purposes of this paper.?

2Note that even if the mixing were involving the lightest modes, it could be still safely neglected based
on the large separation between the SUSY-breaking and Planck scales.



Flux-induced masses for the 8d fermions localized in the worldvolume of 7-branes can
be computed similarly, starting in this case with the DBI4CS fermionic action. Following
closely the procedure described in [18], we obtain

1/2

gS * ]- * ]- 1
Lp = e Tr |(Giz3)" M+ 5 (S33) \113\I/3+§S11\111\Ifl+§522\1/2\1/2 +he  (2.20)

where )\ is the 8d gaugino and ¥?, i = 1,2,3, the three additional complex fermions that

live in the worldvolume of the 7-branes, and that in flat space form the fermionic content
of an N = 4 vector supermultiplet.

Having the bosonic and fermionic 8d Lagrangians for the lightest fields of 7-branes, we
can obtain the 4d soft SUSY-breaking Lagrangian by dimensional reduction. For the case of
fields transforming in the adjoint representation of the gauge group dimensional reduction
is straightforward, since their internal wavefunctions are constant over the 4-cycle. In the
same notation for the 4d soft-term Lagrangian of ref. [28]

o 1 o 1 ] 1 o
Loty = — (m2),~j ' — <3!Aijk¢l¢7¢k + iBz‘jQﬁzW - §M/\)\ + iﬂz‘jwle

~5Cad i +he) (221

and for the case of 7-branes wrapping a 7%, we obtain the 4d soft-terms

<—(G123533) - 5(522511)* + (S33)" G123

1
(S11)" S22 + (G7a3)" S33 + 5(522) Si1 + 21733>

1/2
ijk _ _Ys jk1 jk2 k3 *
Ciik — 2\[[;1 Si1 + hi*2S,, (533)]
g1/2
M® = =—(G1z)"
\@( 123)

1/2

H3z = — 2\[
1/2

s .
i =——=S5;, 1=12,
Hig 2\/§ i

(533)"

with
hijk = 2€ij1V2gyM (2.22)



the Yukawa coupling and gyn = gs/+/Vol(T?) the 4d gauge coupling constant. Note that
only the geometric field ® gets a mass at this level, whereas the A;, A; remain massless.
This is expected from 8d gauge invariance. This will be relevant in our generalisation to
the matter curve case below.

Although for concreteness here we have reduced the 8d theory in a 4-torus, we could
have equally performed dimensional reduction in a different type of 4-cycle, obtaining
analogous expressions for the soft terms of a stack of 7-branes that wraps such 4-cycle.
For that aim, note that no knowledge of the metric of the 4-cycle is required, but only
its topological features. Whereas the 7-brane field content will change according to the
homology of the 4-cycle, we expect expressions for the soft terms not far from those obtained
here in the toroidal case. This will be even more certain in the case of soft terms for
bifundamental matter fields discussed in the next section, since the wave-functions of those
fields are localized also along some of the directions of the 4-cycle.

2.2 Magnetized bulk D7-brane fields

We now consider the addition of magnetic fluxes on the world-volume of D7-branes. Namely,
we consider the presence of a local magnetic background

(Fy) = i(Fy + F_)dz" Ndz' +i(F, — F_)dz* A dz? (2.23)

where the D-term equations will in general require the vanishing of the self-dual compo-
nent Fy. The magnetic flux Fx induces a charge of D3(D3)-brane in the worldvolume of
D7-branes, and therefore it is expected the presence of flux-induced D3-brane soft-terms
proportional to the magnetic background, apart from the soft-terms described in the pre-
vious subsection for unmagnetized D7-branes.

In more precise terms, the effect of magnetic fluxes on the D7-branes can be under-
stood in terms of two different mechanisms. On one side the magnetic flux sources new
renormalizable couplings in the 4d Lagrangian that originate from higher order couplings
on which two or more of the gauge field-strengths are taken to be background. On the
other side, the magnetic flux deforms the internal wavefunctions of charged fields and in-
duces the mixing of massive modes in order to minimize the additional source of potential
energy introduced by the flux. In this subsection we address the first of these effects. This
is the only relevant one for the soft masses and B-terms of geometric moduli ¢ in mag-
netized non-intersecting D7-branes. In this subsection we compute those contributions to
soft masses. Then, in the next section we address the more interesting case of chiral-matter
bifundamental fields, where the effect of the magnetization in the internal wavefunctions
turns out to be the leading effect.

The microscopic computation of soft masses for magnetized bulk D7-brane fields fol-
lows the same steps than in the previous subsection. We work to quadratic order in the
magnetization. The relevant piece of the DBI4CS action is again given by eq. (2.6) with
the addition of the CS coupling to the RR 4-form, that becomes also relevant in presence

,10,



of magnetization,

S = _N7/d85 STr [e_¢\/—det (PE.W]+ UFMV)]
1
+ p79s / STr (P [204 NFoNFog—Cg N Fo+ Cg}) . (2.24)

It is convenient to factorize the determinant that appears in the DBI piece of the action in
Minkowski and 4-cycle pieces as

det(P[Eyu]) =g det (nu+220°0,80,8+ 2", 20y, ) det (gay— 27297 Fan)
(2.25)
from which we get

Z gt 1
det(P[EMV]) - _gg - QEZUZ <1 + Qgs Jrabfab> (2988,“@6#(1) - QF#VFMV)

1 . 2 2
- 502 1fabfab+gzz 2fabfbcfcdfda—g§z 2 (FunFar)?. (2.26)

Plugging this expression into eq. (2.24) and expanding the square root that appears in DBI
part of the action, we find

-1 -1
Lsa = i / e STr [(—1 — 70%00,80,% — gz 02 Z0F,, F, — %Z*lfabfab (2.27)
34

T R F T 502 (Pl ds' 4 O o Pt X Fa 0 .

where we have defined

Z 'g; !

0=1+ T FanFap =1+ Z g o? (F2 + F?). (2.28)

The contribution of magnetic fluxes to the soft masses of the 4d fields that descend from
® can be read from this expression. The relevant terms in this equation are

0Lg2 = ,u702/

dr* e STr [ ~ 200,90,® — g;' 27" (F1 + F?) — x (F2 - F?)  (2.29)
34

—2
g - 1 1 1
+87Z ? (FabechdBda+2FabBchchda_ gBabBachchd_ 4FabBachdBcd):| :

Expanding e¢? = (Im7)~!

as in eq. (2.10), Z and x as

Z71/? —2‘1/2+J—2 (K3392 + (K33)*®% + 2K53|®[%) + (2.30)
- “0 2 33 33 33 R .

2

o %=
X=xo0+t (x33® + (x33)"® + 2x33/ @) + ...
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making use of the identities (2.14)(2.17),% dimensionally reducing over a T* and rescaling
the fields to have canonically normalized 4d kinetic terms, we obtain the following addi-
tional contributions to the soft-masses and B-term (2.22) induced by the magnetization in
the worldvolume of D7-branes

1
domig = —o” (8 [41G1331” + [S531* + 1511 + [S33]* + 2|S11[* + 2| S22
1 _
—ZRG (S11511 + S22933) — 295 ' K33 — X33 — (Im 7')33) F?
1
—o? (8 [[S11]% + [So2|? + 4|Gr23]? + | S53]* + 2[Sa3]* + 8/G13]?]

1 _
—Re <G123G123 + 4533533> — 29, ' K33 + x33 — (Im T)33) F?

1
§B33 = 0” <4 2(S33G133)" + S11533 + 2(S11592)" — 2555(511)* — 2577(S22)"

— 2G123(S33)" — 2533(G1§3)*] + 29;1K33 + x33 + (Im 7')33) FJZr
1
+0° <4 [(S11522)" + 2G 123533 + 4(S33G133)" — 4533(G1a3)" — 4G123(S33)"

— S53(S11)* — S11(S22)* | + 295 ' K33 — x33 + (Im7)33> F?, (2.31)

where we have defined

_\* _

(Im7)s3 = 733_2(;?’3), (Im7)33 = —=—F—"—. (2.32)

In particular, note that among the contributions of antiself-dual magnetic fluxes to soft-

masses there are terms proportional to (29;1K33 — X33 + (Im 7)33), in agreement with the

expressions for soft-masses in the worldvolume of D3-branes that were obtained in ref. [28].

Similarly among the contributions of self-dual magnetic fluxes we identify terms that are

proportional to (2g; K33 + X3 + (Im 7)33), identified with the expressions for soft-masses
in the worldvolume of anti D3-branes.

We can also compute the leading corrections of magnetic fluxes to trilinear couplings

of the form ® x A x A. The starting point is again eq. (2.27). The relevant terms in that

equation are now

dz*STr (—Zégsf)#q)({)ui) —~ QFWFW—

Loaar = M7U2/ 1

Pl

1 5, 1.5
—52 ’q; IUBabechdFda+§Z ’9, IUBabFachchd>~ (2.33)

3The identities (2.15)(2.17) in general receive additional contributions from the magnetization, however
one may check that those contributions turn into sub-leading corrections to the soft-masses of ®.
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Some little algebra shows that

1 1
- §BabechdFda + gBabFachchd -
g * T *
=5 (F? [®A; Ay (—2(G133)* + 2G123) + A Az (S35 — (Ss3)")] +
FFY [PA Ay (S35 — (S22)") + @A Agy (—(S11)" + S11)]) +hee. (2.34)

where we are keeping only terms that contribute to soft trilinear couplings. Plugging this
expression into eq. (2.33), dimensionally reducing over a 7% and rescaling the fields to have
canonically normalized 4d kinetic terms, we get the following corrections to trilinear soft
couplings from magnetization in the worldvolume of D7-branes

2
ij ijk_ 9 * *
AR = —p JkTg [Ff (G123 — 2(Gi33)*) — F7(G1a3) ] (2.35)
2
ij o ; . j *
e = 22, {h]kl [F2((S11)* = 2511) — F2Su] + W*2 [F} ((S32)" — 2522) — F2 5]

+h7M [F2 (2(533)" — S33) + F7(535)"] } :

These corrections are quadratic in the magnetic fluxes, as expected.

Dimensional reduction of eq. (2.24) also includes corrections to the gauge coupling
constants upon replacing (F2?) by its vev. In the context of F-theory SU(5) unification,
corrections from the hypercharge flux Fy are particularly relevant, since they generically
induce non-universal thresholds for the three SM gauge coupling constants, which may
have interesting phenomenological implications, see e.g. [29-31]. These were computed
in [29, 32, 33] and we will not reproduce them here. Let us also remark that the SM gauginos
also become slightly non-universal once the corresponding gaugino fields are normalized to
one. We will not consider these gaugino mass corrections in what follows, since they are
expected to be generically small if gauge coupling unification is to be maintained.

3 Soft terms for type IIB chiral matter bifundamental fields

In the previous section we have considered soft-breaking terms for 4d fields that descend
from geometric moduli ® in non-intersecting magnetized branes. We have done this in two
steps. First, a 8d field theory with the relevant operators induced by the closed string back-
ground has been derived in the limit Mp; — oco. Next, we have dimensionally reduced that
8d theory to obtain the soft-breaking Lagrangian in 4d. For the case of bulk fields, e.g. ad-
joints in non-intersecting magnetized D7-branes, this last step is straightforward. However,
this general procedure can in principle be equally applied in more involved settings, such
as intersecting magnetized D7-branes with 3-form fluxes.

In this section we compute 4d soft-breaking terms for chiral matter bifundamental fields
localised at D7-brane intersections (or matter curves). Although the procedure described
above is in principle feasible (see e.g. [27]), in practice it quickly becomes technically too
involved as the background gets more general. Thus, we instead exploit a short-cut by
making use of the general ideas behind Higgssing in 4d supersymmetric theories and the
4d soft-breaking Lagrangians for bulk fields obtained in the previous section.
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3.1 Fields at matter curves

When computing the 4d effective theory of a stack of magnetized/intersecting D7-branes

one dimensionally reduces an 8d supersymmetric gauge theory, as we have described in

the previous section. In the case of locally vanishing closed string fluxes this 8d theory is
simply given by topologically twisted 8d N’ =1 SYM [5, 6].* The bosonic part reads

= 1 _.9 1

ESYM =Tr( D,®D,P — 5([¢'7 Q)]) - ZFabFab (31)

where D, ® = 0,P + i[A,, ] and F, = dA+ AN A. To linear order in the fluctuations, the

corresponding equations of motion are
DyD® =0, D,F®=0. (3.2)

We take here for simplicity an underlying U(N) gauge symmetry group, although the
results may be extended easily to SO(N) and E,, groups, as we will see later. U(N) is
broken to some product of smaller groups by the magnetization/intersections. The latter
are parametrized in terms of backgrounds for Fr and ®

(Fy) = [i(FY + F*)dz1 Adz + i(FS — F*) dzs A dz)] Qa (33)
<(I)> = miaZiQa )

where @, are the generators of the Cartan subalgebra of U(N). Dimensionally reducing
eq. (3.2) to 4d amounts to solving the following system of second-order differential equations
for the internal wavefunction ¥ of a 4d scalar with mass m and U(1), C U(N) charges ¢,
(see e.g. [35])

(DTD™ + g FYT) ¥ = m*¥ (3.4)
(D™DY — ¢o F{T) ¥ = m*V

with
0 Df DFf Di 0 0
-Di 0 -Df DF at _|dl
D* = ! o2 U= U= 35
-Dy Df 0 -Df|’ a? |’ a? (3:5)
-Dy -Df Df 0 ¢
and
D =01 — % (P +F2) 2 Df =0+ % (FS+F2) 2 (36)
Dy =0 — % (P - F2) 2 D =0y + % (F§ = F2) 2
Dy = —qa[(m})" 21 + (m3)" 2] D3 = ga (miz1 +m52) .

4For simplicity we take the normal bundle of the magnetized/intersecting D7-branes to be trivial, so
that we can ignore the effect of the twist. In the more general case, this can be however easily implemented
by shifting the magnetization along the canonical bundle [34].
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In these expressions a2 and ¢ are respectively the components of the internal wavefunction

A along the Wilson lines and the geometric scalar ®, and [Q®, ¥] = —¢®¥. Besides this local
diffeo-algebraic equation, wavefunctions must also satisfy the global periodicity conditions
of the 4-cycle S.

In order to solve eq. (3.4) note that D™D~ can be expressed as

3
D*DF = -1)  DFDF + B+ (3.7)
i=1
with
0 0 0 0
s |0 505 [p5.08] (5,0t 55
0 [DY, Dy] [Dy, DY} [DF, D3] '

0 [Df,Dy] [DF, Dy] [Dy, DF] + [DF, Dy
Diagonalising this matrix
I BT . J = diag(0, A1, Az, A3) (3.9)

we get

Dy =3 &0, Dy =3 6;Df (8.10)
j j

where &, is the p-th eigenvector of B. These operators span the algebra of three quantum

harmonic oscillators, namely
[D;,Dp—} =X, p=123 (3.11)

leading to three KK towers of 4d scalars. The matrix B has a single negative eigenvalue
that, without loss of generality, we take here to be A\;. Making use of egs. (3.7), (3.9)
and (3.11) we can explicitly solve egs. (3.4). The wavefunction for the lightest mode of
each tower is given by

Uy = &pop (3.12)
with ¢, a function on the 4-cycle S satisfying locally
Ep_gop:f);“gpp:o, paq:172a37 Q#p (313)
The mass of the lowest mode for each tower of scalars is given by
my, = Ap— A + o Fy (3.14)

And similarly for the complex conjugate degrees of freedom.
To give a concrete example, consider a stack of three D7-branes with gauge group U(3)
(see [34, 36, 37]), wrapping a 4-torus parametrized by the holomorphic condition

23 =0. (3.15)

In applications in section 5 we will consider the phenomenologically most interesting case of
SO(12) or Eg gauge groups, relevant for SU(5) F-theory unification. However, this simpler
U(3) model suffices to illustrate the main ideas of this section.
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Let us tilt one of the D7-branes of the stack an angle so that instead of (3.15) it wraps
a 4-torus parametrized by the condition

23— Mgz1 =0 (3.16)

with m, a constant of the order of the string scale that determines the number of intersec-
tions in the complex 2-torus spanned by z;. For future reference, we denote this matter
curve as 3, = {21 = 0}.

The original U(3) gauge group is broken as

U(3) = U(2) x U(1) — SU(2) x U(1) (3.17)
8 -3 +1042% 42
where the diagonal U(1) C U(2) becomes massive due to the presence of Stiickelberg

couplings. From the point of view of the 8d U(3) SYM theory the breaking (3.17) is
encoded in a background for the geometric modulus

(@) = \}émazl(Ql + Q2 — 2Qs3) (3.18)

where Qn, a = 1,2,3, are the Cartan generators of U(3). The 8d fields ® and A can be
decomposed according to (3.17) as

¢ ¢ A A
o= 10" ) (@) A= (-8t (3.19)
q)af @10 Aaf AIO
with the 4d scalars in the bifundamental representation arising from the U(3) off-diagonal

fluctuations.
One may easily check that eq. (3.8) gives rise in this case to

0

Mg

Bt = : (3.20)

o O O O

0
0
0
0

SOOO

0
2«0 0
with eigenvalues 0 and +|m,|. Thus, according to our discussion above, the internal wave-
functions for the lightest mode in each of the three KK towers of 4d scalars are given by

—1 1 0
1 1

where @ is a real function of the coordinates of the 4-cycle S, locally given by

¢ = f(z2)exp [Tr;“'\zlﬁ] : (3.22)

and f(zz) are holomorphic functions specified by the global properties of the 4-cycle S
such that the wavefunctions (3.21) are orthonormalized. The exponential factor in (3.22)
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shows in particular the localization of the energy density along the matter curve ,. The
resulting 4d masses for the modes (3.21) are respectively

mz+ =0, ng = 2/ma|?, ng = |ma|*. (3.23)

Wavefunctions and 4d masses for the charge conjugated sector a™ follow exactly the
same expressions (3.21)—(3.23), with the role of ¥ ar and ¥ a5 exchanged with respect to
eq. (3.21). Thus, in total we obtain a massless vector-like pair of 4d charged fields localized
in ¥, and transforming in the 2% 4 2~ representation of the gauge group, as expected.

This simple setting can be extended in several ways. First, one may consider mag-
netization in the worldvolume of D7-branes. The effect of magnetization is to modify the
wavefunctions (3.21) and (3.22) and to lift one of the two chiral components of the above
vector-like pair of 4d zero modes. Thus, turning on a magnetic flux in the above U(3)
D7-brane setting of the form

a

<F2> = Z\}/:g (d21 ANdzy — dzg N dig) (Ql + Q9 — 2@3) (3.24)

leads to the modified wavefunctions

1 e — 1 F2+ )\,
U, = 0 v = 0 *(3.25
9 e — FY) - v 5 A + FO) e (325)
where A\q = /(F%)? + m2 and
Aa e
ot = f(z)exp —?|zl|2 + 7|,22|2 ) (3.26)

We have introduced subscript a to refer to quantities associated to curve ¥,. Such notation
is useful in later sections when several matter curves are present. Similar expressions
to (3.25) again apply for a;,. Note that only one of the two wavefunctions (3.25) is
normalizable in the presence of the magnetic flux and thus a chiral spectrum is indeed
obtained, with local chirality determined by the sign of the magnetization. Besides those,
there can be additional chiral fermions localized in other regions of the matter curve, with
the total chirality determined by the integral of the magnetic flux along the matter curve
(see also [38] for a discussion of local versus global chirality).

We now want to extend this simple setting to consider the effect of closed string 3-form
fluxes in the neighbourhood of D7-branes. As we have discussed in the previous section,
the effect of 3-form fluxes (and other closed string backgrounds) in the limit Mp; — oo is to
deform the 8d theory (3.1) by adding new renormalizable couplings sourced by the closed
string background. Hence, we should consider the more complicate 8d Lagrangian (2.18),
which includes closed string fluxes, instead of (3.1). Dimensional reduction of this La-
grangian in presence of non-trivial magnetization and intersections becomes rather compli-
cated. In particular, internal wavefunctions for chiral matter fields such as (3.21) and (3.25)
receive also contributions from the closed string background.
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In what follows, we pursue a simpler route to obtain the 4d soft-breaking Lagrangian
for chiral matter fields. However before moving to the details, a comment regarding the
consistency of the 3-form flux background in presence of intersecting D7-branes is in order.
Note that the 3-form flux background has to satisfy some restrictions in order not to induce
Freed-Witten anomalies in the worldvolume of the tilted D7-branes. Indeed, the condition
for a NSNS 3-form flux not to induce a tadpole for the gauge field in the worldvolume of
a stack of D7-branes is given by [39]

P[H3] =0 (3.27)

1y
for any 3-cycle II, C S, as can be easily seen by integrating by parts the D7-brane CS
coupling |, g B2 A F>. This condition puts constraints on the intersection parameters mg* in
presence of non-trivial 3-form fluxes. For instance, in the above simple example of a tilted
D7-brane wrapping the 4-torus parametrized by eq. (3.16) it leads to the local constraints

ma[(S11)" — St1] — mg[S11 — (571)*] = 0 (3.28)
ma[(933)" — S33] — mg [S33 — (S33)*] =0

and hence the phases of the intersection parameter m, and those of the complexified
3-form fluxes must be suitably aligned. Note however that the constraint (3.27) is a global
condition, and for generic 4-folds the toroidal constraints (3.28) need not apply locally.
Thus, we do not impose them in what follows.

3.2 Soft terms for fields on matter curves

To compute the expression of soft terms for bifundamental fields localised on matter curves,
we combine the information about 4d soft terms for bulk fields obtained in section 2 with
our discussion on matter field wavefunctions of previous subsection. For simplicity we first
consider the case with no magnetic fluxes and only pure ISD closed string fluxes, namely
only the flux components G5 and Sz are non-vanishing. The effect of magnetization on
the soft terms for bifundamental fields will be discussed in subsection 3.3. For simplicity
we also assume that closed string fluxes are approximately constant over the 4-cycle S,
so that they can be factored out when performing dimensional reduction. The case of
locally varying closed and open string fluxes was considered in [22] and is briefly studied
in section 5.3.

The reader may easily check that the soft scalar terms for D7-brane adjoints that we
found in eqgs. (2.22) can be rewritten in terms of a 4d scalar potential of the form

Visp = |M*®* + Fo|* + |Fa, |* + |Fa,|? (3.29)

where M = g;/ Z(Gﬁg)* /V/2 is the gaugino mass, and F; are the auxiliary fields for the

different 4d complex scalar fields,

Fo=0sW,  Fa,=04W,  Fa, =a,W. (3.30)
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In these expressions W is the physical superpotential of the 4d effective theory (with
normalised fields) and it includes a p-term for ®, with p = —g;/Q(Sgg)*/(2\/§), and a cubic
term proportional to the Yukawa coupling, i.e.

W= gqﬂ ¥ oy AjAs® 4. (3.31)

The scalar potential (3.29) is positive definite. This is consistent with the fact that
ISD fluxes locally preserve a no-scale structure [13]. In terms of the physical scalar fields
we have

Visp = (M + |ul?) [® + Mpu®? + j1hjpy PALA2 + Mhigs ®A'A% 4 he..  (3.32)
Indeed, comparing with eq. (2.21) we read out the following pattern of soft terms,

miz = M+ |ul*; Ay = —Mhygy, (3.33)
Bsz =2Mp; Csjr. = —ph3jy, - (3.34)

This reproduces the result for non-magnetized and non-intersecting 7-branes obtained in
eq. (2.22) when only ISD closed string fluxes are turned on. We will see in subsection 3.4
that this pattern corresponds to modulus dominance SUSY-breaking in an effective super-
gravity approach.

Let us now turn to the case of bifundamental fields living on intersecting 7-branes. To
simplify the discussion we consider the above simple U(3) example with no magnetization,
although the results are valid for more realistic (e.g. SU(5), see section 5) group theory
structures. We slightly generalize the setting by considering the three D7-branes in the
original stack to be tilted an arbitrary angle, so that the gauge group is fully broken to
U(1)3. As before, 4d bifundamental scalars arise from U(3) off-diagonal fluctuations of the
adjoint fields

q)]_O (ba+ (PC_ A]_O Aa+ AC_
=D, P, By |, A=| A, Ay Ay |- (3.35)
.+ Py <I>’1’0 A+ Ap- A’l’0

In absence of magnetic fluxes the three sectors a, b and c are vector-like and contain massless

chiral matter fields a™, b*, ¢* that are described by wavefunctions of the form (3.21). For

concreteness we take the curves X, 3, and X, to be given by
Za = {21 = 0} y Eb = {22 = 0}, Ec = {21 = 22} (3.36)

as in the U(3) model presented in section 2.3 of [37].

One important effect of turning on a background for the transverse scalar ® is that the
eigenstates (3.21) that solve the equations of motion in the internal space are generically
a combination of A', A2 and ®. Since the rotation induced in the space of internal wave-
functions commutes with dimensional reduction, we can think of the following three-step
procedure to obtain the 4d Lagrangian of bifundamental fields. We first dimensionally
reduce the 8d Lagrangian (2.18) to obtain a 4d Lagrangian for bulk fields, as we have
already done in section 2. Next, we trace over the gauge indices in order to express this
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Lagrangian in terms of bifundamental fields. Last, we rotate the 4d fields to a new basis
that diagonalizes eqs. (3.4) and decouple massive modes that are at the string scale. Note
that the rotation is different for each of the sectors of the theory, a, b and ¢, involved in a
Yukawa coupling.

For instance, for the matter fields localized in curve ¥, = {z; = 0} the rotation in the
space of wavefunctions is given by

Pt 1 [-11) [ AL 5
D)= at |, = A2, . 3.37
(Soa;) ﬂ( ! 1) (‘%) N o

Neglecting the effect of closed string fluxes on the internal wavefunctions (based on the

assumed large hierarchy of scales My < Mj), the fields ¢,, correspond to mass eigenstates

2

with m2 =0, mg,
a3

b = 2|mqg|* and m? | = |ma|?, as we saw in the previous subsection.

For the sector a~ the rotation is equivalent but the role of the fields ¢,, and ¢, is inter-
changed. Moreover, by supersymmetry the same rotation also acts on the auxiliary fields,

FAa+ — L —11 Fcp“f (3.38)
Fg , V2 L1 F, ' '
@2

Since the fields Pafs Par and Paz are very heavy (with masses of order the string scale),

namely

correct decoupling in the effective theory dictates that in the effective 4d Lagrangian we
should set

F, 6 =F, =F,, =0 (3.39)
CL2 lll CL3
along with

Thus, we can make use of the following replacements in the effective action (3.29),

F, . F

ay F o Cpaf_ i) _Soaiﬁ
V2 Tt T R T T

and the analogous ones for a, and for the sectors b and c. This leads to a scalar potential

Fa, =- (3.41)

of the form
1, . 1 _
V= Z <2|M o +F¢&H2 i 5|j_tqpal+‘2 + (af < o )> (3.42)
a=a,b,c

where the first term in this expression originates from Fp whereas the second term comes
from F4. To see explicitly how the soft terms for matter fields arise from this expression
we expand the squared sum that appears in the above potential,

1 2 2 2 1 —
V=) S MPlegt| +|F%1+\ +2MF¢a1+g0a1++h.c.+(oz;r<—>a2)). (3.43)

a=a,b,c

The first term corresponds to a soft mass for the scalar fields Pats which is a factor 1/2
smaller than the one that we had for adjoint fields. Moreover, in absence of magnetization
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the superpotential contains p-terms proportional to ¢_+¢ - and hence we can express the
1 2

auxiliary field of ¢ ab 38

_ _ 1P _n _ a
F@QT_E(F¢“++FA“+)_ NG —l—...—§g0a2_—|—...—ubifg0a2_—|—... (3.44)

where the dots represent higher-order superpotential terms such as Yukawa couplings.

Therefore, pif; = 41/2 and similarly for the other two matter curves, if they host vector-like
states. The second term in eq. (3.43) hence gives rise to supersymmetric masses for the
scalar fields, given by | ,ugif|2, and to the usual supersymmetric trilinear coupling, that can
be written as a product of up;, and the effective Yukawa coupling. Finally, the last term
in eq. (3.43) gives rise to B-terms and SUSY-breaking trilinear couplings A. Comparing
with the case of adjoint fields, they are also suppressed by a factor 1/2.

Summing over the three curves a, b and ¢ we therefore obtain soft masses of the
form |M|?/2 for each of the 4d scalars. In addition, we get u-terms, B-terms and a
supersymmetric trilinear coupling for each non-chiral curve. Recall that for the soft SUSY-
breaking trilinear coupling we get the same result three times (one for each curve), leading
to an extra multiplicative factor 3.

Summarizing, we have obtained the following set of soft terms for bifundamental fields
in a system of intersecting non-magnetized D7-branes with ISD 3-form fluxes,

IM? |ul* g 1
Mt o = St = f Gigs| + §1533!2
1 g
(Buit uvie)* = 5 Ba e = M pufe = —gs(Giéi)*(Ség)*
34 3 34/2 y
Allk - 228 2 gk = 295 (Gyg)* ik, (3.45)

2 2 2v/2

where a = a, b, ¢ and we have now factored out in this expression explicitly the upis factor
from the definition of the B-parameter. Gaugino masses remain unaltered since they are
not localized by the non-trivial background of ®. Hence, for the fermonic masses we have
1/2
Js *
M = =—(G733
V2 (G133)
H 91/2
« S *
=== — Ssz)". 3.46
Hig 9 1 ﬂ( 33) ( )
We can also guess the contribution to soft scalar masses coming from the TASD fluxes 5;;,
i = 1,2. Indeed, looking at the results for the bulk D7-brane fields in eq. (2.22), we expect
an additional dependence on TASD fluxes through the replacement

|S331* = 19331° + [ S11]* + [ Sz (3.47)
in the mass squared and

1
G1a3533 — Giazdss + 5(S11522)", (3.48)
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for the B-term. This is suggested by symmetry arguments similar to those used in section
3.1 of [18]. However, no contribution to trilinear couplings or fermion masses is expected
from S;; IASD fluxes, since there are no holomorphic gauge components A; 2 present in
the chiral matter fields.

We now turn to discuss how magnetization modifies this pattern of soft terms for
matter fields.

3.3 Effect of magnetic fluxes on soft terms for fields at matter curves

Magnetization leads to 4d chiral spectra, as reviewed in section 3.1, with total chirality
determined by the integral of (Fy) over the various matter curves of the theory. For
concreteness, let us assume that the curves ¥, and X in our U(3) — U(1)? toy model
above are now charged under the flux, such that only the modes a™ and b* survive in the
4d spectrum. We take the matter curve 3. however to be neutral under the flux, and so
the spectrum arising from this curve is unaffected, containing the vector-like pair given by
c¢™ and ¢~. In this toy model we may think of the non-chiral sector localized in X. as the
Higgs sector, whereas the chiral sectors localized in the curves ¥, and ¥; can be thought
as MSSM chiral sectors. A more realistic example is given in section 5, where we apply
the results of this section to study the hypercharge dependence of soft terms in a local
F-theory SU(5) GUT model.

As we have already mentioned, magnetic fluxes affect the 4d soft SUSY-breaking La-
grangian in two ways. On one side, the presence of a non-trivial background for F5 leads
to new renormalizable couplings in 4d which can be traced back to higher-dimensional
couplings in the 8d theory where some of the fields-strengths present in the coupling are
replaced by the background flux. These corrections were computed in subsection 2.2 for
the case of bulk D7-brane fields. They are quadratic in the magnetic flux density and from
the point of view of the 4d effective supergravity correspond to renormalizable thresholds
to the Kéahler potential and/or the gauge kinetic function of the 4d effective theory. The
other effect of magnetic fluxes, relevant for matter fields, is to modify the profile of the
internal wavefunctions, as it has been described in subsection 3.1, and therefore also the
rotation in the space of internal wavefunctions. For instance, in our U(3) example above
the internal wavefunctions for 4d charged fields in presence of magnetic fluxes were given
in eq. (3.25). The rotation eq. (3.37) in the space of fields is thus modified such that

F*—Xq

Pat YW oD 2)\:;\(;—F“ Al
=V FE(+Aa DV ,(n 7 S (3.49)
(pa; a (ba+ 3

V22aatF2) /20 a(Xa+F7)

Mass eigenstates therefore still originate from a mixture between Wilson lines and trans-
verse scalars, but this mixture now depends on the magnetic flux in the curve ¥,. Only
in the case without magnetic flux, ® and A contribute equally to the mass eigenstates.
Moreover, this correction begins at linear order on the magnetic flux, and therefore for
bifundamental fields the quadratic corrections described in section 2.2 are sub-leading. We
thus ignore those and just consider the leading effect coming from the modification of the
® — A mixing induced by magnetic fluxes.
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In order to compute the soft terms of matter fields localized in the curves ¥,, ¥ and
Y., we follow the same procedure described in the previous subsection. The rotation matrix
for the fields localized in the matter curve ¥, is now given by eq. (3.49). A similar rotation
also applies to the fields localized in curve ¥, after interchanging A' <+ A2. The rotation
for auxiliary fields is modified in the same way than for the scalar fields. Therefore, for the
fields localized in the matter curves ¥,; we can make the replacements

)\a_Ff Aa_Ff)\a‘}'F(_)
F SR (e — F. = F, =a,b (3.50
Aot T\ Ton, et ot TN T oma e OT® (3:50)

where we have already set the auxiliary fields of massive modes to zero. In these expressions
Ao = /(F9)?% +m2. Note that only the fields coming from the sector at and bt are
normalizable and therefore those coming from the sectors ¢~ and b~ are not present in the

low energy spectrum of the theory. This implies that u- and B-terms are absent in the
matter curves ¥, and Y. Curve Y. on the other hand is not affected by magnetic fluxes,
and therefore the same expression (3.38) for the rotation of auxiliary fields in absence of
magnetic fluxes still applies for ..

Making all these substitutions in the potential (3.29) we get

)\Q—Ff ()\a+Ff)2 )\a_Ff
V = M*o* F 2 F 2
Z < 2>\a mg{ ‘ SOQIL + Soair| + 2)\a ’ ¢a{r| +

a=a,b

1 * ok 1 —
+ 5 IMe +F“"cl+|2 + 5|F%1+|2 +(cf ©cy) (3.51)

and expanding perturbatively in powers of the ratio F'*/m, between the magnetization
and the intersection parameter, the contribution to the scalar potential that comes from

)

the sectors a = a, b becomes

FCV
1— =

2 2 2
- Moy P+ | P+

)

The p-term pug;, is not modified to linear order on the fluxes, since the curve X, is neutral

«

Fe
+o<
m

Fa
1—|—=

«

MF, ¢, (352)

Ll
2

under the magnetic flux. Hence, to leading order we still have pupir = 11/2, as in the case
with no magnetization discussed in the previous subsection.

Summarizing, from egs. (3.51) and (3.52) we have therefore derived the following set of
flux-induced soft terms for intersecting magnetized 7-branes in the above U(3) toy model,

— 23 —



for fields localized in each of the matter curves X,
|M? g e
m%)iﬂoz Ty 1= N = Zs|Gi§:§|2 1- o
(M2 el g 1
miige = 5+ = |Gzl + 5195l
1 g . .
(Buit i) = 5 Ba piye = Mty = =2 (Gra3)" (S33)

- M Fa Fb . gl/thjk [a
Ak — 2 _ == o) piik = T8 o\ = .
bif 9 <3 My ) 2\/5 <G123) 3 Tna

Note in particular that p- and B-terms do not receive corrections linear in the magnetic

FOL

) a=ab (3.53)

Fb

mp

mp

fluxes, as we have already mentioned. This is because in this particular case there are no
magnetic fluxes along the curve ¢, which is the one hosting the Higgs fields. On the other
hand there would appear corrections quadratic in the magnetic fields, analogous to those
appearing for adjoint fields in the previous chapter.

Let us mention for completeness that there is also a third possibility for brane distri-
butions with consistent Yukawa couplings, even in compactifications with a rigid .S divisor.
Indeed, we can have a coupling of the form (I-I-A) involving two fields coming from the
intersection of D7-branes and one field coming from the reduction of the gauge field A
living in the 7-brane worldvolume. If this is the case, it is natural to assume that the Higgs
field arises from the worldvolume of the D7-branes while the MSSM chiral matter arise
from intersections (labelled by a, b). Hence the soft mass and the B-term for the Higgs are
forbidden by gauge invariance, whereas the soft masses for the chiral fields take the form
described above. We can summarize this structure in the following scalar potential,

V=Y Vo+|Fa] (3.54)

a=a,b
where V, is described in eq. (3.52) and Fjy is the auxiliary field for the A field. Recall that
it does not include a p—term by gauge invariance. Thus the trilinear coupling will have

only two contributions coming from V, ;. To sum up, this brane distribution leads to the
following flux-induced soft SUSY-breaking terms,

m4 =0, Bp=0 (3.55)
2 M2 Fe’
it ab = 5 1- =
a

Fb

2 Mg mp

i M (2_ £

3.4 Comparison with effective N/ = 1 supergravity

As emphasized in refs. [18, 28|, the pattern of flux-induced soft terms that arise in the
worldvolume of D3/D7-branes for ISD 3-form fluxes can be also understood in terms of
effective N' = 1 supergravity. For the case of adjoint fields with no magnetization, discussed
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in section 2.1, soft terms agree with those obtained from a simple no-scale Kahler potential
for a single Kahler modulus 7" and a gauge kinetic function of the form

K = -3log(T+1T%), fo=T, (3.56)

as well as a Kahler metric for matter fields

T (3.57)

K;; =
with & the so-called modular weight of the scalar field ¢;. This structure is more than a
toy model. Indeed, one obtains such a simple structure in isotropic toroidal orientifolds in
which T is the overall Kahler modulus with 7" = T} = 15 = T3, and a stack of D7-branes
wraps a 4-torus T2 x T? within the 7°. The modular weight of 4d adjoint fields that
descend from ® and A is given respectively by ¢ = 0 and £ = 1. We ignore the dependence
of these expressions on the complex axion-dilaton, the complex structure moduli and the
other Kahler moduli present in the theory, since those are not relevant for the computation
of soft terms below.
Assuming that the F-term auxiliary field Fp of the modulus T is non-vanishing
(modulus dominance), the standard N' = 1 supergravity formulae (see e.g. [40]) yield

m2, = M1 - &) (3.58)
Agje = —Mhgg, > (1—&)
a=1,j,k
B'=M Y (1-£&)
Oé=¢ﬁﬁ¢iz

where (% 4 represent possible vector-like states allowing for a supersymmetric p-term. In
particular, for adjoint fields that descend from ® and A we get

my, = [M[*, Ajjr = —Mhyp, By = 2M (3.59)

and B4 = m% = 0. This is consistent with the more general result shown in eq. (2.22)
particularized to case in which only ISD fluxes G733 and Ss3 are present. In the case on
which magnetic fluxes are also present, the Kahler metric (3.57) is suitably corrected by
the magnetization as [41, 42]

5is
Ky = 2 (1 + 052&5_1) (3.60)

with t = T+ T™ and c¢ some flux-dependent constant whose value will depend on the
modular weight and the flux quanta. The corrections to the soft terms that arise from this
Kaéhler metric are in agreement with those found in egs. (2.31) and (2.35) particularized to
the case of ISD 3-form fluxes and anti self-dual magnetic flux F_ once we identify the flux
correction of (3.60) with our microscopic description of the flux density, p = 5 = 910 F2.
One also finds that for A fields, which have £ = 1, one has ¢4 = 0 and the fields that descend
from A remain massless even after the addition of magnetic fluxes.

— 25 —



Similarly, the soft terms for matter fields in intersecting D7-branes given in eqgs. (3.45)
and (3.46) can be also reproduced by the above N/ = 1 supergravity formulae. Indeed, the
modular weight of chiral fields localized at intersecting D7-branes is given by £ = 1/2. In

absence of magnetic fluxes, standard supergravity formulae then leads to
2

9 | M| 3M

Mt = 5 Ajjr = ——5

in agreement with eqgs. (3.45). The corrections from magnetic fluxes arising from (3.60) to

hijk Bly=M (3.61)

the different soft terms are parametrized for the case of fields with modular weight £ = 1/2
Chif

by puit = 5. Note that in the large ¢ limit (corresponding to the flux diluted regime)

these corrections are dominant since ppis > p. This is consistent with the linear (instead of
quadratic) dependence on the fluxes found in (3.53).

Finally we can also derive the structure of soft terms in a (I-I-A)-type configuration
using the Kéhler metric above. In this case we have two matter fields coming from D7-
brane intersections with modular weight £ = 1/2 and one adjoint field that descends from
A with modular weight £ = 1. The standard N' = 1 supergravity formulae yield

M 2
=5

in agreement with eq. (3.55) as expected. The flux correction for the matter fields will be

Aijk = —Mhijp , By=m} =0 (3.62)

also parametrized by py = t(l% consistent with the linear dependence found in (3.55).
The above structure of soft terms does not only arises in toroidal settings but also
in swiss-cheese compactifications [43—46] in which a stack of 7-branes containing the SM
fields wraps a small cycle of size t; = Re(Ts) inside a large-volume CY manifold with
overall volume modulus 7;. This is also the type of configurations that one expects in local
F-theory GUT models, where T would correspond to the local Kéahler modulus associated
to the local divisor S.
In the simplest type IIB swiss-cheese examples the Kéhler potential for the moduli T
and T} is given by [47]
K = —2log <t§’/2 - t§/2) , (3.63)

with t, = Re(Ty) > ts, whereas to leading order the gauge kinetic function is given by
f =Ts. The Kéahler metric for the matter fields reads
(1—€a)

s
ty

with &, the corresponding modular weights. Expanding the action in powers of t,/t; and

Ko =

(3.64)

assuming Fy, ;. # 0 we obtain the same patterns of soft-terms as in the above toroidal case,
where now M = Fi_/ts [41].

Note however that the microscopic derivation of soft-terms in section 2 and in this
section go beyond these N/ = 1 supergravity results in various respects. In particular
they do not assume any form for the N/ = 1 Kéahler potential but give explicit expressions
for the soft-terms in terms of the underlying general closed string background. In this
regard, they are expected to be valid in more complicated non-toroidal settings and may
also include the effect of IASD sources. Obtaining the closed string background around
the D7-branes in a general compactification is usually a too complicated task, but once
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the closed string background is known, the techniques developed in the above sections
allow to obtain the soft-breaking patterns for the fields in the worldvolume of D7-branes.
This approach might be particularly useful for fields localized at D7-brane intersections,
since their K&hler metrics are only fully known in the case of toroidal compactifications,
whereas for the case of local systems like the swiss-cheese kind of setting discussed above
the structure of the Kahler metrics for matter fields can at present only be guessed in terms
of scaling arguments [41, 47].

4 Effect of distant branes on the local soft terms

When building phenomenological type IIB orientifold compactifications the degrees of free-
dom of the SM typically are located in the worldvolume of D7-branes and/or D3-branes
subject to closed string and open string fluxes. The type of settings that are typically
considered is shown in figure 1. Apart from the branes of the SM sector, there may also
be additional localised sources at other regions of the compact space. For instance, there
could be distant D7-branes giving rise to gaugino condensation and stabilizing some of
the Kéhler moduli of the compactification. There might also be anti-D3-branes, as in the
KKLT setting [14], required to uplift the vacuum from AdS to dS. Alternatively, this role
might also be played by distant D7-branes with self-dual magnetic fluxes in their world-
volume [48]. The effect of distant localised sources on the SM branes may be discussed
in terms of their backreaction near the SM branes, as discussed e.g. in [25, 49] for the
particular case of gaugino condensation on D7-branes. In this section we discuss the ef-
fect of distant localised sources on the pattern of soft breaking terms by computing the
backreaction of localised sources on the local geometry.

For concreteness we focus on the case of distant anti-D3-branes. In general these
backreact the metric and the RR 5-form field-strength through the equations of motion.
We have seen in previous sections that in absence of magnetization soft-terms for fields on
D7-branes (both bulk and on intersections) do not depend on the metric nor on the RR
5-form and thus the presence of distant D3- or anti-D3-branes does not modify D7-brane
soft terms within this approximation. This is expected, since unmagnetised D7-branes
have no net D3-brane charge. However, once anti self-dual or self-dual magnetic fluxes
are switched on in the worldvolume of D7-branes, some D3- or anti-D3-brane charge is
respectively induced in their worldvolume. This implies that distant anti-D3-branes (or D3-
branes, respectively) are now expected to give rise to corrections for the soft-terms in the
worldvolume of magnetized D7-branes. Indeed, we saw in section 2.2 that magnetization
leads to corrections to D7-brane soft terms that depend on the background for the metric
and the RR 5-form. Although these corrections are quadratic in the magnetic fluxes, they
can lead to relevant physical effects if 3-form fluxes are suppressed or in the context of
fine-tuned scalar potentials, in which minute effects become important.

We begin this section by reviewing the computation of soft scalar masses induced on
the worldvolume of D3-branes by distant anti-D3-branes in flat space [28]. We then move
to the same computation for magnetised D7-branes in flat space. Finally, we consider
compactification effects in these computations.
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Figure 1. Summary of the type of sources that are present in a standard phenomenological
IIB orientifold compactification. The SM is located in a stack of intersecting D7-branes with a
higher dimensional SU(5) GUT structure. Apart from topologically non-trivial closed string 3-form
fluxes G5 , there are distant localized sources that may also contribute to SUSY-breaking and/or
moduli stablization. These include gaugino condensation in the worldvolume of D7-branes, self-dual
magnetic fluxes also in the worldvolume of D7-branes and/or anti-D3-branes. The effect of distant
sources in the effective theory on the worldvolume of the SM D7-branes can be studied in terms of
their backreaction in the local patch.

4.1 Scalar masses for D3-branes in the presence of distant anti-D3-branes

We first consider the case of a probe D3-brane located in (non-compact) locally flat space
and a distant stack of N anti-D3-branes, and compute the induced soft scalar masses in the
worldvolume of the D3-brane. This computation was addressed in ref. [28], but we revisit
it here with the aim of extending it to other settings in the next subsections.

In general, anti-D3-branes backreact the metric and the RR 4-form potential through
the following type IIB supergravity equations of motion

V27 = %Gmnpc?"% + (2m0) 2P0 4 771 [amzémz - (ZX)4amX—15mX—1} (4.1)

igS(ZX)Q

92,1
X 12

Gmnp *6 G 4 (2mo)? ~}3°° +2 [ZilamxflémZ — Xamxflémxfl}
where tilded quantities are taken with respect to the unwarped metric and ﬁg’c(z) and
Q}fc(z) are the energy density and D3/D3-brane charge density associated to localized
sources. These equations are easily solved for backgrounds that only involve same-sign
D3-brane charges (recall that we are taking the D3-branes as probes). For the particular
case of a stack of N anti-D3-branes and vanishing 3-form fluxes

(% — 2)
—

)(z) = —p5¢ = —N Z=-—x""! (4.2)
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where Zj denotes the position of the stack of anti-D3-branes in the internal space eqs. (4.1)
are then proportional to each other and reduce to a standard Poisson equation in the
internal space

—V%Z = (2m0)?pk° . (4.3)
When the internal space is non-compact flat space this leads to the standard supergravity
solution for anti-D3-branes in asymptotically flat space, namely

B No?

T|Z— 2ot

Z=1- (4.4)

Soft terms in the worldvolume of the probe D3-branes are fully determined in terms
of the local backreaction around the D3-branes. Concretely, for the soft scalar masses [28]

m? = 2K5 — x5+ gs(Im7) 5 (4.5)
Bij = 2K;j — x5 + gs(Im 7);5 ,

where K, y and 7 were defined in eq. (2.4). For concreteness we take the probe D3-branes

to be located at the origin of coordinates. Expanding eq. (4.4) around the origin leads in

real coordinates to

N 2 GrM
A iy P R L < 0T 5m”> "+ } , (4.6)

where 73 = > (xf)?. The linear term shows the expected instability due to the attraction
between branes and anti-branes. We assume in what follows that such a term is absent,
leading to a static configuration. That may originate in a variety of ways like e.g. an orbifold
projection, a particularly symmetric configuration or the D3-branes being fractional and
stuck at a singularity.

Comparing to egs. (2.4) and making use of egs. (4.2) and (4.5) we then obtain the
following scalar masses and B-term in the worldvolume of the probe D3-brane

2 _ O iz _ sii o 6 i
m;; = const. (7220,20 -0 > ; B;; = const. 2%0% (4.7)
0 0
where the proportionality constant is 8gsNo?/ (7rr8 — gsN 027’%). We would have obtained
the same result if we have instead considered the reverse situation, namely soft terms
induced on a anti-D3-brane by the presence of a distant D3-brane.

These mass terms by themselves may easily trigger instabilities for the scalars on the
D3-brane, since they may be tachyonic. For instance, if along the i-th complex plane
28] < |zg| with ¢ # j, the second piece in the first equation (4.7) dominates and the
D3-brane scalar field ®¢ becomes tachyonic. In the isotropic case, where 2} = 22 = 28 and

thus 2 = L one gets

ro 6’

m% = const. (1 — 6’7) , B;; = const. . (4.8)

Hence, in that case diagonal masses vanish and off-diagonal ones are equal to the B-term.
Still, there are tachyonic mass eigenstates, since the mass matrix is traceless. Note that,
as emphasized in [28] this source of SUSY breaking by itself would lead in addition to
no gaugino masses nor p-terms and would therefore not be phenomenologycally viable for
MSSM soft terms without the addition of further ingredients.

— 929 —



X D3
O D7

Figure 2. A stack of D3-branes on the opposite side of the magnetized D7-branes.

4.2 Scalar masses for magnetized D7-branes in the presence of distant
anti-D3-branes

We can perform the same analysis as above for the case of magnetised D7-branes in the
presence of distant anti-D3-branes in asymptotically flat space. To simplify the presentation
let us consider only a non-vanishing anti self-dual magnetic flux F_ in the worldvolume of
some probe D7-branes. From eq. (2.31) we get for the scalar bilinears

myz =0 (295 ' Ksz — x33) 2, Bss = 0” (295 ' K33 — x33) F2. (4.9)

Note that K33, K33, X33 and xs3 obtained in the previous subsection depend on the coor-
dinates of the D7-branes along the internal space, z' and 22, and dimensional reduction
to 4d is therefore non-trivial. However, if the wavefunctions of the 4d fields are strongly
localized in the internal space, as occurs for instance for fields localized at Yukawa coupling
enhancement points in F-theory GUTSs, we can approximate wavefunctions by a delta func-
tion. Here we take for instance the case of a vector-like pair of scalars localized at the origin
of coordinates. Then, making use of egs. (4.2) and (4.6) in (4.9) we find for |23| > |23], |23]

3
mgg = const.gs_lazFE , B33 = Zconst. g;102FE (4.10)
where we have included an extra factor 1/2 with respect to eq. (4.9) to account for the fact
that we are now considering a vector-like pair of bifundamental scalars, according to what
we found in section 3.2.

4.3 Compactification effects

The situations discussed in this section so far are unrealistic in that they are non-compact.
However, they served us to illustrate how the expressions that we found in sections 2 and 3
for the soft breaking terms can capture the contributions from distant localised sources that
break supersymmetry. We would like now to consider a slightly more complete toy model
on which the internal space is taken to be compact, in order to illustrate compactification
effects on soft terms. Thus, we consider again the case of a stack of magnetized probe D7-
branes and N distant anti-D3-branes, but we now solve eq. (4.3) in a 2-torus transverse to
the D7-branes (and we smear the D3-brane charge along the remaining internal directions).
Concretely, we take the magnetized D7-brane to be at the origin of coordinates and the
anti-D3-branes exactly at the opposite point in the transverse T2, as depicted in figure 2.
In that case, linear terms automatically vanish due to the balance between the attraction
forces on the two sides of the D7-branes.
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Following [50] we can express the solution to eq. (4.3) in terms of the Green’s function
G(x — y) on the transverse space to the D7-branes as
Z(z) = (210)’NG (2§ — 2°) . (4.11)
The Green function for a 2-torus with unit volume is
1 D1(z;U) > (Im 2)2
G(z)=—1 —
(2) = 37 108 |\ 5o, ) m U

where U is the complex structure of the torus and 1J; are the usual Jacobi theta functions.

(4.12)

Expanding around z; = 1/2 reads

[\

=3

2
G(z)= _% (log w+log |94(0; 2U)|*) — le i —% (EQ(U)+19§(O; U)+03(0; U)) (%i)
" 2
— 35 (BoU) + 030 0) + 0i(0; 1) (Z - ;) o (4.13)

where E’g is the modified second Eisenstein series defined as
. 3

E =F — 4.14

2(U) = B(U) = 3 (4.14)
and

Er(U)=1-24 4.15

2(U) nEI T (4.15)

and ¢ = €™V, From eqs. (4.11) and (2.31) then we get in this case the following set of
scalar bilinears in the worldvolume of magnetized D7-branes

-1 _4 2F2N
i, = o' TEEN -
4V01(T6)ImU
-1 _4_2712
gs 0om FfN 3ImU 4 4
B33 = e T - — (F 95(0: 9%(0:
3= INoI(T%) Im U (Ba(U) + 03(0; U) + 94(0; U))

where we have introduced the volume of the internal space back in these expressions.
Note that soft-terms in particular now depend on the complex structure of the transverse
2-torus. It is also interesting to recall the interpretation of the different terms in these
expressions from an effective field theory point of view. Indeed, scalar masses and the
first contribution in the B-term are tree-level contributions similar to those computed in
the previous subsections. However, in the present compact case the B-term receives in
addition loop threshold corrections that are exponential in the complex structure of the
2-torus. Those come from integrating out heavy modes that propagate in the transverse
T? and stretch between the D7-branes and the anti-D3-branes.

This example, as it stands, is a toy model with no direct phenomenological interest. In
particular, scalar masses are tachyonic, showing the instability of D7-branes under small
fluctuations. The tachyonic instability in this setting was expected, since once the anti-
D3-branes move a bit from their original position, the attractive forces on the two sides of
the anti-D3-branes are no-longer balanced and they quickly decay towards the magnetized
D7-branes. In this regard, it might be interesting to extend this example by including
closed string fluxes and see whether it is possible to make it stable.
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5 Applications

In this section we study several applications of the previous results. In particular we
study the effect of fluxes on soft terms for fields on local F-theory SU(5) models with
enhanced SO(12) and Eg symmetries. We are particularly interested in the dependence
on the hypercharge flux, required for the breaking from SU(5) to the SM gauge group.
We also study the generation of flavor violating soft terms in these settings and in models
of D3-branes at singularities. We finally discuss the different sources of soft masses for a
Higgs system and explore the geometrical origin in string theory of a possible fine-tuning
of its mass.

5.1 Hypercharge dependence of soft terms in F-theory SU(5) unification

In previous sections we have considered corrections of open string magnetic fluxes to the
soft terms of 7-brane fields, including also fields localized at intersections. To simplify the
discussion, we considered a toy model with an underlying U(3) gauge symmetry. The gen-
eralization to gauge symmetries of phenomenological interest is however straightforward.
Indeed, we now apply the results of the above sections to SU(5) unification in the context
of type IIB/F-theory compactifications. More precisely, in this subsection we concentrate
in the case of local F-theory SU(5) GUTs with gauge symmetry enlarged to SO(12) at
complex co-dimension 3 singularities. This is the gauge symmetry enhancement that is
relevant for the presence of local Yukawa couplings of the form 5 x 10 x 5y that lead
to masses for charged leptons and D-type quarks. In particular, we identify the possible
(e.g. hypercharge) magnetic flux dependence of the scalar soft masses, as it might be of
phenomenological relevance.

We consider the same local SO(12) F-theory structure as introduced in ref. [20] (see
also [51]). To avoid expressions with two many indices, throughout this section we use the
alternative notation x = z; and y = 22 to denote the two local complex coordinates in the
4-cycle S. The vev for the transverse 7-brane position field is given by

<(I)xy> = m2(37Qx +yQy) (5.1)

where m is related to the intersection slope of the 7-branes, as we have already discussed,
and it is generically of order the string scale. @, and @, are SO(12) Cartan generators
breaking the symmetry respectively down to SU(6) x U(1) and SO(10) x U(1). As in the
U(3) toy model of previous sections, we have matter curves ¥,, ¥ and . at x =0,y =0
and © = y respectively. Matter curves >, and ¥ host respectively 5-plets and 10-plets
associated to quarks and leptons, while X hosts 5g-plets that include the Higgs multiplets.
In order to get chiral matter and family replication we must add magnetic fluxes to this
setting. We follow ref. [20] and consider the above local system of matter curves subject
to approximately constant magnetic fields, that break the gauge symmetry down to that
of the SM and give rise to chirality. The magnetic flux background comes in three pieces,

(Fa) = (F(1)) + (Fa)) + (Fy) (5.2)
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with
(Flg)) = i(dz A dy + dy A dZ) (NoQz + NpQy)
(Fy) =i |(dz A dy + dy A dZ) Ny + (dy A dj — dz A dz) Ny | Qy,

and Qr = —Q, — Q4. The first piece leads to chirality (and matter replication) for fields
that are localized in the matter curves Y, ;. The second piece leads to chirality for the Higgs
fields, localized in the matter curve .. This is interesting in order to obtain doublet-triplet
splitting and a suppressed p-term. Finally, the third piece corresponds to a magnetic flux
along the hypercharge direction, that breaks SU(5) down to the SM gauge group and for
the particular choice Ny = 3(N, — Ny) is consistent with doublet-triplet splitting. We refer
to [20] for further details on this configuration.
Thus, putting all pieces together the complete flux may be written as

(Fo) = i(dyNdy —dx NdT)Qp +i(dx Ndy+dy NdT)Qs +i(dy Ndy + dx NdT) My Qr (5.4)

where
Qp = MQr + NyQy, Qs=NuQz+ NpQy+ NyQy (5.5)

and ) 1 1
M= 5(My = M), My = 5(My+ M,). (5.6)
The local D-term SUSY condition would imply M, = 0.
The local internal wavefunctions of the fields must satisfy the system of differential

equations that we have described in section 3 and were solved in [20] for this particular
case. The zero modes for each sector are given (in the holomorphic gauge) by

Ag
m? | , o

v, = % X;Epa X;) = €_qq>(>\zx_)\yy)fi(/\zy + Ay) pP= ai7 bi’ c* (5.7)
1

where E, are the corresponding SO(12) step generators for fields in ¥, .. The values of
the parameters g and A, are given in table 1 for each of the fields in the curves X, .
The physical, normalizable, wavefunctions in the real gauge can be obtained from

X;eal — eiQX}plol (58)
where
Q=3 [(lyf* = [21?) Qp + (=7 + y7) Qs + May (lyI* + |2I*) QF] - (5.9)
The constants A1 that appear in table 1 are defined as the lowest eigenvalue for the sectors
a;)t, bflt and cf and satisfy the following cubic equations [20]

(X0 = (m + (g)” + (a2)7) A+ mgp = 0 (5.10)

) (o 4 -

(9)* = (2m* + () + (69)?) ¢ + 2miqf = 0
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p qo Az Ay SU(5) rep.
ay —x At —Qs ,\ijp 5
a, T A qs/\f‘i;qp 5
by Y —QS,\;\%% Ay 10
b, -y Isx_—q, A 10
G | —(@w—y) | At | A4 s

Table 1. Wavefunction parameters.

where for simplicity we have assumed the D-term condition M,, = 0. To first order in the

fluxes the constants Ay are given by

1 1 1
i::FmQ—fqg—{—...; A ::Fm2+§qg—|—...; Ci::F\meQ—iq;—F.... (5.11)

2
In order to compute the physical soft masses we need to normalize these local wave func-
tions. It is useful to factorize the normalization of the vector in eq. (5.7) from the normal-

ization of the scalar function Xﬁ; so that

<\IIZ|\II%) = mz/ Tr (\I’;\If%) dvolg = 2mf||z7p]|2/ Xi) (X{))* dvolg = ;5 (5.12)
S S
where
g
m?2
v,= 2y (5.13)
1

p

and hence ||0,|[*> = 1+ 2% + =%
eq. (5.11), we get

(5.14)

-2 1 qci
Ut ~—|1F 5 + ... ].
H ¢ H 2 2\/§7n2

Having the normalized internal wavefunctions, we can compute the soft masses for these
fields by making use of the results of previous sections. For simplicity we only consider soft
scalar masses in the presence of an ISD (0,3)-form closed string background. We expand
the non-Abelian DBI+CS action of the 7-brane in powers of the transverse adjoint SO(12)
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scalar @ in the presence of a non-trivial G (g 3) flux, as we did in section 2, obtaining
= 1
Lgq = Tr (Da¢Daq> - ZFabF“b - %|G\21¢\2 +.. > . (5.15)

The local flux density induces a 8d mass term for the transverse scalar ®. Upon dimensional
reduction in the presence of non-trivial backgrounds (®) and (F5) this leads to 4d soft
masses for the fields localized at the matter curves. The scalar ® transforms in the adjoint
representation of SO(12) and can thus be decomposed as

Te(|9) = [t [* + 1@, 2 + @y * + |8y [ + [ [ + @ 2 + . .. (5.16)

where @, corresponds to the third component of eq. (5.7), namely the internal wavefunction
of the transverse scalar that solves the equation of motion in each sector. The induced 4d
soft masses for the matter fields living in the sector a™ therefore read

<m‘??)2 9 /dv015|c;y @, 2= gs/dv015|G]2Xi+ (! ) (5.17)
g 2Vol(S) 2Vol(9)||7a, |12 /5 af \“ag

Using the definition of A, and A, in table 1 we obtain

o\ 2 at . *
1] _ gs 2 o q J
(ma$> ~ 4Vol(S) / dvols | <1 2m2 )X ; (Xap> ' (5.18)

Note that in the presence of magnetic fluxes, scalar kinetic terms get also flux corrections.

However, those start at quadratic order in the magnetic flux, so that they only give rise to
subleading corrections to this expression for the soft masses. When the flux G is constant
over the 4-fold we recover the results of eq. (3.53), extended to the SU(5) GUT case here
considered. Analogously for the sector a= we get,

(maj_)Q 4V§1(S) / dvols |GI* (H _> Xor (Xff) ' (5-19)

Taking into account that the zero mode in the sector a;‘ (a, ) is normalizable only if qur >0

(q;‘)r < 0), we can rewrite these expressions as

.\ 2 Js / ) ’qg,p| ' s
1) _ i j

assuming that only one of the two modes is actually present in the massless spectrum. The

result for the sector bflt reads

(mg)z 4V§1(S)/d"01 IG!2< |2qp |>Xb (xj ) (5.21)

where we have used that the zero mode in the sector b; (bg ) is normalizable only if qff <0

(q;f > 0). Finally for the sector ¢ we obtain
i) 2 9s / dvolg |G12 (1 — lg57| io(d* 599
(mcr) 4V01(S) vO | ’ 2\/577’12 XCT (XCT) ‘ ( N )
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Sector | Chiral mult. | SU(3) x SU(2) | ¢y dp
af Dg 3(3,1) 1| M-1iNy
ag L 3(1,2) —11 M+ 1Ny
b} Ur 3(3,1) —2 | —M + 2Ny
by QL 3(3,2) L —M- 1INy
by Ep 3(1,1) 1 | =M — Ny
Sector | Chiral mult. | SU(3) x SU(2) | gy qs
cr Dy (3,1) 3 0
cy Hy (1,2) —1 2Ny

Table 2. SO(12) chiral spectrum.

Thus we observe that only fields with different absolute value of hypercharge have different
soft masses at the unification scale. In particular, both Higgs fields H,, and H,; have equal
soft masses as long as they feel the same amount of hypercharge flux.

Making use of the SO(12) chiral spectrum summarized in table 2, we can express the
above results in a more compact form

. . s 1 ~ = 7 ; *
(ng)2 _ 4\/‘31(5) /deols |G? (1 ~ 53 ’nM — quyD xe, (x2) (5.23)

where n = +1, —1, 0 respectively for matter fields in the 5, 10 and 5y multiplets, and gy is
the usual SM hypercharge (i.e. Y(EgR) = 1). Moreover, for the case of the Higgs doublets
the replacement Ny — 3\iﬁ]\fy should be also made in this expression.

If the fluxes are approximately constant over the 4-cycle S we can perform the integral
over the normalized wave functions, getting

2
i\2 _ M*=0;; B 1 ‘ - ~ ‘
(m™) 5\ 1= 55 1M — ay Ny (5.24)

where we have expressed G in terms of the gaugino mass M, see eq. (2.22).

The possible phenomenological relevance of the magnetic flux contributions depend
on the size of the fluxes. A naive estimate shows that these corrections are potentially
important. Indeed, flux quantization imply f22<F2) ~ 27, so that we expect M ~ Ny ~

Ny ~ (277)/\/01}9/2. On the other hand we know that ag ~ 1/ (M{Volg) ~ 1/24, so that
flux contributions are expected to be of order ~ 0.2 M2.

We can extract some additional information on the structure and size of the fluxes from
other phenomenological considerations. Indeed, magnetic fluxes have also been shown
to play an important role in the computation of Yukawa couplings in local F-theory
models. In [20] it was found an expression relating ratios of second and third generation
quark/lepton masses to local fluxes in an F-theory SO(12) setting,

mﬂ/mT _ (M+ %Ny) (M+NY> (5 25)
ms/mo\ (N - §Ny) (A1 + 18y ) '

1/2
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This expression is independent of the hierarchical (non-perturbative) origin of Yukawa cou-
plings and is based on the fact that holomorphic Yukawas must respect the SU(5) gauge
symmetry, even after flux-breaking to the SM gauge group. The difference in Yukawas of
charged leptons 7, u and b, s quarks originates exclusively from the different (hypercharge-
dependent) fluxes present at the matter curves, which appear through wavefunction nor-
malisation. Eq. (5.25) applies at the unification scale. Including the RG running and
uncertainties one finds agreement with low-energy data for % =3.3+1 at the GUT
scale, therefore implying Ny /M = 1.2 — 2.4 [20].

In order to see the implications of this relation on the structure of soft terms, let us
demand without loss of generality that the local zero modes arise from the sectors a™, b™
and c¢*. In terms of the local flux densities, that requires

— M — qYNy <0< M — qYNy and Ny >0 (5.26)

for every possible value of the hypercharge gy. Eq. (5.24) then implies a hierarchy of soft

scalar masses for each generation
m < mi < sz <mh <mi, (5.27)

at the unification scale. This non-degenerate structure is different from those induced
by the RG running or D-terms in the MSSM, and may have interesting phenomenological
consequences. Moreover, the average scalar squared mass for fields in the 5-plet and 10-plet
of each generation, mg, is independent of the hypercharge flux,

2 2

| =

1 M? M
m§ = = (3m} +2m}) = o (6mg) + 3mfr + my;) = —— (1 - ) (5.28)
where fluxes are written in units of m?. Thus, we can write soft masses for the 5-plet, the
10-plet and the Higgs H, respectively as
mE =m3 + %YNYM2 (5.29)
mie =ma — %]\73&\42

M2 (M 5
miy, =mg + - (2 - MQYNYO :

These equations neatly show the linear dependence of the soft masses on the hypercharge
fluxes.

In [20] it was also shown that certain choices of the magnetic fluxes lead to hy/h-
Yukawa ratios that are consistent with the experimentally observed values, for example,
M ~ 0.3, Ny ~ 0.4 and Ny ~ 0.6 in units of m?. With the above expressions, such values
lead to the following pattern of soft masses at the unification scale

M2
m*(Q,U. D, L, B, Hy) = =~ (0.82, 0.98, 0.92, 0.75, 0.65, 0.82).. (5.30)
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Thus, we observe that squark squared masses and slepton and Higgs squared masses be-
come respectively 10-20% and 25-35% smaller than the hypercharge-uncorrected value.
Note however that the precise results depend on the particular values for the fluxes, and
there are other flux choices also leading to Yukawa couplings consistent with experimental
constraints. It would we interesting to do a full scan over flux parameters giving consistent
Yukawa results to see their impact on the obtained soft masses.

It is interesting to note how in this scheme the fermion mass spectrum gives informa-
tion on the structure of sfermion masses, whereas in the standard context of supersym-
metric field theory these would be independent quantities. We have not studied in detail
the phenomenology of a MSSM model subject to a hierarchy of soft scalar masses of the
form (5.27), but we note that a particularly interesting feature is that in such a scheme
the stau has the smallest soft mass (after taking into account the running of the gauge and
Yukawa couplings) and may easily be the next-to-lightest SUSY particle (NLSP). This in
particular might be relevant for having the appropriate amount of neutralino dark matter
through stau-neutralino coannihilation. It would be interesting to perform a RGE anal-
ysis and study the generation of EW radiative symmetry breaking in a model with this
structure, including this new hypercharge degree of freedom. This would correspond to an
extension of the work in [41, 52, 53].

We now turn to describe the effect of magnetic fluxes on the trilinear couplings, in
the context of this local SO(12) F-theory setting. As we discussed in section 3.3, the
leading effect of the magnetization results from the modification of the ® — A mixing.
Since by supersymmetry this modification is the same for the scalar and auxiliary fields,
we can factorize the correction induced by the fluxes in the scalar potential (see eq. (3.51)).
Consequently, both scalar masses and trilinear couplings receive the same correction, that
we have already derived in egs. (5.20)—(5.22). After summing over the three matter curves
that are involved in the coupling, the soft trilinear coupling takes the form

M a7l el e
A=—"—|(3- — — 5 5.31
2 < 2m2  2m?  2/2m2 (5.31)

where the parameters ¢, and g, are given in table 2 for the relevant sectors of the theory
(see also table 2 in [20] for the complete spectrum, including the non-normalizable modes).
Requiring the flux densities to satisfy eq. (5.26) is equivalent to imposing qg+ > 0, qff <0
and q§+ > (0. Thus, making use of table 2 in eq. (5.31), we can recast the down- and
lepton-type trilinear couplings as

(5.32)

M - N 5N

12 122

M - N N
A= Mg g 3Ny SNy
2 4 12¢/2

where fluxes have been expressed in units of m?2.
A more complicate issue is that of the induced B-terms. Indeed, in these local F-theory
SO(12) and Eg settings the Higgs fields H,, and H, are chiral and live on different matter
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curves. A p-term would have to be generated by some e.g. non-perturbative effect. The
final physical p-term is related to the integral of the two wavefunctions and is only non-
vanishing if the H, and Hy matter curves overlap. It would be interesting to study a
local configuration in which, in addition, the two Higgs matter curves intersect at a point
with SU(7) enhancement, leading to an effective p-term from the coupling to a singlet, as
suggested e.g. in [7].

5.2 Soft terms at Fg enhancement points in F-theory SU(5) unification

In the above subsection we have considered F-theory SU(5) unification with an underlying
SO(12) gauge symmetry enhancement at the point where the internal wavefunctions
localize. Such configuration is incomplete in that up-type 10 x 10 x 55 Yukawa couplings
are not generated, as those require an Eg gauge symmetry enhancement [6]. In order to re-
produce the desired rank-one structure of Yukawas, one must take into account non-trivial
7-brane monodromies, which may be conveniently described in terms of T-brane configu-
rations [54]. From the point of view of the effective 8d theory, this amounts to considering
non-Abelian profiles for the transverse scalar [55]. This approach was in particular used
in [21] to perform the explicit computation of up-type Yukawa couplings in local F-theory
SU(5) GUTs.

In this subsection we address the computation of soft masses for fields localized at a
10 matter curve near a point of Fg gauge symmetry enhancement. The novel feature with
respect to the SO(12) case discussed above is that the profile of the transverse scalar ()
does not necessarily commute with other elements of the background and, in particular,
[(®), (®)] # 0. Thus, in order to satisfy the D-term condition,

1 _
WAF + 5 [®,®] =0 (5.33)

with w the Kéhler form, we must turn on a non-primitive background flux (Fyp). This

non-trivial background can be parametrized in terms of a real function f such that

[(®), (B)] = m?(e* —m2|z2e 2P, (Fxp) = —id0f P (5.34)

where P is some combination of the Cartan generators of Eg and x a local coordinate of
the 4-cycle S. At short distances the function f can be expanded as
ct 1
f(r) =loge+ m?|z|? + mt|z|* ( — ) +.... (5.35)
2 4c?
Hence, we can parametrize the solution in terms of a real dimensionless constant ¢ that
encodes the details of the global embedding of the 7-brane local model.

Near the Yukawa point we can approximate f(r) = logc + ¢?m?|x|?> 4 ... such that
the flux Fnp is constant and we can compute analytically the wavefunctions around that
point. The two 10 matter curves, although coming from the same smooth curve ¥1¢, seem
locally different. They have a different local zero mode associated to each curve, given by

1 o ("
i i1A10€10 6f/2 J J - —1/2,J
== - X10 > = Ole X 5.36
0 = gl | 0 Yo T g) (O] e 599
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where ||U10]| is the normalization factor of the wavefunction across the entire 19 matter
curve and Aqg is the negative root of the equation

m*(A1o — @p) + Aroc® (P?(gp — Ao) — Ao+ a5 +42) =0 (5.37)

and 10 = —¢s/(Mo — ¢p). The scalar wavefunction ino takes the same form than in the
SO(12) model above. Indeed the only difference with respect to the above local model
resides in the value of A\19 due to the presence of the parameter ¢ in eq. (5.37). Solving
that equation for small magnetic fluxes ¢,,¢s we find that to first order in the fluxes A1

is given by
10 1 2(¢) 5 9 5 i)
1 c3 q
~ 2 p
= — -+ =4+ )= [(1+=+... ) =4+... 5.38
m<c+2+ ) (+2+ >2+ (5.38)
where in the last line we have expanded for small ¢. Thus, to linear order A1g >~ —’%2 - %‘7
and the wavefunctions (5.36) are well approximated by
. gpC
1 -t (1' + 27{;2) 1 . . 1 0 1 )
J o~ 7925 — XJ0+ J o~ 0| —=xio- (5.39)
C M R IV 0- = il | | | Ve
To first order in the fluxes, the normalization factor reads
I H’Z:}(l— L) (5.40)
10 5 22 R I .

Soft masses for fields living in the 10 matter curve are (for constant fluxes) given by
miy = ‘M|2/ dvolg |®10|* = |My2/ dvolg (|@19+|* + |@10- %) (5.41)
S S

where M is the gaugino mass and ®;q+ is the lower entry of the vectors (5.39), including
the normalization factor. Therefore, we obtain the following result for the soft masses

1 029192 q |lu ’2 dpC
2 2 p p
mio ‘ | % < 1 02 % ~9 2 2 9 ( )

where we have kept only the leading contribution of the primitive fluxes and taken the
limit for small ¢ in the last step. Note that the magnetic flux correction depends now on
the parameter ¢, that parametrizes the non-primitive flux. Moreover, note that the limit
¢ — 0 does not correspond to the result that we obtained in the previous section for the
curve Y in the SO(12) case. This is in fact something expected. Indeed, looking at the
commutator in eq. (5.34)

(D), (B)] = 1m? <c2 - m2yx|262> T (5.43)
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we observe that there is not a continuous way to make [(®), (®)] — 0 by turning off ¢, as
it diverges for ¢ — 0. Hence, this T-brane configuration gives rise to a new qualitative
behaviour that is encoded in the non-trivial dependence of the soft masses on c¢. From a
phenomenological point of view though this parameter can be seen just as a redefinition
of the flux density that modifies the soft masses. In particular, the hierarchy between
the masses for the fields living in the 5 curve or the 10 curve depends on the value of c.
Interestingly, extending the solution for f(r) to all the real axis and requiring absence of
poles leads to ¢ ~ 0.73. If this is the case, there is only a small suppression on the flux
correction and the scalars living in the 10 matter curve are only slightly heavier than those
in the 5 curve.

Let us conclude with the soft mass corresponding to H,,. In this setup the Higgs sector
is chiral and both Higgses Hy and H,, live in different matter curves, 5 and 5 respectively.
In the previous section we studied the soft mass for H; near a point of SO(12) gauge
symmetry enhancement. However, in order to allow for an up-type Yukawa coupling we
have seen that we need to go to a point of Eg gauge symmetry enhancement. Fortunately,
unlike the 10 curve, the 5 curve does not feel the presence of the non-primitive flux (Fyp)
so the wavefunctions are the same than those obtained in the previous section for the 5
curve but with the opposite chirality. We can borrow then the result for the soft mass

9 IM!2< || ) |M|2< 5| Ny | )
m2, = 1— — e A 5.44
Hu 2 2V/2m?2 2 12v2m?2 (5:44)

We can see that the soft mass does not depend on the hypercharge sign, so in this setup

obtaining

the soft Higgs masses are universal whenever they feel the same amount of hypercharge
flux density Ny. This is a good approximation since both curves 5 and 5 can not be
very far away from each other in order to reproduce the known flavor structure and CKM
matrix of the SM. It would be interesting though to apply these results to a more realistic
F-theory compactification with Er or Eg enhancement in which we could consider both
Yukawa points and all the matter curves simultaneously.

5.3 Flavor non-universalities

The soft terms found in the context of type IIB/F-theory SU(5) GUTSs in the previous two
subsections are not universal. However, for constant 3-form flux G35 over the 4-cycle S,
they are flavor-independent. On the other hand, as remarked in [22], if G3 is not constant,
departures from generation independence may arise. Indeed, consider eq. (5.18) and let
us discuss the case of sfermion masses. To simplify the discussion we set g; = 0, since
this is only required to be non-vanishing for having doublet-triplet splitting of the Higgss
multiplet, but it plays no role in the sfermion sector. For the wavefunction of 5 matter

2

fields then we have Ay =0 and A\, = A} ~ —m* — %qg, and zero modes read

—wE\ it
e B B B Y (5.45)
1 1
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where i = 1,2, 3 labels the three SM generations and
Xreal — ,ya mi— iy37i 67m2|x\267q7p\y|2 ) (546)

The normalisation factors ’yfﬁ are given by

4

. 1 m 4 \*
12 d
. @ 5.47
H’Y,ﬁ-” 772(3—’L')!m4+>\3- <m2) ) ( )

where we have extended the domain of integration to C2. This is indeed a good approx-
imation in the limit on which the volume of the 4-cycle S is large. As we saw in the
previous subsection, scalar soft masses for this sector are given by eq. (5.20). Allowing for
a non-constant flux G 3) we can make a local expansion

IG? = |Gol> (1 + Gy +Gyy + Gyglyl> + ...) (5.48)

where Gy and G, are complex constants and Gy is real. We are only displaying terms
of the expansion that contribute to the flavor dependence of the two lightest families. In
particular, we omit the expansion in x since it has no consequences for the flavor dependence
of soft-masses in the a* sector. Extending the domain of integration of eq. (5.20) to C2,
we therefore get

9s7Vivj A * _
mgj = 841 J /((:2 d*x d%y [|G’0|2 (1 + Gy + Gy + Gyg|y|2 + )

y3—ig3—je—2m2\:v|2—|tIpHy\2 (5.49)
where we have defined
2 _ 2 dp
Gol? = 1Gol? (1 - | 525 ) (5.50)
Sizeable flavor non-diagonal transitions 559R or (5Z-LjL that do not mix the left and right
sectors generically arise from soft mass terms. In particular, the leading contributions to
FCNC transitions come from the off-diagonal mass terms. For AF = 1 soft masses we have

JsViVi o8} oo ~ . N 9202 2 9, a3 4
m == J/o 2mdx/o 2my dy |Gol* (Gyy + Gyy) e el a2 migd=s

:gsk|ég\2Gy where J = V2 for i=1,j=2
4 ] Sl 1 for i=25=3"

(5.51)

The off-diagonal AF = 2 mass term m%3 is proportional to higher derivatives of the 3-form
flux and is therefore subleading with respect to m3, and m3;. The relevant quantity in the
generation of FCNC effects in the Kaon system is

m?2 \fG V2G
ofy = 122 = y~ (5.52)
mg

whereas for the left-handed leptons we have

m2 \fG
oy = —2 = (5.53)

mi ] ,/|M+ 1NY

Hence, flavor violation induced by non-constant 3-form fluxes in this context is slightly

larger for sleptons than for squarks.

— 492 —



Making use of the standard type IIB formulae for the mass scales and the unified fine-
structure constant we can estimate the natural order of magnitude of these effects. In [22]
we showed that this type of corrections are strongly constrained from FCNC transitions
and CP violation, requiring squark and slepton masses in the multi-TeV range for natural
values of the background parameters. Indeed, from

1
2Vol(Bs) 2ac \ * 1 Vol(.5)
\/1 = — (\/i = _— = — 5.54

Pl 4m3gsal? G a’2g, ) e 8rig.a’? ( )

and noticing that G, and g, scale as

Cy.G n

G ~ e R ~N — 555
VY NoI(By)E T T T NG9 (5.55)

where ¢, ¢ and n are adimensional parameters of order O(1), we obtain

1/3
Cy.G Mg

Sy ~ —L ( > : 5.56
2T In] \ Mp1ac (5.56)

This is parametrically suppressed by the ratio between unification and Planck scales. How-
ever, with the standard unification scale Mg ~ 10'6 GeV the suppression is very mild. The
size of these flavor-violating terms also depends on the variation of the closed string fluxes
over S through ¢, ¢ and is inversely proportional to the square root of the open string
flux, which is what determines the width of the wavefunctions. As expected, the more
localised the wavefunction is, the smaller the amount of flavor violation. However, within
the current approximation it is not possible to suppress the size of flavor-violating effects
by making the open string flux ¢, large, since the perturbative flux expansion that we are
assuming in our computations would break down. Also in that limit the soft scalar masses
in eq. (5.20) may become tachyonic. On the other hand, these flavor-violating effects may
be suppressed if the closed string fluxes G vary slowly over S, namely if ¢, g is small.

Flavor non-diagonal transitions 5iLjR mixing left and right also generically appear from
soft trilinear scalar couplings with non-constant closed string fluxes. By reducing the
DBI4CS action in the presence of closed string fluxes and backgrounds for ® and Fh
we obtain

where fog, = —iTr([Ey, Egl, Ey). When Gis3 varies over the 4-cycle S, flavor-dependent
trilinear couplings appear. Once the Higgs boson takes a vev at the EW scale, these give
rise to flavor-violating soft masses of the form dm? p- Although they are suppressed by
the Higgs vev, they still might be relevant since the experimental constraints for (5m% R are
rather strong. Indeed, the relevant terms in the local expansion of the G 3) flux around
the triple intersection point are in this case

G* =Gy GumZ"g" + ... . (5.58)

n,m
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When performing the integral (5.57) the rest of the terms in the expansion vanish. To
leading order in the magnetic fluxes, the above expression becomes

A;j ~ const. G Z Grnm / " XZ+X£+XC+ dvolg (5.59)
P q T

nm
where all the flavor independent factors have been absorbed in the constant in front of this
expression. Note that we have set k = 1 since the matter curve Y. only has one single gen-
eration corresponding to the Higgs, while the matter curves ¥, ;, must accommodate three
generations corresponding to the three chiral families of the SM (7,5 = 1,2,3). The com-
putation of this integral is cumbersome but we can easily estimate the order of magnitude
of the flavor non-universalities that appear. Since G, scales as

c
Grm ~ —— (5.60)
" Vol(Bs)
with ¢, an adimensional parameter, making use of egs. (5.54) and (5.55) we find for
Cnm = 1,
Mg N\
A ~Gy | —————— . 5.61
Y 0 (04(; Mp, n3/2> (5.61)
The induced flavor-violating soft masses are given by
Aii (v)
(6mig),. ~ — (5.62)
K mzoft

where (v) is the EW vacuum expectation value of the Higgs and m2, ~ |Go|>. Thus,

from the above expressions we obtain that flavor-violating soft masses mixing the first two
generations scale as

<U> C12 MG 6
(6mir) 127 32 \ aa Mol ) (5.63)
mgoft " Gl mgoft(GeV)

where in the last equation we have used Mg ~ 10'° GeV, ag = 1/24, Mp; ~ 10" GeV,
(v) = 246 GeV and n,c ~ O(1). If the SUSY breaking scale is of order |/m?2; ~ 1TeV,

then these flavor non-universalities are of order 1072 — 103, whereas experimental bounds
from p — ey require (0m3 ey < 107> — 1079 for slepton masses of order 1TeV, see [56-
61]. This suggests again sefermion masses should be in the multi-TeV range. It would be
interesting to perform a more detailed phenomenological analysis along the lines of [56—61]
of flavor violation induced also by trilinear couplings, both for squarks and sleptons.

5.4 D3-branes at singularities and flavor non-universalities

There are essentially two options for embedding the SM in IIB/F-theory compactifications.
We have described one in the previous sections, with the SM gauge group living in the
worldvolume of magnetized intersecting 7-branes and matter fields localized at 7-brane
intersections. The other possibility is to have the SM fields living in the worldvolume of
D3-branes that are on top of singularities of the compact manifold. The localization on the
singularity leads to chiral fermions. In view of the danger of flavor violation induced by
varying fluxes in the case of magnetized 7-branes, it is worth exploring whether D3-branes
at singularities are safer in what concerns flavor violation.
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The construction of MSSM-like models from D3-branes at singularities has been abun-
dantly pursued in the literature, see e.g. [3] for an introduction and references. SUSY-
breaking soft terms induced by closed string 3-form fluxes have also been worked out [28,
62-64]. As occurs with D7-branes, soft terms for D3-brane fields only depend on the closed
string background in a local transverse patch around the D3-branes. However, contrary
to what happens with D7-branes, D3-branes do not span any direction in the compact
manifold and non-constant 3-form fluxes in principle do not induce any flavor violation on
the D3-brane scalars. Here, however we argue that the backreaction of the fluxes on the
metric and the 5-form flux does give rise in general to non-universalities also in the case of
D3-brane fields.

The spectrum of matter fields in phenomenological models with D-branes at singular-
ities is composed of bi-fundamentals with respect to the gauge group U(3) x U(2) x U(1)"
or some extension of it. It may be represented by a quiver diagram in which simple groups
are represented by nodes and bifundamental fields by links. The simplest class of such
models are those obtained from local Zy orbifold singularities, with Zs the simplest ex-
ample. In fact Zs singularities are the unique type of Zy singularities that lead to 3
generations of quarks and leptons in a supersymmetric context. We consider this case as a
prototype example.

It is possible to construct local models with 3 generations and gauge group U(3) x
U(2) x U(1) based on a stack of 6 D3-branes on a Z3 singularity. Out of the 3 U(1)’s, only
hypercharge remains massless after the Green-Schwarz mechanism gives mass to the two
orthogonal (anomalous) U(1)’s. The model has three generations because there are three
local complex coordinates transverse to the D3-branes.

In ref. [18] it was found that 3-form fluxes do not directly lead to soft masses for
D3-brane scalars, but only through the backreaction of the fluxes on the local metric and
5-form field, as we have reviewed in section 4.1. The soft masses that are induced in
the presence of backgrounds have the form eq. (4.5), where subindices i, j label the local
complex coordinates but, within the current context, also label the three SM generations.
Type IIB supergravity equations of motion lead to a constraint on the trace of mfj [28]. In
particular, if only ISD 3-form fluxes are present, the trace of the scalar mass matrix must
vanish

mi+m3+m3=0. (5.64)

This equation implies that there is at least one tachyonic sfermion; or alternatively all
masses vanish, as it would occur for instance if there is some local permutation symmetry
among the three coordinates. This is the tacit assumption that it is made when stating
that D3-branes get no masses in the presence of only ISD fluxes. From the point of view of
effective supergravity, eq. (5.64) is a consequence of Kéhler modulus domination and the
no-scale structure of the Kéhler potential. Soft terms are then generated by subleading
corrections to the no-scale structure. In particular, the r.h.s. of eq. (5.64) no longer vanishes
in the presence of IASD fluxes [28]. However, we see from eqgs. (4.5) that from a microscopic
point of view there is no reason for those corrections to be flavor universal. Even if a
particularly symmetric local configuration guaranteeing that m? = 0 to leading order is
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assumed, we also expect additional sources of non-universalities coming from e.g. distant
localized sources. Those may be anti-D3-branes (and/or magnetized D7-branes with a
non-trivial D-term) required for uplifting the vacuum from AdS to a (slight) dS vacuum,
as in the KKLT approach or generalisations of it. The presence of these extra sources affect
through backreaction the masses of the SM fields at the singularity, as we already saw in
section 4. For instance, the soft scalar masses for D3-brane fields in the presence of distant
anti-D3-branes, computed in that section, are not necessarily flavor-diagonal,
2 6 i 5 i

m;; = const. <TgZOZO -9 > . (5.65)
Thus, the flavor structure depends on the particular geometric distribution of the distant
sources. Even in the isotropic case, there may be off-diagonal mass terms, see eq. (4.8),
that are left invariant by the Zs symmetry and that lead to flavor violation.

In summary, although D3-branes at singularities are not directly sensitive to variations
of the closed string 3-form fluxes, the fact that family replication in that context is related
to the existence of three local transverse complex dimensions easily leads to non-universal
soft masses for the D3-brane scalars. These non-universal effects can come from the local
backreaction of the 3-form fluxes but also from the generic presence of other SUSY-breaking
localized sources in specific compactifications. Analogous effects are expected for models
of D3-branes at del Pezzo singularities as explored e.g. in [65-67] and references therein.

5.5 Fine-tuning the Higgs mass

Low energy SUSY is still the most prominent candidate to explain the stability of the
Higgs mass against quantum corrections. Nevertheless, since no trace of SUSY particles
has been observed at LHC(8 TeV) so far, it is becoming more and more plausible that
some fine-tuning, of yet unknown origin, is at the root of the hierarchy of fundamental
scales. A different type of fine-tuning, based on anthropic arguments, was previously
put forward by Weinberg as a potential explanation of the smallness of the cosmological
constant (c.c.). In that case the existence of a huge landscape of string theory vacua,
parametrized by a large number of discrete choices for fluxes in type IIB string theory,
makes plausible the existence of vacua with small (and slightly positive) c.c. [68]. In the
simple KKLT setting [14] such fine-tuning is possible because of two ingredients: i) there is a
large number of 3-form flux choices, making possible to fine-tune a constant superpotential
in the effective action and ii) there is an uplift mechanism provided by anti-D3 branes
trapped on flux throats with tunable wrapping factor. The latter might be replaced by
D7-branes with self-dual magnetic fluxes, such that they carry an effective anti-D3-brane
charge. This scheme has been generalised in different directions, as in the LARGE volume
scenario [43-46]. Although at the moment there is not a complete example fulfilling all the
phenomenological requirements, it is reasonable to think that type IIB string theory vacua
with fluxes and D-brane sources is sufficiently rich to allow for a landscape solution to the
c.c. problem.

It is then natural to ask whether type IIB string theory also allows for a simultaneous
fine-tuning of the Higgs mass. If so, has anything to do with the c.c. fine-tuning in e.g. the
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KKLT scheme? What would be in this case the microscopic description of the tuning?
There is of course an obvious difference with the fine-tuning of the c.c., namely the smaller
amount of tuning that is required. Indeed, the fine-tuning of the electroweak scale is much
less severe, with (Mgyw/Mx)? of order (10*2)2 - (10*14)2, where My is either the string
scale My or the SUSY-breaking scale Mgs. This is to be compared to the (10*30)4 tuning
required for the (almost) cancellation of the c.c..

It is very difficult at present to give a complete answer to the above questions. More
modestly, in this subsection we would like to display the different leading microscopic
contributions to the Higgs mass matrix that we can envisage in the bottom-up context of
the present paper. For definiteness we assume that a MSSM-like structure exists at some
high scale, anywhere below the string scale [30, 31, 69-72]. Having SUSY at such high
scales does not help with the hierarchy problem but facilitates the stability of the scalar
potential through the absence of potential tachyons. Assuming such a structure, the Higgs
mass matrix at the unification/string scale M; is

m2 m2
m%ﬁggs:( M 730 (5.66)

m3 My,

In order to have a light Higgs scalar hgy at scales Mpw < Mg we need to fine-tune
m% = m%,um%{d at the scale My, at which SUSY is broken, with soft terms of order M.
The idea is that at the string scale m%,um%{d > mé, and MSSM loop corrections lead
eventally to m§ = m%lum%,d at the SUSY-breaking scale Mg, so that a massless Higgs
doublet survives [30, 31, 70, 71]. The question that we would like to address is whether
flux-induced soft masses allow for this structure.

We consider the case in which the SM fermions and scalars are localised on matter
curves (or intersecting 7-branes) on a 4-fold S wrapped by a stack of 7-branes, as in local
SU(5) F-theory models. For simplicity we take the case of a non-chiral Higgs matter curve
in which a p-term is generated by an ISD 3-form flux S(g2) and the dominant source of
SUSY-breaking also comes from ISD fluxes. According to our results in previous sections,

at the string scale the Higgss mass matrix has a qualitative structure of the form

2 gs  21Go3)* + 1lS0.2)? =G (0,3)500,2) 9
mig; = — ’ % % ’ ’ ’ + O ((F:
Higgs 8 ( _G(0,3) 5(072) Q‘G(O,B) ‘2 + %’5(072) ’2 (< 2> )
+0 (5(2,0), G(370)) +.... (5.67)

The first term shows the structure of soft terms that we found in section 3.2 for the Higgs
field on a matter curve with ISD fluxes. The reader can check that this matrix is positive
definite and hence has only positive eigenvalues. Thus, at the unification scale there is no
zero eigenvalue, and thus no light Higgs, for arbitrarily large 3-form fluxes. On the other
hand, as we have already argued, the RG running from Mg down to the SUSY-breaking
scale Mg should lead to det(]MHiggs)2 = 0 so that a light Higgs scalar becomes possible.®

®In fact in [31] it was shown that this choice of soft terms when applied to the MSSM leads to a massless
Higgs upon running down to an intermediate SUSY breaking scale M., ~ 10'° GeV, for certain ranges of
the p-parameter. In [72] it was also noted that such intermediate scale could be consistent with the large
cosmological tensor fluctuations found at BICEP2 [73].
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There are various types of corrections in eq. (5.67). The factor O ((F2)?) denotes cor-
rections quadratic in the magnetic fluxes that appear in non-chiral Higgs matter curves,
such as those computed in section 2.2. Those corrections may have different origins, as we
have already discussed. For instance, they may encode contributions induced by distant
anti-branes, computed in section 4. We can illustrate those by summing over the con-
tributions of n distant stacks of NV; anti-D3-branes located at distances rgy; from the SM

7-branes,
n

200 O~ N; F2 (43
Omiiiggs =~ Z Z@ <3 4) (5.68)
with Zy; = 1 — gsN 0277_17"&4. These corrections are higher order in the magnetic flux
since, as we have already mentioned, only in the presence of magnetic flux F_ in the world-
volume of the 7-branes the backreaction of anti-D3-branes is felt by 7-branes. Analogous
contributions could be induced by distant 7-branes with self-dual magnetic fluxes F in
their worldvolume.

There may be also contributions from IASD closed string 3-form fluxes, denoted by
O(S5(2,0), G(3,0)) in eq. (5.67). In fact, specific scenarios of moduli fixing include additional
7-branes with gaugino condensation or instanton effects that generate superpotentials which
are crucial in fixing the K&hler moduli of the compactification. It was shown in [50] that
such non-perturbative effects generate both ISD and TASD 3-form fluxes as part of their
backreaction.

The size of the various contributions to eq. (5.67) is very model-dependent. For in-
stance, in certain class of LARGE volume compactifications the main source of SUSY-
breaking is modulus domination [43-46], being locally given by the contribution of ISD
3-form fluxes above. In others, including the original KKLT scenario, the contribution of
distant anti-D3-branes and TASD fluxes turns out to be non-negligible. We can make a
naive estimate of the relative size of ISD 3-form flux contribution with respect to that of
distant anti-D3-branes. Considering uniform fluxes G/g 3) =~ o' /R3, we expect flux-induced
soft terms of order

s (5.69)

M3, = BVol(Bs) (5.70)

with Vol(Bs) ~ (27 R)% the volume of the compact space. On the other hand, assuming
that the distance between the branes r; is of the order of the size of the CY, we can replace
roi ~ R and from eq. (5.68) we obtain that the contribution of anti-D3-branes to the Higgs

mass matrix scales as 4

SMiriggs ~ gsﬁ x (nNo?F?). (5.71)
p

The contribution of distant anti-D3-branes to soft masses is thus comparable to that of
3-form fluxes, except for the fact that the first are suppressed by the magnetic flux factor
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0%2F2. The latter is assumed to be small if the open string fluxes are diluted, so that
the 3-form flux contribution is expected to dominate in many situations. These scalings
also show that a string scale My ~ 10'° GeV naturally leads to a SUSY-breaking scale
of the order My, ~ 10'! GeV, assuming that fluxes are uniform and that adimensional
parameters are set to one. Nevertheless 3-form fluxes might be diluted at the position of
the SM 7-branes or alternatively the local 3-form flux could be fine-tuned, and therefore
low-energy SUSY with Mg ~ 1TeV can be achievable even with a large string scale.

The above discussion shows the abundance of possible contributions to the fine-tuning
of the Higgs mass. Even in cases where ISD 3-form fluxes dominate SUSY-breaking, the
contributions from open string magnetic fluxes, distant anti-branes or IASD fluxes can
probably not be neglected in what concerns the Higgss fine-tuning. All of them are im-
portant, along with loop corrections, as long as the SUSY breaking scale is much above
1 — 10TeV. For instance, if M, ~ 10'! GeV, a fine-tuning of 16 orders of magnitude is
required in which all these effects can potentially become important. In particular, the
same anti-D3-branes which play a role in (almost) cancelling the c.c. in KKLT and re-
lated scenarios, generically influence the fine-tuning of the Higgss mass. In this regard, one
important point to remark is that the Higgss mass is really directly sensitive to the local
values of closed and open string flux densities, rather than to the integrated fluxes. Of
course, in a putative compactification with all moduli fixed, the full geometry (including
also the local values of fluxes near the SM branes) depend on the global features of the
compactification such as the integer flux quanta, and therefore the Higgs mass, like the
c.c., will eventually depend on the flux integers.

6 Discussion

Type IIB orientifolds with intersecting D7-branes and their F-theory extensions constitute
a most promising avenue for the embedding of the observed SM physics within string
theory. In particular, local F-theory SU(5) GUTs allow for an embeding of gauge coupling
unification within string theory consistent with the required structure of Yukawa couplings.
In addition closed string fluxes, combined with non-perturbative effects, can potentially fix
all the moduli of the theory while also breaking supersymmetry.

An important phenomenological question is what are the SUSY-breaking soft terms
in such class of string compactifications. Trying to answer this question we follow in the
present paper a bottom-up approach and concentrate only on the SUSY-breaking effects
which are relevant for the set of intersecting 7-branes and matter curves in which the SM
fields are localised. These SUSY-breaking effects appear through closed string fluxes, which
may be topological or induced by other distant localized sources in the compactification.
The backreaction of these distant sources also affect the closed string backgrounds felt by
the SM sector. No matter how complicated the structure of the compactification is, the
idea is that we can parametrize our ignorance in terms of general local values for the ISD
and TASD Gj3 fluxes as well as F5, dilaton and metric backgrounds.

This kind of computations for the case of bulk (adjoint) matter fields, with no magnetic
fluxes, were performed in ref. [18]. In the present paper we generalize these computations
to the case of chiral matter fields, which are of more direct phenomenological interest. To
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compute the effect of all these backgrounds on the soft terms of chiral matter fields we
use a mixed approach, making use of information from the DBI4CS action combined with
that obtained from the local equations of motion which describe the wave functions of zero
modes on the intersecting matter curves. We also study the effect of open string magnetic
fluxes on the obtained soft terms.

We present some applications of these results. We consider first the local setting of
F-theory SU(5) matter curves studied in ref. [20]. This includes a choice of local magnetic
fluxes consistent with SU(5) chirality and hypercharge fluxes breaking the symmetry SU(5)
down to the SM gauge group, while allowing for doublet-triplet splitting. We compute the
SUSY-breaking soft terms induced by ISD G3 fluxes, including also the contribution from
magnetic fluxes. We find that magnetic fluxes may give rise to substantial non-universal
corrections which are hypercharge dependent. This we also this computation for the case
of the Eg local configuration of [21]. This hypercharge dependence of the soft terms is
the soft SUSY-breaking analogue of the hypercharge flux corrections found for the gauge
kinetic functions in ref. [29].

Another interesting application is the computation of flavor non-universalities. Indeed,
for non-uniform closed string backgrounds the obtained soft terms are flavor non-universal.
We estimate these flavor corrections which appear not only on the scalar masses but also for
the trilinear scalar couplings. They are generically large, suggesting that sfermions should
have masses at least in the multi-TeV range to avoid experimental FCNC constraints. We
also argue that the presence of these non-universalities do not only appear in the context
of intersecting 7-brane models, but also in the alternative models in which SM fields live
on D3-branes located at singularities. In the latter case it is not the non-uniformity of
fluxes but the generic non-isotropy of the compactifications which are the cause of non-
universalities.

We finally briefly discuss the different contributions to the mass matrix of a SUSY
Higgs pair of scalars. This we do it for the purpose of giving a geometrical microscopic
description of the fine-tuning required to get a light Higgs in the context of high scale
SUSY-breaking. One finds that the tuning depends on a delicate interplay between the
closed string flux densities and the presence and location of additional brane sources in the
compactification.

It would be interesting to apply in other contexts the soft terms for chiral matter fields
that we have obtained. In particular, the fact that the soft terms explicitly depend on
the hyperharge of each sfermion could leave an imprint on the low-energy spectrum of the
MSSM. It would be interesting to perform a detailed study of the spectra, radiative EW
symmetry breaking and LHC constraints for a MSSM model with hypercharge dependent
non-universalities as described in the present paper. As we said, one stau-lepton would
be typically the NLSP and could play an important role in getting viable neutralino dark
matter from satu coannihilations. It would also be interesting to extend the analysis of [22],
on FCNC limits from non-universal scalar masses, to the case here considered with explicit
hypercharge-dependent masses as well as trilinear scalar masses contributing to dmpg.
Finally, it would be important to apply the results in this paper to a fully semirealistic
F-theory compactification in which the full structure of intersecting matter curves and
magnetic fluxes would be available.
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