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Split supersymmetry radiates flavor
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Radiative flavor models where the hierarchies of Standard Model (SM) fermion masses and mixings are
explained via loop corrections are elegant ways to solve the SM flavor puzzle. Here we build such a model
in the context of mini-split supersymmetry (SUSY) where both flavor and SUSY breaking occur at a scale
of 1000 TeV. This model is consistent with the observed Higgs mass, unification, and dark matter as a
weakly interacting massive particle. The high scale allows large flavor mixing among the sfermions, which
provides part of the mechanism for radiative flavor generation. In the deep UV, all flavors are treated
democratically, but at the SUSY-breaking scale, the third, second, and first generation Yukawa couplings
are generated at tree level, one loop, and two loops, respectively. Save for one, all the dimensionless
parameters in the theory are O(1), with the exception being a modest and technically natural tuning that
explains both the smallness of the bottom Yukawa coupling and the largeness of the Cabibbo angle.
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I. INTRODUCTION

Unlike the gauge sector, the Standard Model (SM) flavor
sector has a complicated menagerie of dimensionless
parameters whose values differ by orders of magnitude.
Furthermore, the patterns of masses and mixings of the
SM fermions do not appear random, even on a logarithmic
scale; there is a hint of structure that emerges upon close
inspection (cf. Fig. 1). For example, the masses of the third
generation fermions are all much larger than the masses
of the second generation fields with the same quantum
numbers, which in turn are all much heavier than the
corresponding first generation fermions. The Standard
Model offers no explanation for any of this structure, with
the Yukawa couplings simply given as dimensionless
inputs.

One possible explanation for the flavor structure stems
from the following observation about, for example, the up,
charm, and top quarks:
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This leads to the idea of radiative flavor breaking [3—17],
where only the third generation Yukawa couplings are
generated at tree level, while the second generation
Yukawas are generated as one-loop effects, and the first
generation is a two-loop effect. This is an old idea that has
its origins in trying to explain the electron mass as a loop
effect of the muon mass [18-21]. This framework not only
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explains the cascading down of the masses in different
generations, but it can also easily be embedded into a UV
theory where all SM fields are treated democratically so
that different symmetry charges need not be given to the
different fields.

Supersymmetric theories of radiative flavor generation
[22-33] can incorporate many of the usual advantages to
supersymmetry (SUSY), including a natural dark matter
candidate and improved gauge coupling unification. In the
context of radiative flavor generation, SUSY has additional
advantages. The nonrenormalization theorems for the
superpotential [34,35] mean that radiative corrections
cannot generate new operators such as first and second
generation Yukawa couplings. This forces flavor and SUSY
breaking to be tied together, likely giving a common scale
to both phenomena. In addition, SUSY requires the theory
to include an additional set of particles which transform
under flavor, the sfermions. While nonsupersymmetric
theories of radiative flavor generation require introducing
a host of new fields, SUSY models are potentially more
economical because the sfermions can contribute to gen-
erating the flavor hierarchy.

In order to use the sfermions to generate flavor, there
must be large flavor breaking in the sfermion sector.
Unfortunately, if sfermions are at the weak scale, low
energy flavor tests require them to be nearly flavor diagonal
[36], a difficulty encountered by many of the early attempts
to build such a model [22,23,29]. Because the Yukawa
couplings are dimensionless parameters, they are quite
insensitive to the scale at which they are generated. On the
other hand, the flavor observables that constrain the flavor
breaking in the sfermion sector correspond to higher
dimension operators, so they decouple quickly with heavier
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FIG. 1 (color online). We take the running-mass values at the
top pole mass reported in [1] and divide by v = 174.1 GeV, as
used in [2].

sfermion masses. Therefore, spectra where the sfermions
are much above the weak scale such as split [37-39] and
supersplit [2,40,41] supersymmetry can be used for radi-
ative flavor generation with sfermions potentially as heavy
as the GUT or Planck scale [31].

Motivated by the lack of evidence for SUSY at the LHC
and the discovery of a Higgs with mass near 125 GeV
[42,43], theories with sfermions much above the weak scale
have received renewed interest [44-51]. For reasons that
will be reviewed in Sec. II, the data points to a sfermion
mass scale of mg ~ 1000 TeV, and we refer to this
framework as mini-split SUSY [49]. In this work, we build
a model where the SM fermion masses are generated
radiatively in a mini-split setup. The spectrum is outlined
in Fig. 2: the scalars of the minimal supersymmetric
standard model (MSSM) as well as all the additional
ingredients needed for the model are at the scale m,
while gauginos are significantly lighter, around 10 TeV.

The flavor model has a U(1), symmetry in the UV
which forbids the Yukawa couplings. However, unlike
previous models, all of the SM matter multiplets are neutral
under this symmetry, with only the Higgs fields being
charged. Therefore, the UV theory treats all the SM fields
democratically, and no special charges are needed for the
different generations. SUSY breaking occurs at the scale
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FIG. 2 (color online). The spectrum of the model presented on a
log scale. The heaviest known SM particles are at the bottom
around 100 GeV. The gauginos are at the 10 TeV scale with the
gluino typically heaviest and the wino typically lightest and
closer to 3 TeV. The rest of the spectrum is roughly at the PeV
(= 1000 TeV) scale, but they are typically spread out over a
couple of decades in mass. As discussed in Sec. IV, the
messengers mix with the squarks and sleptons.

mg. and seeds spontaneous U(1), breaking. This allows
tree-level Yukawa couplings to be generated for the third
generation fermions. The relative smallness of the bottom
and tau Yukawa couplings to the top Yukawa comes from
a modest and technically natural tuning, but this is the only
hierarchy not automatically explained by this model.
Radiative corrections from the U(1),-breaking sector
generate one-loop Yukawa couplings for the second gen-
eration. Finally, the first generation Yukawas are generated
by two-loop diagrams of sfermions which have large flavor
breaking in their SUSY-breaking masses. A schematic
representation of the fermion mass hierarchies is given
in Fig. 3. The Cabibbo-Kobayahsi-Maskawa (CKM) matrix
also has the right structure, with the small parameter
required for a small bottom Yukawa being the reason that
the Cabibbo angle is larger than a loop factor. Finally, this
model preserves the predictions of gauge coupling uni-
fication and dark matter of mini-split SUSY.

The organization of this paper is as follows. In Sec. II, we
review the motivation and spectrum of the mini-split SUSY
framework. In Sec. III we describe our model and give the
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FIG. 3. A schematic representation of the model given in this
work. The top and d, fields have O(1) couplings to the Higgs,
while the coupling of the b is somewhat smaller. The second
generation gets one-loop couplings from the third generation with
& being a loop factor. The top and d, seed Yukawa couplings for
the up and down which are parametrically two-loop size.

parametric sizes of elements of the Yukawa matrices and
translate those into the SM fermion masses and mixing
angles. In Sec. IV, we calculate the predictions of the model
in detail including the spectrum of fields at m. as well as
the SM fermion masses and mixings. We also present a
benchmark point in parameter space which faithfully
reproduces SM flavor observables (cf. Figs. 12 and 13).
In Sec. V we describe the constraints on the model and
potential future phenomenology, and we conclude in
Sec. VL.

II. REVIEW OF MINI-SPLIT SUSY

The discovery of a Higgs-like state with a mass near
125 GeV [42,43] and the absence of any direct evidence for
superpartners at the LHC has led to a reconsideration of the
paradigm of weak-scale supersymmetry [44-51]. Raising
the scalar masses far above the weak scale introduces
significant tuning in the Higgs mass relative to weak-scale
SUSY. In exchange for the loss of naturalness, we get a
much simpler explanation of various phenomena, including
SUSY breaking and its communication to the MSSM
fields. In this section we will briefly review the basic setup
envisioned in, e.g., [51], and describe why this leads to
more straightforward models.

We consider a SUSY-breaking scale parametrized by a
gravitino mass ms3,. If the field that breaks SUSY is
denoted as X, then the Kihler potential contains Planck-
suppressed higher dimensional operators of the form

|-
/d“e—zX'X(I)T(I), (2)
MPI
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where ® is a MSSM matter superfield. These yield scalar
masses which are parametrically

Mge ~ M3)3. (3)

In generic models of SUSY breaking, X is not a total singlet
and carries either gauge or global charge. Therefore, the
gaugino mass operator XW,W%/M is forbidden and the
leading contribution to gaugino masses comes from
anomaly mediation [52,53]. This gives gaugino masses
that are parametrically

2
my, ~ 1622 ms/s, (4)

where g is the relevant gauge coupling. Similar arguments
show that the SUSY-breaking scalar trilinear operators
(a terms) are only generated at loop level and are thus
insignificant for computation of the spectrum.

For the Higgs sector, we can write down operators of the
form

/ d49<1 +§4—g> (H,H, +H.c.). (5)

This generates not only the SUSY-breaking B, term but
also the supersymmetric yx term through the Giudice-
Masiero mechanism [54]. They are of order

W~ By~ m3 . (6)

This differs from the original split SUSY construction
[37-39] where the u term and thus the Higgsinos had mass
of order the gaugino masses. In this model, all the
parameters in the Higgs potential are O(ms,), and among
them one tuning is required to get the Higgs vacuum
expectation value (VEV) and the mass of the lightest
physical scalar to be of order the weak scale. The remainder
of the Higgs states and the Higgsinos all have mass
O(ms)).

The spectrum described above is shown in Fig. 2, but
we have chosen the scale mj3,, ~ 1000 TeV. Having scalars
at this scale gives a number of interesting results. First,
radiative corrections from the heavy top squarks raise the
Higgs mass above the tree level bound of m,. The Higgs
mass is logarithmically sensitive to the scalar masses, so
there is a wide range of top squark masses which can give
the observed Higgs mass, but for tan  being O(afew), the
top squark loop can raise the Higgs mass to its exper-
imentally measured value, and a detailed computation is
shown in Fig. 3 of [51]. This size for tan 8 follows naturally
from having all soft scalar masses come from the same
source, as in Eq. (2). We thus expect mH ~m? #,» Which
predicts the moderate tan  needed for the measured Higgs
mass to be consistent with our chosen mass scale for the
top squarks.
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A second feature of scalars around 1000 TeV is that
gaugino masses are of order 10 TeV, with their spectrum
well predicted by anomaly mediation plus the threshold
corrections that arise from the messenger and Higgsino
sectors. This scale is mostly unexplored by current collider
searches, but is within reach of the next generation of
energy frontier experiments. The lightest supersymmetric
particle (LSP) in this framework is the lightest gaugino,
and, because R parity is conserved, it is stable. Pure
anomaly mediation predicts a wino LSP, which is a weakly
interacting massive particle (WIMP) and a viable dark
matter candidate with its relic abundance matching the
observed value if its mass is around 3 TeV [55]. This dark
matter candidate is becoming constrained by indirect
detection experiments [56-58], but it is still a possibility.
In Sec. IV A, we will discuss the full gaugino mass spectrum
in the presence of threshold corrections, and we will explore
the possibilities for dark matter in more detail.

A third advantage of this scale is that gauge coupling
unification works as well as in the MSSM. As the scalars
come in complete SU(S) multiplets, m. has little effect on
unification. On the other hand, the gauginos and Higgsinos
are not in complete SU(S) representations, so their masses
can have a strong effect. Split SUSY with a light u
was previously shown to unify well [38], and raising u in
accordance with Eq. (6) is still consistent with unification [51].

The fourth feature of scalars at the PeV scale
(PeV = 10" eV) is that the SUSY flavor problem is nearly
nonexistent. The soft masses for Q, U, D, L, E in the
MSSM are 3 x 3 matrices in flavor space, but if those
matrices have generic weak-scale entries then the model
will be badly ruled out by low energy flavor constraints. A
similar statement can be made for a terms. In order for
weak-scale SUSY to be viable, the soft mass matrices must
either be nearly proportional to the unit matrix [36], or
approximately aligned with the SM Yukawa matrices [59].
Models such as gauge mediation [60—64] solve this SUSY
flavor problem for weak-scale sfermions, but when the
mass of the scalars is raised, it is ameliorated as well. This
is because the effects of squarks and sleptons decouple
from low energy flavor experiments like 1/m?,, where n is
a positive integer that depends on the process. Detailed
studies [65-68] have recently confirmed that PeV-scale
SUSY is safe from nearly all low energy processes, with
kaon mixing and proton decay being notable exceptions
whose treatment requires more attention. We will discuss
the bounds in detail in Sec. V, but we will take that the soft
masses for the matter partners as anarchic in flavor space.

Because of these advantages, we find that mini-split
SUSY is an interesting laboratory. In particular, the allowed
large flavor mixing in the scalar sector provides a mechanism
to build a model which explains the SM flavor structure
through radiative corrections. While the anarchic flavor
structure of the scalars can generate the first generation
masses at loop level from those of the third generation [51],
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more structure is necessary to generate the full SM spectrum.
In the following sections, we will present such a model.

III. A MODEL OF FLAVOR

In this section we give a schematic description of the
model and describe the parametric sizes of the SM flavor
parameters. We show the full spectrum in Fig. 2, present a
benchmark in Sec. IV, and the details of the calculations in
the appendixes. We begin by describing the dynamics
needed for the up sector, and we will cover the rest of the
SM fermions in subsequent sections.

A. Up sector

Our model is an extension of the MSSM with the
spectrum broadly described in Sec. II. The basic premise
is that the hierarchy of masses between generations is a
hierarchy in the number of loops. Crucial to the setup is a
means to forbid tree-level Higgs Yukawas to all but the
third generation. Satisfying this criteria, we must then
ensure the remaining chiral symmetries are broken in stages
to parametrically separate the first two generations.
Furthermore, the different couplings of the generations
occur solely as a consequence of linear algebra. We make
no ad hoc or symmetry-based distinctions between them.
To prevent Yukawa couplings at tree level, we add a new
U(1), gauge group under which the Higgs superfields are
charged, but all other MSSM fields are neutral. We discuss
complications associated with a new gauge group such
as anomalies in Appendix A. For the up sector, we also
introduce one additional generation of vectorlike messen-
ger quarks, Q, Q and U, U, which have U(1) charges such
that a primordial Yukawa coupling A;;QUH , can be written
down. The set of fields needed for the up sector as well as
their charges are given in Table L

In order to generate any Yukawa couplings, we need to
spontaneously break U(1). This requires the introduction
of “flavon” fields shown in Table II. As described in
Appendix B, we need each of these fields in order to get a
potential that generates the flavon VEVs required for SM
Yukawas. The flavons get soft masses from the same
mechanisms as the MSSM matter. Taking ¢ as an example,
the soft terms are given by

.1 1 I -
Vit = 5 (m3)yl + 5 (m3) bl by = (blbidp; + Hec.).
(7)
TABLE I. Charge assignments of the Higgs and up-sector

messenger fields. Here R, denotes the usual R parity. Note that
the MSSM fields ¢ and u fields are neutral under U(1).

Field u(l), SU3) x SU(2) x U(1) R,
H,, Hy F2 (1,2)1, +(1,2)_

0,0 +1 (§’2)1/6 +(3,2)_1s6 -
U, U +1 (3. 1) 55+ (3. 1)3 -
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TABLE II. The set of flavon fields needed to break U(1)p,
along with their charge assignments.

Field u(l), SU(3) x SU(2) x U(1) R,
$12, P12 +1 (1,1), +
X12: X12 F3 (1,1), +
& ¢ F2 (1,1), +

Once we include the D terms arising from U(1)p, the
flavon scalar potential is analogous to the Higgs potential in
the MSSM, so there is a large region of parameter space
that can be chosen such that all the ¢ fields acquire VEVs.
Since all the dimensional parameters in the potential are of
the same order, we naturally get (¢;) ~ mg.. The potential
minimization is described in more detail in Appendix B.

From the field content of Tables I and II, we can write
down a general superpotential

Wy =4wQUH, + AwyQUH, +f?jLIiQ¢j +f;‘4jui(_]¢j
+1gQQ + pyUU + puH Hy + ulipidp;. (8)

where we have ignored the interactions of the y and ¢
flavons for now. The f couplings have flavor indices, but
the A couplings to the Higgs are just numbers. The y terms
are all of order my, and are generated via the dynamics of
Eq. (5), so all the states described in Tables I and II will
have mass O(my).

1. Top Yukawa

With these ingredients, we can generate a top Yukawa
coupling at tree level, with all other Yukawas still zero. This
arises from the messenger exchange diagram in Fig. 4.
When U(1) is broken by the VEV of ¢, the f couplings in
Eq. (8) generate a mixing between the MSSM-like fields
and the heavy vectorlike fields. The f couplings have an
index in ¢ doublet space as well as an index in flavor space.
We can choose our ¢ basis such that only ¢, gets a VEV
and (¢,) = 0. If we set ¢ to its VEV and ignore interactions
of the propagating ¢ for now, we see that f¢ and f* are just
column vectors, so they are both rank 1. We can thus
choose bases for ¢; and u; such f?j and f7; are only nonzero
in the “3” direction in flavor space. This basis now defines
the top quark. It is the only up-type quark to mix with the
vectorlike quarks. Thus, Fig. 4 only generates a top Yukawa
coupling. This mechanism, which is similar to that of
previous works such as [5-7,15,25], allows a UV theory
where all the SM quarks are treated democratically to
generate only a top Yukawa coupling at tree level.

To calculate the top Yukawa from the interactions given
in Eq. (8), we need to rotate the fields as described above.
We can make the schematic argument of the previous
paragraph more rigorous as follows: without loss of
generality, we can use the U(3),, U(3), symmetries that
exist in the limit of zero f7, f* couplings to remove any
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FIG. 4. Feynman diagram for generating the top Yukawa
coupling.

interaction between the first generation quarks and the
flavons. In a generic basis, both ¢; and ¢, get VEVs and
we use the residual U(2) symmetries to decouple the
second generation g and u fields from them. For example,
from the original ¢, and g3, we get

r_ fgz¢2612 + (f§1¢1 +f§]2¢2)% (9)
’ Vb)) + (Fh¢1 + f190)? ’

q

and ¢, is the orthogonal linear combination. Here and
throughout we will use the name of a field to represent a
VEV when the context is clear. We can now define the
following two matrices R and F

qi = Rij% F?j = R:kfzj” (10)
where R is the matrix that rotates between the interaction
and mass eigenbases for the quarks, and F is the rotation of
the f couplings into the mass basis. We make an analogous
rotation for the u fields and their couplings. By construc-
tion, only ¢’ couples to the flavon VEVs. Since this defines
the third generation, we drop the ' notation for this
postrotation state hereafter.

Having performed the appropriate rotations on the
quarks and f couplings, we are at last in position to
calculate the contribution to the top Yukawa from Fig. 4,
getting

_ WFSFy i,
Hoby

(11)

Vi

We see that for dimensionless factors of O(1) and all
dimensionful factors of the same order, ~mg, we get an
O(1) top Yukawa. Of course, if there are no hierarchies in
the parameters in Eq. (11), then calculating y, requires us to
go beyond the double-VEV insertion approximation of
Fig. 4. Rather, after U(1), symmetry breaking, we need to
fully diagonalize the g3 — Q and u3 — U mass eigenstates.
We save the details of this discussion for Sec. IV C, but we
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stress that a full treatment of the top Yukawa maintains its
O(1) parametric size.

2. Charm Yukawa

The U(1)p-breaking dynamics which generate a tree-
level top Yukawa coupling also generate a charm Yukawa
at one loop. This occurs through the two processes shown
in Fig. 5. These two diagrams contain the same super-
potential ¢ and f“ couplings from Eq. (8), but we must
perform a SUSY rotation to get from the flavon-messenger
diagram to the flavino-smessenger diagram. While the (¢)
can be rotated so it only points in one direction, there are
still two propagating fields, so we can define the second
generation of quarks as the linear combination that does not
couple to (¢) but does couple to the propagating ¢. This
defines the first generation as the quark which does not
couple to ¢ at all.

Because of the U(1), gauge symmetry, there is a D term
of the form

2 : - -
Vo =T (gig—Pidi+-- ) (12)

This generates a flavon four-point coupling, allowing us to
draw the diagram on the right side of Fig. 5. This diagram
must connect a ¢ that does not get a VEV to one that does
in order to generate a charm mass. This can only happen
if there is misalignment between the basis where the VEV
points in a single direction and the basis where the mass
matrix is diagonal. While this generically occurs for our
flavon potential, the size of the flavon-messenger diagram
is suppressed by this misalignment.

Thus, we need to construct the supersymmetrized
version of this diagram, a flavino-smessenger diagram,
to get a charm Yukawa of the right size. Clearly this is only
possible if the flavino ¢ has a Majorana mass. As we can
see from Table II, the following superpotential operators
are allowed:

X
3
; 1 g
R
:‘k {':
Q \~~ "’l
¥
ey

FIG. 5.
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W = 4pip;é + Aijhih;E + l;jqbi)(jé + Zéj&i)_(jé‘ (13)

These generate the desired flavino mass if £ gets a VEV.
This is the mechanism shown on the left side of Fig. 5,
which turns out to be the dominant contribution to the
charm mass and justifies the inclusion of the & flavon in the
theory. As we will show in Appendix B, the £ and & flavons
serve several other important functions, which explains the
flavon content of Table II.

The diagrams in Fig. 5 also generate Yukawa couplings
of the form ¢;u, and g,us; which are parametrically one
loop. They also give small corrections to the top Yukawa
coupling. We will give a detailed description of the compu-
tation of the one-loop Yukawa couplings in Appendix C 1,
with the dominant contribution to charm given in Eq. (CI).

3. Up Yukawa

Finally, we can generate an up quark Yukawa coupling
and fill out the rest of the Yukawa matrix through the
diagram in Fig. 6. It was pointed out in [51] that these
diagrams have the correct parametric size to generate the
up quark mass, and we utilize this here. This diagram is one
loop, but it has a chirality flip coming from the gluino mass
rather than a primordial Yukawa coupling used in the
processes of Figs. 4 and 5. Therefore, this diagram will be
suppressed by m;/my., which from Eq. (4) is a loop factor.
Therefore, the up Yukawa coupling generated by the
diagram in Fig. 6 is parametrically of two-loop size.

The coupling to the Higgs still comes from the top
Yukawa coupling, but here we use the fact that the squark
soft masses are anarchic in flavor space as the source of
flavor breaking. In the mass insertion approximation [23],
one can imagine ¢z and i3 coupling to the Higgs, and then
each being converted to a different flavor by an O(1) mass
insertion. Figure 6 is drawn in this way, but for truly
anarchic mixing, a better picture is that the squarks that
couple to the Higgs have couplings between the gluino and
all three flavors of quarks. Here we see that it is crucial that

¥ '
—— OO
% Q QiU U us
A
' H,

Feynman diagrams for generating the charm Yukawa coupling. We use the convention that fields which get VEVs such as ¢

and H, have tildes over their fermions, while fields which do not get VEVs such as Q and u have tildes over their scalar components.
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FIG. 6. Feynman diagram for generating the up Yukawa
coupling.

the mass of the squarks be much above the weak scale,
because if not, the mass insertion would be constrained to
be small, and the loop diagram in Fig. 6 would be too small
to generate the up mass. The expression for the up Yukawa
and related mixing diagrams is given in Eq. (C19), where
flavon VEV insertions are summed to all orders to
diagonalize the squark-smessenger masses.

Thus we see that with the fields introduced in Tables I
and II, we can get an up-type Yukawa matrix which is
parametrically of the form

e & &
Yy~ e e e |, (14)
e e

where ¢ is a loop factor. This matrix gives quark masses
(m;,m.,m,) ~v(l,e,€*), which is the right power count-
ing to match the measured quark masses. The structure of
the model is shown diagrammatically in Fig. 3. In Secs. IV
C, IVD, and Appendix C we will give more explicit
computations of the quark Yukawa couplings and show
how the SM can be numerically reproduced.

B. Down and lepton sectors

Because unification is a feature of SUSY even in the split
regime, we build a model that is manifestly consistent with
SU®) unification.! Therefore, we must add a vectorlike E
messenger field which has the same SM quantum numbers
as the MSSM right-handed electron, and the same U(1)
charge as Q and U to complete the 10 representation. In
order to generate down- and lepton-type Yukawa couplings,
we must also add a vectorlike 5 representation. Thus we
have a full vectorlike generation of messengers charged
under U(1),. The additional particle content needed to
generate the down and lepton Yukawa couplings is given in

'We do not attempt to solve the doublet-triplet splitting
problem for the Higgs that is ubiquitous in all SUSY GUT
constructions.
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Table III, while the full particle content of our model is
given in Table VI in the Appendix.

The up-type field content can be described in SU(5)
language as 10;10;5, where i and j are SM flavor indices.
Similarly, both the down- and lepton-type Yukawas can be
described as 10,5;5;. Therefore, in the rest of this section
we describe the generation of down-type Yukawa cou-
plings, but the leptons can be derived by trivial replace-
ments within SU(5) representations.

As described in Sec. II, the mini-split SUSY scenario
works for tanf of moderate size, so the bottom and 7
Yukawa couplings are parametrically smaller than that of
the top quark. Therefore, if we were to use the same
dynamics as we used for the up-type quarks, we would
expect, for example, m,/m, ~ m;/m,. Because it is of
critical importance that the down quark be comparable in
mass or heavier than the up quark, we enhance the structure
of the model to fix this relation. We add an additional
vectorlike down-type quark pair: d, and its conjugate
partner d, which are neutral under U(1),. Unlike the D,
dy can mix with the SM d; because they have the same
(trivial) U(1) charge, and we have an additional “barred”
version of the flavon coupling, as d couples to 7.

With this field content, we can write the following
superpotential:

Waown = 4pQDH, + ApQ D H,, + f4d;Dy; + f:dDg;
+ upDD + pldid + 37, (15)

where again all the dimensionless couplings are O(1) and
all the dimensionful terms are O(m,.). We can now choose
a basis in flavor space such that x? only points in one
direction, and this direction picks out the fourth generation
of d. This shows that the fourth generation d4 and d will
be heavy while the remaining three generations will be
massless before electroweak symmetry breaking.

After choosing ¢ to point only in the “4" direction, there
is still a residual U(3), flavor symmetry in the absence of
the £ coupling. This symmetry exists even if f¢ has an
O(1) entry in the 4 direction in d flavor space. Thus, it is
technically natural for all the f¢ couplings to the SM-like d
triplet to be small. This is the scenario we take in this
model, namely

TABLE III. Fields needed to generate the down and lepton
Yukawa couplings in addition to those in Tables I and II, as well
as their charges.

Field u(l), SU(3) x SU(2) x U(1) R,
E E +1 (L1, + (1), -
D, D T3 (1) +(3.1) 53 -
L, L T3 (L.2)_1p + (1,2)y -
Cs4, € 0 (L,2) 5 +(1,2), -
dy, d 0 (3.1)5+B 1) 3 -
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Yo Vb
Yo Vb
[~ oo | (16)
b Vb
1 1

in a generic basis where only ¢ has been rotated into the
fourth component. We have dropped O(1) coefficients in
each entry. Here y,, is parametrically the size of the bottom
(or 7) Yukawa coupling, and the choice of the coupling of
the form of f, represents a technically natural tuning of
order 10%. This is the only parametric hierarchy in the
flavor sector not explained by our model.

We now see that there is a process analogous to that of
Fig. 4 for the bottom and d, quarks shown in Fig. 7. As in
the top case, we can pick a basis where the y VEV is only in
one direction, and then we can use the U(3), symmetry to
make the f? coupling to the y VEV parametrically waN
(0,0,y;,1). Since we have a fourth generation, the down
Yukawa matrix at the scale of U(1), breaking is now 3 x 4
and it is given by the outer product of f¢, with the
corresponding coupling from the ¢ doublet f? H~ (0,0,1)
computed in the previous section.

One-loop second generation masses proceed in nearly
the same fashion as in the up sector through the diagrams in
Fig. 5 with up-type quarks replaced by down type, and y
replacing ¢ where necessary. The flavino-smessenger
diagram requires the use of the y¢é coupling given in
Eq. (13). This shows that the U(1); charge assignments
given in Table II are optimal for this model because they
allow the generation of both up- and down-type flavino
diagrams. The one-loop strange mass diagrams require d,
to couple to y, so they are parametrically of size y, e, where
€ is again the loop factor. This is because the parametriza-
tion of Eq. (16) is natural only if all SM-like couplings to y
are O(y,); thus the one-loop diagram has a small coupling.
The parametrics of this model then predict that m/m;,~
m,/m,, a relation that is good to within a factor of a few
in nature.

Finally, we can fill out the rest of the Yukawa matrix with
the process analogous to that shown in Fig. 6. Besides the

X X
X X
Y Y

D D d3 4

g3 Q Q

[ -

VHy

FIG. 7. Feynman diagram for generating the bottom and d,
Yukawa couplings.
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obvious substitution of u with d, the main difference is that
the coupling to the Higgs now comes from the fourth
generation down squark instead of the sbottom. That
Yukawa coupling is O(1) instead of O(y,). Because d,
has the same quantum numbers as the SM d;, we expect
that SUSY-breaking soft terms mix d, strongly with all the
SM down-type squarks. Therefore the fourth generation
Yukawa coupling can be transmitted to all the other down-
type squarks parametrically at two-loop order. Thus, we see
that adding this fourth generation changes the incorrect
relation of m,/my ~m,/m,, to the much more accurate
one m,/m, ~ m,/m, because the fourth generation Yukawa
and that of the top Yukawa are the same parametric size.

Putting all the results together, the Yukawa matrix in the
down sector is parametrically of the form

e & &£ ¢

yi~ | e ye yve e |- (17)

& Y€ Vb 1

Here, y, is the approximate bottom Yukawa coupling,
which is somewhat larger than &= ¢?/16x%, the loop
factor. While they are not so different in size, we keep
track of the parametrics separately so the different physical
mechanisms can be more easily understood. This Yukawa
matrix is 3 x 4 because it describes the coupling of 3 ¢’s to
4 d’s. This matrix holds at the scale m where U(1) is
broken. At lower scales, the d, can be integrated out
because it has a large supersymmetric mass, and the fourth
column of the matrix can simply be truncated at lead-
ing order.

After this truncation, we have a 3 x 3 matrix which gives
the quark masses as (m,, m, my) ~ v(yy, y,€, €%), and we
have ¢ < y, < 1. This shows that the down sector has a
parametrically different hierarchy than the up sector.
Instead of equal steps going down in generation, this
model explains why the ratio of the strange to bottom
mass is smaller than down to strange. The full cascading
structure of the quark masses in this model is shown
in Fig. 3.

As explained above, the structure of the leptons is nearly
identical with g replaced by e and d replaced by . The
most important change is that the diagram analogous to
Fig. 6 for the leptons has a bino exchange instead of a
gluino. Thus we get that m,/my ~ g}/g3 = 0.03, where
two of the factors of the gauge coupling come from the
coupling to the gaugino, and two more come from the
gaugino mass in Eq. (4). Here we have run the gauge
couplings up to mg = 1000 TeV where this diagram is
generated. The parametric estimate for the relative size of
the electron and down is somewhat small, but it is not too
far off. We now see that our model successfully predicts the
masses of the SM fermions at the parametric level, and all
that remains is the mixing angles between the quarks.
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C. CKM matrix

At scales well below mg., we have the following para-
metric Yukawa matrices taken from Egs. (14) and (17):

e & & e & &
d
y'~| & e e |, yi~ | €2 ye ype |- (18)
£ e 1 € ye Y,

In order to compute the CKM matrix, we use the standard
procedure of finding the matrices which diagonalize y" and
y®. In particular, we have

Viy'ty'v, = 1/v’diag(m2, m2, m?), (19)

where V, acts on the “g” indices of y". There is an
analogous formula for y¢. From Eq. (18) we can compute

1 e ¢ 1 ely, €y,
Vo~ | e e |, Vy~| €/y 1 £ ,
e ¢ ey, € 1
(20)

where we have taken ¢ <y, < 1. In reality, we will soon
see that £/y;, = sin . = 0.2 where 6,. is the Cabibbo angle
and not that much smaller than 1.

To compute the CKM matrix, we simply take

VCKM = V;Vd = Vd’ (21)

where the second relation comes from the fact that V,,
more closely approximates the unit matrix than does V.
This parametric relation predicts, for example, |V ||V ., |=
|V 4|, which holds very well in nature.

The above discussion is only applicable to the absolute
value of the elements of the rotation matrices, but in
general, we expect every element of y* and y® to have
independent phases. Taking (y");; from Eq. (11) as an
example, we see that all the A, F" and u couplings will have
phases, so the total coupling will also have a phase. Similar
arguments can be made about the other elements of the
Yukawa matrices, with different couplings entering the
computations so they will have independent phases.
Therefore, in the absence of cancellation, the physical
phase of the CKM matrix will also be O(1). In Sec. IV D
we will describe a point in the parameter space of this
model which reproduces the Standard Model more accu-
rately, but, just from the parametric estimates of this
section, we see that we have succeeded in explaining
nearly all the hierarchies of the SM flavor sector.

PHYSICAL REVIEW D 90, 055001 (2014)
IV. COMPUTING THE SPECTRUM

In this section we give the details of the computation of
the masses of the various states in the theory, including the
gauginos, the light Higgs, and of course the SM fermions.
We also describe a benchmark point in parameter space
so that we can give definite numbers for every effect for at
least one point in parameter space. The details of the
benchmark including the reproduction of the SM flavor
parameters is described in Sec. IV D.

A. Gaugino spectrum, unification, and dark matter

In our framework, the gauginos are the only states that
are relatively light and could be probed in the near future,
so it is important to have a precise understanding of the
mass hierarchy for phenomenological reasons. As stated in
Sec. II, the gaugino masses are on the anomaly-mediated
trajectory above the messenger scale u,, ~ my. Because
SUSY is broken at the messenger scale, integrating out the
messengers will induce threshold corrections that will deflect
them from their anomaly-mediated values. The Higgs states
will also shift the gaugino masses, but they must be treated
with care because one of the states remains light.

Our flavor model requires one set of 10 + 10, containing
Q and U and their conjugates, and two sets of 5 + 5, one
containing D and the other d,. The soft masses and b terms
for the messengers are generated by the Giudice-Masiero
(GM) mechanism [54], as in Eq. (5). The b term generated
by the GM operator is opposite in sign to that obtained from
a superpotential mass term which explains why the mes-
sengers do not decouple. As described in [69], the threshold
correction due to each messenger pair depends on the
supersymmetric messenger mass /s, the holomorphic
SUSY-breaking mass b,,, and the soft mass mﬁ,l We define
the following dimensionless ratios for a given messenger
pair M:

i = bul/luml? iy =my/lun?. (22)

We can compute the threshold correction for a given
messenger pair with Dynkin index C,, defined as 1/2

for a fundamental of SU(N) and Y? for hypercharge. The
threshold correction is then given by

. a; b
Am; = —Ze’aMCM gft()’h)’z) b )

|ﬂM
_ yilogy; —yylogy, — yiy>log(y,/y,)
fr(yl,yz) =
(yl - 1)()’2 - 1)()’2 —)’1)

. (23)

with y; = M?/|uy|?, where M3, are the eigenvalues of
the scalar messenger mass-squared matrix with M; > M,
and are given by

y1:1+c%,,+rM, y2:1—|—cﬁ,1—rM. (24)
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The phase is defined as 6y, = arg(b,;/uy,) and vanishes if
the contact terms in Eq. (5) are absent, which is the pure
GM limit, since in that case both b,, and u,, arise from the
same operator. In general, the phase will be nonzero, and
we work in a convention where y,, is real.

For the Higgs doublets, we are taking2 Uy ~ Mg, SO they
act as an additional messenger pair that contributes its own
threshold correction. Because one linear combination of the
doublets is tuned to be light, the form of the threshold
correction is different:

2 2
a j m |tul
Am: = ——L e sin 2 Ao ,
2r
3=y 25
mA Sin 2[)) |MH ’ ( )

where ry = by /|uy|? and m, is the physical pseudoscalar
mass which is approximately degenerate with the rest of the
heavy Higgs bosons. Note that with our conventions, there
is an overall sign here relative to expressions found else-
where in the literature [70]. Here we work in the convention
where by is real, so 0y = arg(uy). Since tan f = O(1) and
up ~my = O(my.), the Higgsino threshold corrections
are comparable in size to those of the messengers.
Furthermore, as emphasized in [70], the phase freedom
allows for a rich spectrum of gaugino masses, since
interference between the various contributions can lead
to wino, bino, or gluino LSP.

We now describe the parameters of the gaugino sector for
our benchmark point. The spectrum contains a 3.0 TeV
wino LSP for suitable dark matter phenomenology, which
we will discuss below. For consistency with the SM flavor
analysis, we integrate out all heavy states at 1000 TeV. The
threshold corrections can then be calculated as described
above, using the Dynkin indices in Appendix D. We then
run down all the masses to the TeV scale and include any
appropriate pole mass corrections. Since we have not
considered the lepton sector in any detail, we simply
assume the parameters are the same as those for the quarks
in the same GUT multiplet. For simplicity, we have taken
all of the phases in the messenger sector to be 7 (except
for dy, 1), and take 8y = 0, which means the Higgsino
threshold correction is opposite in sign to the contribution
from anomaly mediation. Generalizing to O(1) phases does
not change the picture significantly. To obtain our bench-
mark spectrum with a wino LSP and a decently sized gluino
mass (needed for first generation Yukawas), we take
m3;, = 1100 TeV. Table IV contains all the messenger
and Higgs-sector input parameters relevant for calculating
the gaugino spectrum in the way described above.

*Note that our notation differs here slightly from Sec. II to
make it clear that uy and by are the parameters in the Higgs
potential, but, in this context, the Higgs multiplet is another
messenger.
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The discussion above was predicated on the assumption
of no mixing between quark and messenger fields.
However, as described in Sec. IV C 1, once the flavons
get VEVs there is mixing between squarks and smessen-
gers as well as mixing between third generation quarks and
messengers. In computing the gaugino spectrum, we take
this mixing into account, and the detailed formula is given
in Appendix D. In fact, proper accounting of mixing
decreases the messenger threshold corrections by a factor
of a few, since these are dominated by Q and we have large
q53-0 mixing. We find that the messenger corrections are
about an order of magnitude smaller than the soft masses
arising from anomaly mediation. The gaugino pole masses
are my, = 3.0 TeV, mp = 13.3 TeV, and m; = 20.9 TeV.

Taking these gaugino masses, we can examine gauge
coupling unification. The mini-split framework differs from
regular split SUSY only in that yy is large, i.e. at the same
scale as the sfermions. In an analysis [51] carried out with a
similar gaugino spectrum and uy = my, = 1000 TeV, it
was shown that raising py results in good unification with
no messengers, with a predicted a;(m;) = 0.111 as com-
pared to the experimental value of as(m;)=0.118 +
0.003 [71]. This is consistent with unification because
there are in general unknown threshold corrections at the
GUT scale of O(1/4x).” Therefore, we see that with our
field content, the model is consistent with unification. The
cases of N =1 and N = 4 messengers were also studied,
with sfermions, messengers, Higgsinos and heavy Higgs
bosons all introduced into the two-loop running at a
common scale of mg. Unification still works well and
occurs at a slightly larger scale, with a larger coupling at
unification and a slightly smaller predicted as(m;), as N is
increased. Our extra matter charged under the SM, i.e. the
messenger sector and fourth down-type generation, corre-
sponds to N = 5. The gauge couplings do not blow up
because the messengers are heavy. In fact, because of the
high messenger scale, perturbative control is retained even
for N = 6. For our benchmark with N = 5, the unification
scale is 1.1 x 10'® GeV, a~! = 9.3 at unification, and g; —
g, = 0.05 at the GUT scale corresponding to a pre-
dicted az(my) = 0.109.

Finally, we can summarize the dark matter scenario,
which is qualitatively very similar to that described in
[51]. Because the p term for the Higgs is so much larger
than the gaugino masses, the wino and bino do not mix with
one another or with the Higgsino and are very nearly pure
states. If the wino is the LSP, then it has a weak-scale
annihilation cross section and will behave as a usual WIMP.
It will have the right relic abundance if it has a mass around
3 TeV [55]. In this case, there would be WIMP annihilations

*In [72] it was argued that this spectrum is inconsistent with
unification, but that work requires that the gauge couplings unite
much more precisely than the parametric size of the threshold
corrections.
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TABLE IV. Benchmark parameters for the messenger and
Higgs sectors. ¢y is fixed by the requirement of a light Higgs
state. The ¢ column for D contains two values because here we
take different soft masses for D and D; similarly for d,.

Messenger Hy cu 'y Oy
(0] 1000 1.17 1.1 T
U, E 1000 1.58 1.15 T
D, L 750 3.0, 3.46 2.0 T
dy, Iy 728 3.36, 3.81 0.5 0
H 2400 Fixed 7.8 0

in regions of high dark matter density such as the Galactic
center, and these could be looked for as indirect dark matter
detection signals. Results from various telescopes [56—58]
have placed stringent constraints on thermal wino dark
matter which are in tension with this scenario for the
standard dark matter halo profiles. On the other hand, for
profiles that are less steep or cored near the galactic center,
this scenario is still viable.

One could imagine many other dark matter scenarios
consistent with the mini-split framework and the model
presented here. For example, if the wino is lighter than
3 TeV, then it will only make up some of the dark matter,
but the rest could be made up of another particle such as an
axion. Alternatively, if the LSP is produced nonthermally
[73=75], then its mass could be heavier than 3 TeV. Our
model could also produce a bino LSP with different choices
of the parameters in Table IV. While a thermal bino would
overclose the Universe, it could be nonthermal, or its
abundance could be reduced by the coannihilation mecha-
nism [76]. From this analysis we see that while the flavor
dynamics do not directly affect the dark matter story, the
two sectors fit well together in the framework of mini-split
supersymmetry.

B. Higgs mass and quartic

Since SUSY is broken well above the scale of electro-
weak symmetry breaking, SU(2) is preserved to a very
good approximation, and thus, as in previous split SUSY
models, the tuning in the Higgs sector produces one light
doublet, which includes the SM-like Higgs, and one heavy
doublet, with degenerate scalars of mass m,. The leading
contributions to the mass of the light Higgs are the usual
ones in split SUSY models. At tree level, there is a
contribution from the D term of the SM SU(2) x U(1)
gauge group, and there are loop contributions arising from
the large splitting between the top quarks and top squarks.
These are analyzed in detail for a 125 GeV Higgs in [2,51].
If the scalars all have a common mass m., then the Higgs
mass essentially depends only on m,. and tan f (aside from
a very slight dependence on the wino and gluino masses). A
125.7 GeV Higgs mass [77,78] implies 4 = 0.26 at the
weak scale. Running this up to a scale of my, = 1000 TeV

PHYSICAL REVIEW D 90, 055001 (2014)

and taking only the gauginos to be below mg gives
4 = 0.058. Both the tree-level and one-loop contributions
to the quartic depend on tan /3, and a quartic of the right size
can be obtained in the MSSM with my = 1000 TeV
if tanfp = 2.2.

In this model, there are additional subdominant contri-
butions to the Higgs quartic, so the relationship between the
Higgs mass and tan # will be modified. The first of these
arises from “nondecoupling D terms” [79,80] from the new
U(1)g. The D term is of the form

2
s 715 i —t
VP =5 (i = bl = iz + 30k — 4ETE
+4EE—2HH, +2H H, + )%, (26)

where the ellipses include terms with the messenger fields
which do not get VEVs. Expanding this out generates a
Higgs quartic. We can also integrate out the flavons and use
the fact that they get VEVs to generate additional Higgs
quartics. These contributions are shown in Fig. 8. Thus, we
generate the coupling

A A .
o (HiH, - HyHy)? - =2 (HTH)? (27

1
iy = dgio2p( 1 - 5g%:q;;qv)i<mz>,--,1<qv>,,-), (28)

where the sum is over real and imaginary components of
all flavon species. Here, (gv) is a vector of the flavon VEVs
multiplied by their U(1) charges, where the charge is the
same for both real and imaginary components. The matrix
(m?)~! is the inverse of the flavon mass-squared matrix in
the vacuum, and we take all the flavon VEVs to be well
above the electroweak scale. In the limit where U(1) is
Higgsed supersymmetrically, A must go to zero, which
will occur as a perfect cancellation between the two terms
in Eq. (28). In a general region of parameter space where
the soft masses and the supersymmetric mass are compa-
rable, there is still a partial cancellation between the two
terms in Eq. (28), with Az about an order of magnitude
smaller than 4g%. For the benchmark described in this
section, Ag, which comes from the U(1) D term, is 0.013,
compared to the tree-level MSSM value of 0.037.

The new vectorlike states in this model have large
couplings to the Higgs, so they will contribute to the

H H

"‘ * H . _k ¢H
4 A 4 A
o;\\ R N

L’ 4, » ‘h d/x/E 4

‘H ‘H H “H

FIG. 8. Feynman diagrams of the Higgs quartic generated by
the U(1), D term.
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Higgs quartic through loops. As these loops must vanish in
the supersymmetric limit, they are sensitive to the splitting
between scalar and fermion masses. Therefore, the effects
of the top squarks are parametrically larger than those of the
new vectorlike states. We here compute the full one-loop
contribution to the Higgs quartic in the unbroken electro-
weak theory. Because the top quarks and top squarks mix
with messengers, it is difficult to disentangle the different
effects, and we compute all the one-loop threshold correc-
tions in the mass basis. The diagrams are scalar bubble,
triangle, and box diagrams, as well as fermion box diagrams
and external line corrections from Higgs wavefunction
renormalization. Since our Higgsino mass is O(my.), we
also consider the MSSM contributions from mixed gaugino-
Higgsino boxes and contributions to the Higgs field-strength
renormalization. In the benchmark, the up-type new gen-
eration contributes 0.014 while the new down-type fields
contribute 9 x 107* to the Higgs quartic. In a realistic model,
there would also be contributions from the lepton sector,
which we estimate to be 1/N. of the down contribution.
Once we sum up all the tree-level and one-loop contribu-
tions, we obtain the right Higgs quartic and mass with
tan f = 1.8. Therefore, we see that while the effects from the
model are indeed subdominant, they need to be taken into
account to properly compute the spectrum.

C. Mass eigenstates and wavefunction renormalization

Before computing the SM flavor parameters in detail,
it is necessary to address effects that can induce O(1)
changes to the basic arguments of Sec. IIl. They are the full
diagonalization of the (s)quark-(s)messenger fields after
U(1), breaking and the one-loop wavefunction renormal-
ization. We stress that the parametric hierarchies given by
loop counting are left intact by these considerations, but
they can have important numerical effects. We consider
them in turn.

1. Diagonalization

Once the flavons get VEVs, the UV distinction between
quark and messenger superfields breaks down. In the
fermion sector, only the third generation mixes at tree

 (uapp — Flyif ;) ds + (Flxif i) ds — (waFip:)*D
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level. For g; and u3, we need only consider the 2 x 2
mixing with the Q, U messengers. We denote the mass
eigenstates as ¢4 and Q' with the lower case ¢’ representing
SM states, while the capital Q' is a state with mass

,uzQ + |F§’i¢i|2; Ho is the supersymmetric mass for the

messengers defined in Eq. (8), and F is a rotation of the
superpotential coupling defined in Eq. (10). We here take
the convention where p, is real. The mixing is then
parametrized as

(6)-(% 2)E) @

with

_ Ho
4= [ 2’
Mo+ |ng¢z‘

and analogous expressions for u# and d. For notational
compactness, in this section we often use the same notation
for both the scalar field and its VEV. In the case that F4,¢;
is real, ¢ 4, s, just become cosine and sine of a rotation
angle. After rotating to mass eigenstate basis, Eq. (11) for
the top Yukawa is modified to

Fiig;
Sq = S /BT

MZQ + |ng¢i|2

yt:lUsqsuv (31)

where we recover our earlier formula in the limit u > F¢.

Since d3, d4, and d couple to flavon VEVs, the
diagonalization in the down sector is more complicated.
The fermion mass matrix takes the form

0 7 %
Ha m-) d,

(a D)( (32)
F?’,%i ng)(i HD

D

To find the SM down quark eigenstate d}, we solve for
the null space of the matrix above, yielding

dy =

. (33)

\/|MdﬂD — Flxif iil* + |Féxif it i1* + |uaFxil?

where f is defined in Eq. (15), and F¢ is analogous to F?, derived from f¢ in Eq. (15). Our expression for the bottom

Yukawa is thus replaced by

/"ngi)(i

Vb = ApS

(34)

. . = )
\/|ﬂdMD — Flyif il + \Fif iz + luaFdx?

Once we perform this rotation, d decouples, and we are left with a 2 x 2 Dirac mass matrix that we diagonalize in the usual

way. We summarize the product of rotations as
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d;'nass = Fjjljd]gauge,

aﬁnass = Fglij C_Zéauge, (35)

where d = (d*, d*, D) contains both quark and messenger
fields and d = (d, D).

For scalars, due to the anarchic mixing among the
squarks from their soft masses, diagonalization is more
involved, resulting in 5 x 5 matrices for g, u and 7 x 7
for d. Just as with the fermions, the third generation mixes
directly with the messengers via the ¢ or y VEVs.
Additionally, the second generation also has a tree-level
coupling to the messengers through the ¢ or 7 VEVs.*
For example, in the g sector, we have

LD Q4 Fluf ($i) +He. (36)

We do not attempt an analytic diagonalization of the scalar
sector, but we perform rotations numerically for the
analysis of our benchmark that recovers the Standard
Model. For future reference, our convention for rotation
matrices is the following (e.g. for the g sector):

éfnass = Fgu E]éaugev (37)

where § = (7', 3% 3°. O, —eé*) contains both squark and
smessenger fields. There is an analogous expression for the

down sector that involves d = (Eil, & &.d.D.d, D).
The flavon sector contains its own nontrivial rotations
after U(1) breaking. The flavino matrix is 11 x 11 and the
flavon matrix 20 x 20, since CP is generically broken and
the real and imaginary scalar components mix. For the
former, the U(1), gaugino, Z', mixes strongly with the
flavinos, and thus after symmetry breaking we simply
count it among their number. Let égauge = (¢p.y.E. .

Ve &, 7/ ) be the fermion components of the superfields
appearing in Egs. (8), (13), and (15) plus the gaugino,
with @, the corresponding scalars, arranged with the ten
real-component fields followed by the ten imaginary ones.
Then, in analogy with Eq. (37), we write

i _ 1 lijg/
q)inass - Fcp q’gauge,

(i)fnass = ng(i)'éauge' (38)

“This provides an interesting example of the importance of
supersymmetry to our model. Without the holomorphicity and
nonrenormalization properties of supersymmetric theories, we
would expect to generate tree-level Yukawas for the second
generation from the VEV, (¢*), and we would need special
potentials in the flavon sector that only broke U(1), symmetry
with unbarred fields. Supersymmetry allows us to take more
generic flavon potentials, while forbidding the barred-flavon
VEV Yukawa coupling to SM fermions.

PHYSICAL REVIEW D 90, 055001 (2014)

The one additional subtlety in the flavon sector is that one
must identify the zero-mass eigenstate that corresponds to
the longitudinal mode of the heavy U(1) boson. We work
in a unitary gauge where this state never appears in
calculations with flavons in mass eigenstate basis.

In addition to the one-loop contributions to the Yukawa
couplings discussed in Sec. III, there are additional con-
tributions from loops of Higgsinos and electroweak gau-
ginos shown in Fig. 9. Unlike the gaugino contribution to
the first generation mass from Fig. 6, there is no gaugino
mass insertion in this diagram and thus no parametric
suppression. Therefore, one would expect that these dia-
grams are important, but they turn out to be small. One
needs the full treatment of rotation matrices above to
understand why they are suppressed. Taking the full
fermion and scalar rotations, we get the following con-
tribution to the up-type Yukawa matrix:

‘ i Ok
Y4 = Aus,riTy Fg]CFk;g(ﬂH’ Ming,mg,),  (39)

where G is a dimensionless loop function given in
Eq. (C16), the j index sums over g-type scalar mass
eigenstates, and k sums over the gauginos that couple to
g and the Higgs, SU(2), and U(1)y. The factor r! =
(1,1,¢,) accounts for rotations in the fermion sector. A
more explicit expression for y%; is given in Eq. (C21). To
get the analogous y¥% contribution, we would replace
q <> u, and only the bino would contribute.

The additional suppression for these terms comes from
the initial product of rotation matrices. By the convention
set below Eq. (37), the “fourth” gauge index corresponds to
the QO smessenger, while the i index goes from 1-3 over the
MSSM fields. Thus, in the limit that the g scalars are all
mass degenerate, Eq. (39) vanishes exactly. That is not the
generic situation, but since G has only logarithmic depend-
ence on mass, there is still a large residual cancellation.” In
practice, these “gaugino-Higgsino” loops are suppressed
compared to any other one-loop contribution, and are even
typically smaller than the parametrically two-loop contri-
butions that generate first generation masses. In the “13”
and “31” entries though, they can have important sublead-
ing effects, and so we include them in our computations.

*Interestingly, the diagram formally diverges and requires
regularization. In dimensional regularization, the 1/¢ pole re-
places the finite loop function G in the divergent term. However,
this removes any dependence on the mass eigenstates, and the
rotation factor multiplies to zero. Thus, the contribution is
actually finite and has no dependence on the renormalization
scale. There is, however, a renormalization scale dependent
contribution to y%; coming from the 4 portion of Q. In this
case, the rotation matrix prefactor does not cancel upon summing
over mass eigenstates. However, for our numerical analysis, we
do not include one-loop corrections to y,, and therefore drop this
contribution as well as the finite one to y%; from Eq. (39).
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FIG.9. One-loop electroweak contribution to off-diagonal Yukawa couplings. These are potentially important for the 13 and 31 entries

of the Yukawa matrix.
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FIG. 10. Diagrams that induce flavor-violating wavefunction renormalization for the fermions. The left two diagrams only contribute
to the second and third generations, while the one on the right is present for all fermions.

2. Wavefunction renormalization

It is well known that in radiative flavor models we can
get wavefunction renormalization at one loop from the
same dynamics that generates masses. In our case, the SM
quark superfields are renormalized by flavon-messenger,
flavino-smessenger, and gaugino contributions as shown in
Fig. 10.° The Higgs also receives wavefunction renormal-
ization from the fields which it has large couplings to, the
messenger and third generation quark superfields. In our
computations here we will neglect flavon and flavino loops
in the down sector because they are suppressed by yl% in the
second and third generations. Effects involving d, and D
can be larger, but since m;, <« m., to a good approximation
we neglect kinetic mixing between the vectorlike and the
SM d quarks. We find that with the benchmark parameters
presented in Sec. IV D, including the heavy fermions in
wavefunction renormalization only changed our SM quark
predictions at the 1% level, and is thus below our working
precision. Furthermore, calculating the one-loop shift in the
mass of the d, and D-like quarks themselves is beyond
our scope.

The one-loop wavefunction renormalization diagrams
contribute to the usual Z; factors for all the SM fields.
Taking the up type as an example, the Yukawa coupling
qyuuh, is modified to

Yu 7 (Zq)1/2yu (Zu)lﬂ(Zh)l/z’

where Z; = 1 — X' with I’ being the possibly divergent
loop contributions whose one-loop expressions are given in

(40)

®We also include the renormalization of uy, ¢5 due to Higgs
superfields.

Appendix C 2. For fermions, we will use the conventions
and notation of [81]. We evaluate the divergent contribu-
tions at a common scale 4 = 1 PeV because that is where
the heavy fields are integrated out. Errors induced from the
fact that not all the heavy fields are exactly at 1 PeV are
logarithmic in the change in mass and formally of higher
loop order. In Eq. (40), we have bolded the terms which
are matrices in flavor space. The Z factors for the quarks
will in general have off-diagonal components, particularly
the gluino contribution because of the large squark mixing.
Thus we see that wavefunction renormalization is a
potentially important effect that not only rescales individual
elements of the Yukawa matrices, but also rotates among
them. The approximate size of the effects is an increase in
the Yukawa couplings of 5%—15%.

D. Standard Model flavor parameters

As laid out in Sec. III, our model has the right parametric
behavior to explain the generational hierarchy of the
Standard Model fermion Yukawas and the parameters of
the CKM matrix. Using the equations of Sec. IV C and

TABLE V. Classes of contributions we include for up- and down-
type Yukawa matrix entries. Complete loop-level formulas are
given in Appendix C, along with those for wavefunction renorm-
alization, which we apply to all entries. The tree-level expressions
are found in Egs. (31) and (34) for y,, y,. For every entry listed, we
include the same class of diagrams for its transpose.

Yits Y12 V13 Gluino, gaugino-Higgsino
Y22, Y23 Flavino, flavon, gluino,
Y33 Tree level
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FIG. 11 (color online).

Spectrum of non-SM particles for parameters that closely reproduce the SM quark sector. Solid lines are bosons

and dashed lines are fermions. Shading under Q, U, D indicates the portion of the mass eigenstate given by MSSM gauge eigenstates
(dark) or messenger/d,/d gauge eigenstates (light). We include only the mass mixing in this quantification. The flavino states also
include the U(1) gaugino which strongly mixes with them. The corresponding U(1) gauge boson is shown under “higher spin,” along
with the gravitino. As discussed in the text and shown in Fig. 2, the gauginos are much lighter than all the fields here.

Appendix C, we find a set of parameters that reproduce the
SM quark masses, CKM angles, and phase to within 5%
of their values listed in [1] for the former and [82] for
the latter. We list the contributions computed in Table V.
Despite the close agreement we have obtained with the SM
in the quark sector, it is important to stress that there are
sources of uncertainty in our calculation discussed below at
the level of O(15%). The proximity of our current results to
the SM values is meant as a demonstration of the control
one has in recovering the SM. Thus, the inclusion of
subleading corrections to the results we have obtained will
likely provide no fundamental obstacle to precise recovery.

We now discuss the construction of our benchmark and its
properties. The spectrum of new particles for these particular
parameters is shown in Fig. 11. We generate the parameters
of our flavon sector randomly. Scanning over O(1) values
for dimensionless parameters, O(100-1000) TeV values for
dimensionful ones, and taking phases in general to be O(1),
we find a vacuum that is stable and breaks U(1), symmetry
with VEVs that can generate all SM masses. We then use the
values of Ay, Ay, Ap, Ap from Egs. (8) and (15) (important
for third generation), as well as the f9*“ couplings (second
generation) and the squark soft masses (first generation) plus
Higgs and messenger y, B, terms as handles to recover the
SM. If u is too large, that could potentially lead to deeper
vacua that are color breaking [83-85], but we check that this
is not a problem for our benchmark.

To have a viable thermal WIMP dark matter particle, we
fix the wino mass at 3 TeV and obtain the gaugino spectrum
(mg =133 TeV, my =3TeV, my; =209 TeV) as
detailed in Sec. IVA.” The gluino mass offers an additional
means to control m,, 4. In the down sector we subject f 2'3 to
the technically natural tuning at ((0.1). Dimensionful
values were again O(100-1000) TeV. The only nontrivial
constraint comes from kaon physics, further detailed in
Sec. VA, and it favors having Q and D states 21000 TeV.

For comparison with the SM, we show the values we
obtain for our Yukawas at the scale m, in Fig. 12 compared
to those depicted earlier for the SM (Fig. 1). In Fig. 13
we compare the CKM of our benchmark to that of the sm.®
For the ten SM quark parameters shown here, the mean
discrepancy with the SM is 4%, though as mentioned
above, our results have an uncertainty of O(10%—20%).
The leading effects that we are currently neglecting include
the following: (1) Some dimensionless couplings are ~1.3,

"The U(1), gaugino mixes strongly with the flavinos and has
mass O(PeV). We did not compute its full soft mass from
anomaly mediation, but the flavino spectrum is highly insensitive
to its detailed value if within a few orders of magnitude of the
other gauginos.

'We have neglected the small running of the CKM parameters,
which affects 6,5 and 6,; most, at the level of a few percent [82].
We take that reference’s SM values at 10 TeV computed in MS to
compare to those in our model evaluated at 1000 TeV.
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FIG. 12 (color online). SM values from [1] (dark) and values
obtained in our benchmark (light) at the scale m;. Errors bars for
the latter assume uniform shifts in Yukawas by +15%, —25% at
1000 TeV, which accounts for a uniform uncertainty of £15% in
addition to a 10% decrease coming from choosing a renormal-
ization scale that is lower than the mass of some of the states (see
text). After applying these uncertainties in the UV, we run the
Yukawas to m,.
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FIG. 13. SM values from [82] (dark) and values obtained in our

benchmark (light). Error bars are smaller than the dot size.

leading to O(15%) corrections at next-to-leading order.
(2) Including wavefunction renormalization induces scale
dependence. We evaluate at a common scale of 1000 TeV
before integrating out all non-SM fields besides the
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gauginos. However, many of our messenger fields are
above 1 PeV (with the heaviest at 7.2 PeV), and thus there
are O(1) logs we are not currently resumming. Changing
the renormalization scale from 1000 to 10,000 TeV
decreases our Yukawa values by O(10%). (3) For y%,
we only include the tree-level values given in Eq. (31) for y,
and Eq. (34) for y,. The one-loop corrections to these
entries could shift them at the level of a few percent. (4) To
compute quark masses and the CKM, we just take the 3 x 3
matrices in the up and down sectors. However, there are
additional Yukawas with the messenger fermions, Q, U, D
and d,. There will also be kinetic mixing from one-loop
wavefunction renormalization. Taking the values for our
benchmark in the down sector, where we expect the effects
to be strongest due to d4, we found shifts in quark masses at
the level of 1%—2% for y, and y,, with y, changing
negligibly. Thus, we neglect this contribution as well.
(5) For our gaugino loops that contribute strongly to first
generation masses (cf. Fig. 6), we have treated the threshold
correction due to messengers as a mass insertion, even
though these same messengers appear elsewhere dynami-
cally in the loop. Including the full momentum dependence
of the one-loop correction to the gaugino propagator shifted
our masses by <1%, which is beyond our precision and we
thus ignore this effect.

Given the agreement in the quark sector, it would be an
interesting exercise to reproduce charged leptons as well,
something we did not attempt here. We would wish to
maintain consistency with unification, so our ; z and f’
couplings would need to be determined for the values we
assigned to the quark sector. The slepton soft masses and
bino mass would offer independent means to control the
lepton masses. In Sec. VI, we sketch a possible model
extension that would generate neutrino masses and mixing
angles. Before moving on we note that many of these
sources of uncertainty affect the third generation most
strongly. Since those Yukawas are dominated by the tree-
level contribution, we expect them to be the simplest to
adjust once these additional effects are taken into account.

V. EXPERIMENTAL CONSTRAINTS AND
SIGNATURES

Detailed studies of the low-energy constraints on mini-
split SUSY have been performed in [65-68]. The dominant
processes are meson mixing, electric and chromoelectric
dipole moments (CEDM), and lepton flavor violation. In
addition to the MSSM fields previously studied, the
messengers and flavons contribute to these observables.
The latter leads to large deviations from the predictions of
minimal mini-split SUSY for processes that only involve
the second and third generations of the 10 fields, ¢, u and e.

The strongest bound comes from CP violation in K — K
mixing, which requires that the squarks that have large
couplings to the gluino and s and d quarks be heavier than a
few hundred TeV. It is the only constraint we needed to
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compute in detail to test the viability of the benchmark
in Sec. IV D. Since it involves the first generation, it is
essentially a probe of the mini-split MSSM, though
we account for the presence of messengers. While the
limits from other observables are weaker, we discuss the
contributions from flavon dynamics where they contribute
strongly and present some detailed formulas in
Appendix E. It will take many generations of future
experiments to probe this sector. However, improved
determination on the lattice of kaon parameters could
provide evidence for one of the key ingredients of our
model, the presence of anarchic squark mixing at several
hundred TeV.

A. Meson mixing

For the case of meson mixing, the MSSM effect is
mediated by box diagrams with gluinos and squarks in the
loops, but we neglect contributions with gluino mass
insertions. Bounds are independent of the gluino mass as
long as it is much lighter than the squarks. For our
benchmark model, we check that the MSSM contribution
does not run afoul of kaon constraints. We use the full mass
eigenstate calculation of the squark-gluino box presented
in [86] to account for the O(1) mixing among different
squark gauge eigenstates and with the messenger sector.
After matching to the relevant dimension-6 operators at
1000 TeV, we run our Wilson coefficients at next-to-leading
order to 2 GeV using the procedure outlined in [87], from
which we also take numerical values for the bag param-
eters. For the benchmark in Sec. IV D, we get

NP =94 %107,
AmYP =2 x 10715 GeV. (41)

Our contribution to Amg is safe by 3 orders of magnitude.
The limit on €}F is 1 x 1073 [68,87], so while our bench-
mark is safe, there are reasonable regions of parameter
space in the model which are excluded by this observable.
Thus, an improvement in €™ by an order of magnitude
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could be the best low energy way of probing the mini-split
scenario.

In our model, there is a similar box diagram with flavino
and messenger scalars in the loops. The only meson which
is precisely measured and does not involve any first
generation quarks is the B;. Therefore, the operator

Oy = (5y,PLb)(5y"P.D), (42)

which contributes to B, mixing will be modified by an
O(1) amount relative to the MSSM, while the operators
with other chiralities will be suppressed by powers of y,,.
We calculate the smessenger-flavino as well as the
messenger-flavon diagrams that generate B, mixing.
Obtaining the Wilson coefficient for O, we relate it to
quantities in the B meson system following the approach of
[88], using more recent numerical values from the lattice
study in [89]. The detailed box diagram calculations are
given in Appendix E. We get a contribution to the mass
splitting AM; = O(1072°) GeV, compared to the SM
value, AM; = 1.2 x 107'! GeV and a shift in the total
CP violating phase of O(107'). Thus, experimental
evidence is beyond the next generation of experiments.

B. (Chromo)electric dipole moments

In the MSSM, (C)EDMs for all up-type quarks come
from a one-loop diagram of the type shown on the left side
of Fig. 14. This diagram has a gluino mass insertion, so it is
proportional to mg/mz ~O(107%). These diagrams are
comparable for u, ¢, and ¢ if the squarks are anarchic in
flavor space, but the strongest experimental bound comes
from the up EDM. On the other hand, this model has one-
loop diagrams with flavons and messengers going around
the loop as shown on the right side of Fig. 14, as well as the
supersymmetrized version with flavinos and smessengers.
All the internal fields in this diagram have mass O(m;), so
its effects are enhanced relative to the MSSM. Because the
flavons only couple to the second and third generation,

FIG. 14. Left: An example diagram of the MSSM gluino contribution to quark (C)EDMs. Right: An example of the flavon

contribution to quark (C)EDMs.
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these types of diagrams only induce (C)EDMs for top
and charm.

The strongest bounds on these processes come from
chromo-EDMs inducing contributions to the neutron
EDM. For the top quark, the bound was computed to be

|d,| <1/(100 TeV) [90]. This computation uses the fact
that there is a separation of scales between the top and
Agcp and runs operators down from the top mass to the
QCD scale. We can approximate the bounds on the charm
mass by ignoring the running effects besides the scale of a.
Because integrating out a quark generates a finite contribution
[91,92] to the Weinberg operator [93], integrating out a lighter
quark will lead to a larger contribution to the neutron EDM.
Furthermore, the gluon loop that generates this operator is
larger because «a;, is evaluated at m,. where it is much larger. We
approximate a,(m,) = a,(m,) = 0.35 [94]. Because of these
effects, the bounds on Zic are much stronger than on top, and we
find |d,| < (6 x 10° TeV)™!, in rough agreement with the
bound of |d,| < (2 x 105 TeV)~! from the more detailed
study in [95]. These limits should be taken as accurate to
within an order of magnitude because of the uncertainties on
the hadronic matrix elements that go into the conversion of
the Weinberg operator into the neutron EDM.

Taking the CEDM of the charm quark as an example, the
low energy operator is of the form

d,
—i ?‘ gscoy 1cGY,. (43)

At the scale of electroweak symmetry breaking, this
operator matches onto an operator involving the left-
handed quark doublet, the right-handed singlet, and the
Higgs. This can be seen from the fact that the tensor
operator above flips the helicity of the quark, so it must
involve a Higgs insertion. In the UV at the scale of SUSY
breaking, this operator is generated by diagrams of the type
shown in Fig. 14. As discussed above, the diagram on the
right is the dominant contribution for the charm and top
quarks, and we can estimate its size to be parametrically
O(v/167°m2ess) = (10'° TeV)™! for myes = 3000 TeV.

We improve on the one-loop estimate by computing
(1) the generalization of the right diagram in Fig. 14 to
flavon and fermion mass-eigenstate basis, (2) an additional
flavon-messenger diagram with no mass insertions (besides
the SM Higgs VEV) proportional to Ay, and (3) the
corresponding flavino-smessenger contribution. We project
onto the Dirac structure of a chromoelectric dipole and
obtain a numerical value by setting the Higgs to its VEV,
even though we are formally matching at 1000 TeV.” Using
the sign and normalization conventions of [68], we get
|d,| = (4 x10'? TeV)~! and |d.| = (1.2 x 10'> TeV)~!, a

%Since the calculated values of Eia, are so far below current
bounds, the effects of running to the fermion mass scale will not
change our conclusions by much beyond an order of magnitude.
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bit below our estimate above since couplings and mixing
angles are accounted for, and far removed from near future
sensitivity. We give the expressions for the flavon-sector
loop contributions in Appendix E.

Analogues to the operator in Eq. (43) for the down and
lepton sector will be suppressed by O(y,) ~ O(y,). This is
due to the small coupling of the 5 to y, as explained in
Sec. III B. Therefore, the strange and bottom (C)EDMs
are enhanced relative to the MSSM diagrams by
ypmg/my ~ 10. For the strange quark, we take the formula

from [96] to estimate an experimental bound of d.<
(3 x 10° TeV)~!, while the natural size in this model is

d, = ypd, = (10'! TeV)~!. The CEDM for the b quark can
be computed in the same way. Thus, we see that the model
is safe from (C)EDM measurement until several order of
magnitude improvement is achieved.

C. Lepton flavor violation

Lepton flavor violation (LFV) is also a strong constraint
on models with anarchic flavor structure, with y — ey
currently imposing the most stringent constraint in the
MSSM. The diagrams for LFV have the same structure as
those for EDMs shown in Fig. 14, so loops of flavons and
messengers are enhanced by O(y,m;/mg) ~ 10 relative to
the MSSM diagrams, but only for processes involving only
second and third generation leptons. In this case, that means
7 — uy and other rare 7 decays are enhanced. In calculating
the contribution of our model to charm and top quark (C)
EDMs in Sec. V B, we also obtained comparable values for
the flavor changing dipole operators. We can use our values
in the up-quark sector to estimate the contribution to the
analogous lepton operator, which is given schematically as

em;, _
mfdﬂ /lFMD. (44)
We expect this to be of similar order as the charm EDM.
Naively, the numerator of the coefficient should be v since
the Higgs insertion in Fig. 14 is on an internal line which has
a large Yukawa coupling. On the other hand, there is a factor
of y, coming from the coupling of the left-handed lepton to
the flavon, so we can combine that with v to get m,. Taking
into account agy;, we estimate BR(z — py) ~ 1071°. The
current limit is O(10~%) with the possibility of a 1 to 2 order
of magnitude improvement at a future z factory. Thus, this
will unfortunately not provide a means to detect the flavor
violation in our model in the near future. The contributions
to AF =1 processes in the quark sector are also signifi-
cantly below the current experimental limits.

D. Proton decay

The problem of proton decay is of a somewhat different
nature than the other constraints. None of the terms in the
renormalizable Lagrangian induce proton decay, but there
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are higher dimensional operators allowed by all the
symmetries of the theory, such as the dimension-5 super-
potential operator gqq?, that do. It has long been known
that this is a problem in weak-scale SUSY [97-100].
Raising the scalar masses weakens the bounds, but recent
analysis [65,101,102] has shown that this is still a problem,
with the cutoff for dimension-5 operators needing to be
higher than the Planck scale to make the proton live long
enough.

One could imagine building a model in the spirit of this
one such that U(1), forbids the higher dimensional proton
decay operators. These kinds of charge assignments tend to
be anomalous,'’ so we go in a different direction here by
noting that because proton decay is mediated by higher
dimensional operators, it is clearly sensitive to the UV
structure of the theory. Proton decay operators are generi-
cally generated by the physics of Grand Unification, but
they need not be, as in the case of higher dimensional GUTs
[103]. As proton decay is a generic problem for all SUSY
models and in particular for SUSY GUTs, we simply
assume that one of the solutions in the literature, such as
[103], is active in the UV but has no impact on scales below
the unification scale.

VI. CONCLUSIONS

Supersymmetry has been a subject of intense study
because of its many interesting theoretical and phenom-
enological features. As an extension of the Standard Model,
it can solve the hierarchy problem, provide a natural WIMP
dark matter candidate, and improve gauge coupling uni-
fication. The unfortunate lack of evidence for SUSY at the
LHC as well as the (fortunate) discovery of a Higgs with
mass around 125 GeV has led to a reconsideration of weak-
scale SUSY, with mini-split SUSY emerging as a frame-
work with many intriguing features. In particular, with
scalars around 1000 TeV and gauginos one loop factor
lighter, the correct Higgs mass is obtained with dark matter
and unification stories being comparably successful. SUSY
would then only partially solve the hierarchy problem,
leaving us with a meso-tuned picture of the Universe.

In this paper, we have explored how an additional feature
of mini-split SUSY, the automatic solution of the SUSY
flavor problem, can be used to address the SM flavor
puzzle. In the Standard Model, there is no explanation for
the peculiar structure of the masses and mixings of the
quarks and leptons. Each generation is substantially lighter
than the previous one, and the ratio of third to second

"“The U(1), could be a spontaneously broken global sym-
metry with anomalous charges as in [15]. The anomaly will
generate a mass for the Goldstone, but additional explicit
breaking will likely be needed to raise it higher. Given the IR
issues induced by adding this light state and the need to control
corrections to the radiative story from having a merely approxi-
mate symmetry, we forego this possibility, though there may be a
viable implementation.
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generation masses appears remarkably similar to the ratio
of second to first generation masses. Thus, one possible
explanation of the SM flavor sector is that fermion masses
are generated via a hierarchy of loops, with the third
generation Yukawa coupling generated at tree level, the
second at one loop, and the first at two loops: a radiative
explanation of flavor.

In the framework of mini-split, the scalars carry flavor
quantum numbers and, unlike in weak-scale SUSY, there
can be significant mixing between the different flavors of
squarks. This mixing can be used in loops to generate the
Yukawa couplings. Because new Yukawa couplings cannot
be generated by loops in supersymmetric theories, the
physics of flavor must be tied to the physics of SUSY
breaking. Here we have built a model which radiates flavor
around 1000 TeV, the scale which the Higgs mass points to.
The full particle content of the model is given in Table VI.

In the UV, this model forbids all Yukawa couplings to the
SM matter with a new U(1) symmetry under which the
Higgs is charged, but all matter is neutral. SUSY breaking
triggers the breaking of U(1),, and a Yukawa coupling is
communicated via a rank 1 messenger sector. This allows
only the third generation to get a Yukawa coupling at tree
level. The messengers can then generate additional Yukawas
at one loop, but because of the size of the messenger sector,
these loop contributions only affect the second and third
generation. Finally, there is the loop contribution from the
sfermions, which is parametrically of two-loop order and
involves all generations. This two-loop contribution is only
big enough because there is large flavor mixing in the
sfermion sector.

In addition to building a model and giving parametric
estimates of the size of all the flavor parameters, we have
also computed a detailed spectrum for the quark sector
taking into account all leading effects including mixing and
wavefunction renormalization. We have shown that one
can get agreement with all the SM flavor parameters to

TABLE VI. The full particle content of our model in addition to
that of the MSSM. We also give the charges under U(1), the SM
gauge group, and R parity. Note that the MSSM fields ¢, u, d, 7, e
are neutral under U(1); and negative under R,.

Field u(1), SU(3) x SU(2) x U(1) R,
H,, H, F2 (1,2),+(1,2)_;) +
0,0 +1 (3.2)16 +(3.2)_y6 -
uu +1 (3. 1) 55 +(3.1)y3 -
E E +l (L1) 4 (11).,

D, D 3 G5+ G 1) 3 -
L, L ¥3 (1,2)_1p +(1,2)) -
‘4, ¢ 0 (1,2)_yp +(1,2)) -
dy, d 0 B 1)+ B 1) -
P12 P12 +1 (1,1), +
Y12 X12 F3 (1,1), +
é:’ 5 :F2 (1’1)0 +
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within 5% at a generic point in parameter space described
in Sec. IV. We have also computed current constraints
and found most of them to be trivially satisfied; however,
the constraints from the kaon system do exclude some of
the parameter space. The phenomenology of this model is
quite similar to mini-split SUSY, but in principle there are
deviations in flavor observables involving the second and
third generation, such as B, mixing.

In order to build a complete flavor model, neutrinos must
also be included. One can think of neutrino masses as
coming from the usual SM dimension-5 operator. Once the
U(1) is included, this operator can be generated by either
of the following dimension-7 superpotential operators

S CH)CH)ZD, s (CH)(EH)E,  (45)

* *

where we have suppressed flavor indices. In this case, the
neutrino masses will be given by m, ~ v*(y)(¢)/M: for the
first operator, and the generalization is clear for the second.
Here v = 174 GeV is the electroweak scale. In the bench-
mark given in Sec. IV D, the VEVs of the flavons are of
order 100-1000 TeV, so M, can be as low as 100 PeV to
reproduce the experimentally measured neutrino masses.
This scale is somewhat above the scale of the model, but
not dramatically. These operators can be UV completed
with vectorlike right-handed neutrinos with different F
charges, but we leave this analysis including the compu-
tation of the neutrino mixing to future work.

Stepping back, we see that while the lack of evidence for
SUSY at the LHC is beginning to close the door on weak-
scale SUSY, a window is perhaps opening into the mini-
split paradigm. Through this window, we have envisioned a
solution to the SM flavor puzzle, explaining the many
hierarchies we have seen through the physics of radiative
corrections. Only the ratio of the bottom to top quark
masses is left unexplained, but this ratio is correlated with
the size of the Cabibbo angle, giving unexpected agreement
in both sectors. All other small numbers in the SM flavor
sector are the result of loop corrections and a consequence
of linear algebra. The theory does not need to distinguish
different generations, yet it generates all the flavor hier-
archies we observe in nature.
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APPENDIX A: FIELD CONTENT AND U(1)g
GAUGE SYMMETRY

In this appendix we review the full field content and
address some of the complications associated with intro-
ducing a new gauge group. The field content is given in
Tables I, II, and III, and we give the full field content here in
Table VI for completeness. We begin by noting that all the
fields in the theory transforming under U(1), are vector-
like, so anomaly cancellation is satisfied trivially. This also
allows us to write a supersymmetric mass term for all the
fields that are not part of the MSSM. By the logic of
Egs. (5) and (6), this mass term is O(my), so all the scalars
and fermions given in Table VI are at the PeV scale. The
one exception, of course, is the light Higgs, which is tuned
to have a mass around 126 GeV.

Because the new gauge group is a U(1), a Fayet-
lliopoulos [104] (FI) term is allowed by the gauge
symmetry. Fortunately, a high scale FI term is inconsistent
with supergravity [105] and will not be generated. We also
assume that any intermediate dynamics between the Planck
and PeV scales also does not generate a FI term. Another
possibility arising from the Abelian nature of the new group
is kinetic mixing between hypercharge and U(1), [106].
If hypercharge is embedded in a GUT, then this operator
will be absent at the scale of GUT breaking, but it will be
generated by loops of fields charged under both U(1)’s
such as those in Table VI. Because this is a loop effect, we
will treat it as a perturbation.

Once U(1) is broken, the gauge fields can be diagon-
alized by shifting the hypercharge field with component of
the F gauge field. This has several effects, but all of them
turn out be phenomenologically harmless in the context of
mini-split SUSY. First, the hypercharged fields acquire
some F charge. Because U(1) is broken at such a high
scale, this has no effect in present experiments. The D term
for U(1), will also be shifted

Dy = Dp + €Dy, (Al)

where € is the coefficient of the kinetic mixing operator.
The potential goes as (D’)?, which when expanded out
contains two different effects. The first is a shift in the
coefficient of the U(1)y D term by O(€?). The second is an
effective FI term for hypercharge coming from the cross
term. Both of these modify the scalar potential for the
hypercharged scalars, but they have no qualitative effect
because all these scalars have large masses from SUSY
breaking. Therefore, the effects of kinetic mixing on the D
term can be thought of as small corrections to the masses
and quartics for these scalars.
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APPENDIX B: FLAVON SECTOR DETAILS

In this appendix, we explain the field content and charges
of the flavon sector and give a brief description of the
potential minimization. In the UV, all SM Yukawa cou-
plings are forbidden by U(1), so in order to generate any
Yukawas, we need flavons to get VEVs and spontaneously
break U(1). Thus we introduce a set of flavons ¢, ¢ with
charges £1. This determines the charges of H,, Q and U.
In order to preserve anomaly cancellation and allow a p
term for the Higgses, H; must have an opposite F' charge to
H,. Because this is a supersymmetric theory and Yukawa
couplings are superpotential operators, the down-Yukawa
coupling must be to H,;, so we need a separate set of
flavons, y, j, to generate down-type Yukawa couplings.

The analysis above shows that for the model to be viable,
we need both ¢ and y to get VEVs. Because of the structure
of the potential, this turns out to be impossible without
introducing additional flavons. Consider the potential for
one set of ¢, ¢, y, 7, i.e. ignoring the fact that the flavons
are doublets in the full model. The potential is given by

V= m§,|¢|2 + méwz + m;Z(IZ|2 + m;zfl)ﬂz - (b¢¢c,$ +c.c.)

2
— (b + c.c.) + T2 (9 = B = 3 + 31z
(B1)

The m? are real, and we can do field redefinitions so that
the b’s are positive and the VEVs are real and positive. In
the supersymmetric limit, m?> = |u|*> > 0 and b =0, so
spontaneous U(1) breaking is impossible. Once SUSY-
breaking effects are included, the soft masses can be
negative and a b term can be generated, so SUSY breaking
can trigger U(1), breaking.

We minimize the potential and get the following
conditions:

2mGp — by + 24D = 0
2m%h — byp —2¢D =0

2m§){ —byy—6yD =0
2mZy — byy + 67D =0,
(B2)

where D = g2 (¢* — ¢* — 3> + 37?) is the D term. Taking
linear combinations of the left and right equations such that
D cancels out gives us quadratic equations involving only
the ¢’s or the y’s:

_ 2 -
B = o+ )+ 7 = 0

7 ——(m+myy+x* =0, (B3)

&@M\’

which can be sglved for the barred fields in terms of the
unbarred ones, ¢ = r¢¢, X =T where Ty and ry depend
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only on the parameters of the potential and not on the fields.
Plugging this back into the minimization conditions, we
have

(2mg = byry +2D)p =0 (2my; —b,r,—6D)y =0
(2m§5r¢ —by—2r,D)p =0 (2m§rx —b,+6r,D)y=0.
(B4)

Since we need nonzero VEVs for both the ¢’s and y’s, the
expressions in parentheses must all simultaneously be zero.
We can get a new constraint by taking a linear combi-
nation of the first and third equations that eliminates D,
(6m§j —=3byry +2m’ —b,r,)dy = 0. (B5)
Since the expression in parentheses is a function only of
parameters and generically does not vanish, we are required
to take either ¢p = 0 or y = 0. Hence we conclude that with
only the D term quartic, either the ¢’s or the y’s will get
VEVs, but not both. In the case of the full field content
where ¢ and y are doublets, there is less analytic control,
but the conclusion still holds and either ¢ or y will be stable
at the origin.

In order to generate more VEVs, we need another
potential term that will provide a quartic, so we must
introduce another flavon pair, £, & Choosing the U(1)
charge of £ to be —2, we can write down the superpotential
operators given in Eq. (13), which give the following scalar
potential:

Vi = 2(¢%0* + &7 + E¢* + unbarred < barred)
+ 2ule(Edyy + Ex  +Ey + unbarred <> barred),
(B6)

where for notational simplicity, we have taken a common
supersymmetric mass y for all the flavons (and continue to
assume that all parameters are real). The potential is now
quite complicated, but there are generic regions in param-
eter space where all flat directions are stabilized because of
the extra quartic and the origin for all fields is destabilized.
Numerical study confirms that generically, if one field gets
a VEV, then all of them will.

In the above discussion, we chose the charge of £ to be
—2. This turns out to be the unique choice for a viable
model. In order to understand this, we examine the most
general U(1) that arises from our democratic treatment of
SM fields and that is allowed by the flavon couplings
required to obtain tree-level Yukawa couplings. We can
parametrize the charges of the SM fields under this U(1) as
X3 = a, XM = b,and X, = =Xy, = c. The messenger-
Higgs couplings then imply messenger charges of
X15* = —c/2 and X§* = 3¢/2. These then fix the flavon
charges tobe X, = —c/2 — a,and X, = 3¢/2 — b, so there
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are three independent U(1) symmetries which allow the
Yukawa couplings and mass terms of the theory. Our U(1)
flavor symmetry corresponds to the case a =b =0. A
second independent U(1) can be parametrized by
a=c =0, under which X, = —b based on the above.
Since generically the flavons all get VEVs, this global U(1)
would be spontaneously broken and would yield a highly
problematic massless Goldstone. Rounding out the basis
of U(1)’s is one under which the flavons are uncharged and
is therefore unbroken. Demanding that the flavons are
uncharged leads to the conditions b = —3a and ¢ = —2aq;
this charge assignment is related by a hypercharge rotation
to B — L, and remains unbroken.

In order to get a viable spectrum with no Goldstone
bosons, we need to explicitly break the second U(1) while
leaving B — L and U(1), unbroken. By adding an addi-
tional vectorlike flavon pair, we gain an additional uncon-
strained charge. Therefore, in order to break the second
U(1), we must assign U(1) charges to the new flavon such
that two different types of interactions can be written down
for the new flavon so that no charge assignment under the
second U(1) will be consistent. This uniquely determines
the U(1), charge to be F2 because that is the only charge
that allows us to write both ¢¢& and ¢ 7 £. These are the
interactions found in Eq. (13), which are needed for the
dominant loop contribution to the second generation
masses. In particular, the interaction with two ¢’s is needed
for the charm mass, and the one with ¢ and y is needed for
the strange and muon mass. Therefore, we see that the
charge assignment we have chosen for the flavons is not
only necessary to get a viable spectrum of flavons, it is also
crucial for generating the correct Standard Model Yukawa
couplings.

APPENDIX C: CONSTRUCTING THE
YUKAWA MATRICES

1. Radiative Yukawa generation

In this appendix we give the formulas for the loop effects
used to generate the SM Yukawa matrices. The 33 elements
are generated at tree level and are given by y, in Eq. (31)
and y,, in Eq. (34), and we do not consider loop-level shifts
to yg’éd because they are below our numerical precision. We
now proceed to fill out the remainder of the Yukawa
matrices with radiative contributions that we list in order of
decreasing size.

a. Flavino/flavon

The dominant contribution to y;; for (i, j) = 2, 3 comes
from the flavino loop, which effectively sets the size of the
second generation masses and is illustrated on the left-hand
side of Fig. 5. In the up sector
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1 <
u u FSm* QU
Yij = 1622 ri r/q'mi;k ?kF?krf} I Hy, F(m(;)k,m,},,m;,m),
(C1)

2 2 2
2( 102 my 2 my 22,2 my
mi(m3 log 74 — m3 logﬁg) + mm3 logm—%

F(my,my, mz) =
) = = ()

(€2)

Here r accounts for the fact that the original quark fields
appearing at the vertices to which the external lines connect
might not be mass eigenstates; for example
ri=(1,1,¢c,.=5,). (C3)
where the first two components are trivial because the first
two generations do not mix with messengers and the last
two are the ¢4 projections of the gauge eigenstates g3 and
0, respectively, and similarly for u. In Eq. (C1), i, j simply
take values 2 or 3, and thus here we only need the first three
components of r¢*, but we present the complete vector
which will be used below. F;; is the coupling of the ith
quark flavor to the jth flavino mass eigenstate; for example
- ‘i
F?].:F?kF&)/, k=1,2, (C4)
and we use a similar definition for J:‘k in the down sector.
The factor H inU is the coupling of the ith g and jth u mass
eigenstates to the light Higgs, which arises from summing

over all six triple scalar couplings involving Q, U smes-
sengers and Higgses:

H%U = —up(Ay cos Fi}]irﬁj -2 sinﬂFf}iFZ-i)
+ po(Ay sinﬁrgirgj — 13 cos ngl“;j)

+ py(Ay sin fTETY — Iy cos TITY). (C5)

Because the fermion diagonalization is more involved,
the down sector actually has two types of flavino diagrams.
The first is the analogue of the up-sector diagram:

1
1672
X F(m&k, mg,, m;im),

d __ d9,,  d 9 7SErTIm* gpOD
yij - SinrnrjmanijkFé Fl} Hlm

where [ = 1-5 and m = 1-7,

. . 5 : —* . H

HEP = py(Ap sin fTITY + 7, cos TITY)
o "
—uo(dp cosﬂFg’Faj + A% smﬁfg’raj)

— pp(Ap cos BTITT + 7, sin pTITT), (C7)

rd = (1,1, T3 3. (C8)
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The matrix S;; sums the relevant vertex over all possible
gauge eigenstate fermion fields j overlapping with mass
eigenstate field i:

Sij i#3
1, i=3,j>3

One could extend the definitions of 7? and S; ij to include the
higher generation mass eigenstates (d};, D'), but we do not
consider the effects of mixing from these states, as we
found them to be 1% effects. Furthermore, the renormal-
ization of the heavy fermion masses themselves is beyond
our scope. In Eq. (C6), we take n = 1-4. Since we also
have the coupling dDj in the down sector, there is also an
additional contribution for i = 3, since we can take the d4

component of D:

@F}’kkoS’*rﬁm HgnD]-"( mg, . mg md)

|
d
Y3 T Ten2”

(C10)

Next we consider the contributions from flavon loops; an
example appears on the right-hand side of Fig. 5. There are
two classes of flavon diagrams: one involves a mass
insertion on each messenger line and the other does not.
We begin with the mass-insertion type, and again start with
the simpler up sector:

o _toMoMy - -,
Vi = 32Qﬂ2 CuCylt rjq( frlwRe | F() )

X (FE-Z)RC + lll,\?;Z)Im)‘ﬁv(i’nd,k,MQ/,MU/)7 (Cll)

where My, My are the messenger mass eigenvalues, i.e.

My = \/ug + |F4;¢;* and similarly for U’, and FRe, Fim

is the coupling of the ith quark flavor to the jth flavon mass
eigenstate, obtained by summing over the real and imagi-
nary parts of the appropriate gauge eigenstate flavon
doublet, respectively; for example

FORe — pirki p =12

L

FOm™ = pard k=11,12 (C12)

and similarly for u, d, and f ; in the down sector. The down
sector again has two types of diagrams that correspond to
this, with the first exactly analogous:

AnM o M!
d _ DO M py
Vi T

x (BSR4 iBO"™) F (g, My ML),

yd qr3l+1FZZ (anZ + F() )

im"'m?;

(C13)

PHYSICAL REVIEW D 90, 055001 (2014)

where the sum over / = 1, 2 accounts for both heavy d-type
fermions, and m = 1-4. The second type again involves the
additional f coupling:

)JDMQ/MD/
32722
QR .Q

X (fje + lfjm>.7:(m45/_,MQ/,Mg,).

yggi:_ dqr3k+ll—~1k (’\() —l—lF(> )

(C14)

The second class of flavon diagrams does not have mass
insertions, so these involve the 1, and 1, couplings.
Although the loop integral is formally divergent, for entries
other than yg’éd we need only consider the resulting finite
log terms that are a function of the flavon masses. This is
because the F-coupling piece vanishes when summed
over all flavon mass eigenstates for (i,j) # (3,3), a
consequence of the fact that the first two generations do
not couple to the Higgs at tree level. For the up sector

Z* LS R
Y= 1617;2 rird cos B(F\

XG(My My, my),

S ELS T

(C15)

(% =) log(2) ~ M o ) log (1)
M) = o2 2~ ) O =)
(C16)

The analogous down-sector formula is

K o
¥ = = oz S sin TS (B 4+ i)

.2 (g)Im
x (FSOR 1 iF\0"™\G(M g ML, my) (C17)

where m = 1-4, and the diagram generated from the f
coupling is

16
X( j + lfjm) (MQ/ MD/’ m¢j)

4y smﬂF1 0 k*(l:”( ORe 4 if?l(;?)lm)

ygii
(C18)

b. Gluino

The gluino loop, appearing in Fig. 6, is the dominant
contribution to the entries in the first row and column of the
Yukawa matrices, and controls the size of the first gen-
eration mass. For the up sector,

a
¥y = =5 Sint S jur AR T HEY F (mg, ma, g, ). (C19)

where m, n = 1-4. For the down sector,
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a3 mkn
v = —ﬂSimrﬁ,Sj,,rZF;ikl"EIIH,gD}"(mQ, my,,mg,), (C20)

where m = 1-5 and n = 1-4. There are also analogous
diagrams with a bino.

Approximating the threshold correction from messen-
gers to the gaugino masses as a mass insertion is not strictly
accurate at a PeV because other fields in this diagram are at
that scale. A more precise way to calculate would be be to
blow up the mass insertion and include the two-loop effects
of the messengers. This can be improved further still by

w %
i3 e
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resumming the effects of the thresholds that generate the
gluino mass, and then including the full momentum
dependence in the gluino propagator. We find that these
effects only modify the contribution to the Yukawa cou-
pling by O(1%), so for computing our benchmark we use
the simpler analytic formulas above.

c. Gaugino-Higgsino

These diagrams, shown in Fig. 9, have already been
discussed in Sec. IV C 1. Here, we just present the complete
formulas:

" 010, s SuriT T Gl my.my,). k= 1-4

ay Sk
y% = —7QZQZIJ/1DS,IS,-,{F§FJJF;}J g(ﬂH, mg, maj), k = 1—5

u 4jrkj* | Xy ar
Y4 = usuSur{l Ty {7 0405, G my,my,) — ;CFQ(/JH, my, mqj)] ,

djrkjc | Cy a
¥4 = Apl 3 Sur{l;'T7 [—7Q§Q24g(ﬂ1{, mg, mgj)‘f’;CFg(ﬂH, my, m?;,-)]v

where k = 1—4 in the last two equations above, QY is the
field hypercharge, and Cr is the quadratic Casimir for the
group, which is equal to 3/4 and 4/3 for SU(2), and
SU(3). respectively.

2. Wavefunction renormalization

Our procedure is outlined in Sec. IV C2, where the
generic diagram appears and the contribution from the
flavon sector is discussed. There are also loops involving
gluino/squarks, Higgsino/squarks, and Higgs/quarks. We
include all of these in the renormalization of the ¢ and u
fields, but retain only the gluino contribution for d, since
the other loops are y, suppressed, or involve kinetic
mixing, which we found to be an O(1%) effect on our
SM model prediction, and thus neglect. In addition, since
only the third generation couples to the Higgs at tree level,
the diagrams involving the Higgs multiplet only contrib-
ute to the 33 entries. Unlike the contributions to yggd, we
do include wavefunction renormalization of the third
generation, as the Kéllén-Lehmann representation theo-
rem along with the positivity of quantum mechanics
determines that all such contributions will increase the
third generation masses [107]. Taken together, we find
shifts upwards of 10%, and thus we cannot neglect them.
We use the notation introduced in the previous section and
take a renormalization scale O = 1000 TeV, the common
scale at which the heavy states are integrated out.

(C21)
|
a. Gluino
a3 * mk*
B4 = 1 ST Wi, mg, ©),
lm = 1-4. (C22)
4100(M> 2(m? - 2M? m
Wt m. ) = - 108lgr) il = 2M7) log(G3)
22— m2)? 2(M* — m?)?
m? — 3M>
m>=3M" C23
el (c23)

Analogous formulas hold for u and d; in the case of d, we
take [, m = 1-5. There is also a wino contribution to ¢."'

b. Flavino

1 e .
51151
= -qerl.qu?kFé I3 W(mg;ﬁk,m;h, ),

ij = 167‘[2 T (C24)

and similarly for u.

""We neglect the contribution from the U(1), gauge super-
multiplet, which only changes the 33 entry from the overlap of the
third generation massless eigenstate with the messenger gauge
eigenstate. This is expected to be a O(1%)-level effect.
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c. Flavon
! f(@Re | (gl
=y B ETY (R 4 iE
xW(My.my,. Q), (C25)
and analogously for u.
d. Higgsino

|Sq| i
23 = 1671'2 (|/1U|2Fi F4 W(ﬂH’ mu ) Q)

+ [ PTY TIW (g, my . Q)), (C26)

where the first term arises from putting H, in the loop
and the second has H ;. The contribution to X35 consists of
only the H, piece and is obtained by taking i — g.

Isgl*

233 167 162

/1 2
g1, = L1 Peos?Blls, PW(0.ma. Q) + EW(My. my. O)]
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e. Higgs

Since our renormalization scale is far above the scale of
electroweak symmetry breaking, SU(2) is approximately
unbroken. Therefore, the tuning in the Higgs sector
produces one light doublet that includes the SM Higgs,
and one heavy doublet with degenerate scalars of mass 1.
In other words, the two Higgs doublets are in the extreme
decoupling limit of the MSSM. The light doublet is
given by H| = —cos f(io,)H}; + sin fH ,, and the heavy
doublet by H, = sin fi(ic,)H}; + cos fH . The effects here
describe loops with at least one heavy field (light Higgs
or SM fermion masses are approximated to be O in the
calculation), with purely light field effects taken into
account in the renormalization group evolution of the
Yukawas from the high scale down to the weak scale.

The effects of a heavy Higgs and fermion loop are
given by

[|’1U|2COS2ﬁ(|Su|2W(O’ my, Q) + C%W(MUU my, Q))
+Ap|*sin? (T3 W(0, my, Q)

+ T WML, my, Q)]

Cc27
1672 (C27)
while the effects of a light Higgs and a heavy messenger are given by
I3 = ' 3 [luPsin?B V(M. 0. Q) + [2p [Peos’ STGTE W (M. 0. Q)]
5= lon |2 [s.[2ctsinB W(M 1.0, Q). (C28)

APPENDIX D: MESSENGER THRESHOLD
CORRECTIONS TO GAUGINO MASSES

Here we generalize the discussion of Sec. IVA to fully
account for mixing. We organize the bookkeeping by
introducing tensors VM and WY, which characterize the
possible vertices. These are relatively simple for Q and U,
since Q and U are already mass eigenstates and there is
only one nonzero eigenvalue:

Ve = (I} 's5.T3 ¢,)

0 _ 1
WE =T7%", (D1)
and analogously for U. Here V is a matrix, with the row
denoting whether g5 or Q is at the vertex, and we need to
project out the component corresponding to the heavy

fermionic mass eigenstate. Although we label them by D
the tensors for the down-type messengers actually combine
what were previously separate contributions from the d,, d
and D, D pairs:

V — ((F3l F‘IJZ’I—GI Fl3) (ng*l’%%rgi*l’%?:)’
(F§1 F32 F@t 1'*33))
WP = ((IST1. T3 T2), (1712 17T2)), (D2)

where in VDk and Wl r» 1 specifies which field is at the
vertex, j labels the ferrmonlc eigenstate, and k labels the
scalar eigenstate.

The threshold corrections to the gaugino masses can thus
be expressed as
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2 a _
— L2y2we
Am¢ =3 —LCIVEWIMg T (Mg my,).
j=1

2 2

J(M,m) = logMz,

e (D3)

with M o the physical mass of the heavy messenger. There
is an analogous expression for U, while

anb = Y3

i=1 [=1

CID ijk ﬁkM] j(M]D” ) (D4)

88

The Dynkin indices weighted by degrees of freedom C¥
are given by

=(1/6.3/2,1)
U= (4/3,0,1/2)

D =(1/3,0,1/2) (D5)
for (U(1)y,SU(2)..SU(3),). Our extra matter was intro-
duced in complete representations of SU(5), so we still
need to account for E, I, and L. Since our flavor model
does not discuss the leptonic sector in any detail, here we
simply assume that the parameters for E are the same as
those for U, and identify [, with d,, as well as L with D.
Although they live in the same GUT multiplets, the C
factors are of course different:
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CE = (1,0,0)

CLl = (1/2,1/2,0). (D6)

APPENDIX E: FORMULAS FOR SELECT
FLAVOR OBSERVABLES

1. B, mixing: Wilson coefficient of O,

In addition to the usual box diagram MSSM contribu-
tions to meson mixing involving squarks and gluinos, our
model gives a contribution coming from analogous box
diagrams with flavons/messengers and flavinos/smessen-
gers. Since the first generation fermions do not couple to
the flavon sector, this additional contribution only exists
for mesons that do not contain first generation quarks. The
most precisely measured of these is B,. We therefore
calculate the box diagram for B, mixing and extract the
coefficient of the effective operator O, given in Eq. (42),
which we then use to calculate the contribution to the mass
splitting and CP-violating phase in the B, system.

a. Flavino
2

By(M. My, my,my) =

“= 128 2 F2’ thFZJngFSkFSk*Fﬂ[‘ﬁ*B
X (m&)i’m(i) 7mqk7mq) (El)
|
1
(o = ) = D o = MEY(r = D) = D) T = 1)

2
x(m‘l‘m‘z‘(M2 Mz)log +m4M4(M —mz)logm—2
m3 M
m? m2
+miMi(m3 — M?) log +m;‘M4( M%)logﬁé
1
MZ
+m‘2‘M4(M2—m1)10g—+M4M4( —mg)logﬁ;) (E2)
2
b. Flavon
2
C F< q)Re 'I:"(q)lm * ﬁ(‘i)Re 'F(‘i)lm F(‘I)Re 'ﬁ(‘i)lm * F< q)Re F B M E3
1= 5122(2l +iFy ) (Fy o ik ) (Fy T iy ) ( +i )2(m¢,m¢, o), (E3)
mf log m mj log m M?
By(my,my, M) = o T (E4)

(M =} (m} —m3) — (M?

= m3)*(mi —m3) ~ (M* —m})(M? —m3)’

where the total Wilson coefficient for O, is the sum of Egs. (E1) and (E3).

2. CEDM

a. Flavino

Our model gives additional contributions to chromo-EDMs for second and third generation quarks. The diagrams involve
flavinos and flavons (cf. Fig. 14) and are constructed from the ones shown in Fig. 5 by attaching a gluon line to a member of
the messenger multiplet. The flavino loops are typically the dominant contribution, and they give
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3 ma) + Dlmg mg mg,)). (ES)

where v = 174 GeV is the Higgs VEV; the first term corresponds to gluon emission from the g and the second from i, and

2 m2 -2

1 1 1-w 1—x—w 7
D(M,/z,m):m/) dww/) dx/) dy[w—k(x—ky)ﬁ—k(l—w—x—y)ﬁ . (E6)

b. Flavon

We also get loops with flavons and smessengers. Just as for the loops generating Yukawa couplings, there are

~ vcos f 4y

ij— = 32211

Im{Z;, (F\OR

X (DgO‘MI(MQ/, My, my,)

where

Dno MI(M U,m

contributions with and without mass insertions on the messenger lines. For the dipole calculation though, the latter are
manifestly finite. Those without mass insertions are typically larger, giving

© B (FGRC i)

+ ,Dgo_MI(MU/,MQ/,m(pk)), (E7)

o [ 3342~ 1
/dw/ dy/ dz( l—w—y—2)+ W+ 2)M?*/m* + yu*/m?]

- . ES8
[ R ST =
Lastly, we come to the flavon loop with mass insertions:
~ USiIlﬂM ’MU 2 (u)Re . 25(u)Im
d;j = Tﬂgcucqu r]Im{/IU( Re zFl(k> )(F;k) + lF;k) )}
X (D (MQ/ MU’ M¢k) +D(/’ (MU!,MQ/,m¢k)>, (E9)
with
1 1 1-w l—y—w (W +y+ Z)
DMYM . u, m :—/ dw/ d / dz . E10
o (Mopm) 2m* Jo 0 Y 0 (1=w=y—2)+ W+ 2)M?/m* + yu*/m*]? (E10)
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