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We consider a supersymmetric model that uses partial compositeness to explain the fermion mass
hierarchy and predict the sfermion mass spectrum. The Higgs and third-generation matter superfields are
elementary, while the first two matter generations are composite. Linear mixing between elementary
superfields and supersymmetric operators with large anomalous dimensions is responsible for simulta-
neously generating the fermion and sfermion mass hierarchies. After supersymmetry is broken by the
strong dynamics, partial compositeness causes the first- and second-generation sfermions to be split from
the much lighter gauginos and third-generation sfermions. This occurs even though the tree-level soft
masses of the elementary fields are subject to large radiative corrections from the composite sector, which
we calculate in the gravitational dual theory using the AdS/CFT correspondence. The sfermion mass
scale is constrained by the observed 125 GeV Higgs boson, leading to stop masses and gauginos around
10-100 TeV and the first two generation sfermion masses around 100-1000 TeV. This gives rise to a
splitlike supersymmetric model that explains the fermion mass hierarchy while simultaneously predicting
an inverted sfermion mass spectrum consistent with LHC and flavor constraints. Finally, the lightest
supersymmetric particle is a gravitino in the keV to TeV range, which can play the role of dark matter.
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I. INTRODUCTION

The Higgs boson discovery at the LHC [1-3] has led to
new constraints on the parameter space of supersymmetric
models. In particular, the explanation of the 125 GeV Higgs
boson requires stop masses (or A-terms) which are large,
21 TeV, causing a significant increase in the tuning of
supersymmetric models. In addition, in order to ameliorate
the supersymmetric flavor problem without any additional
structure, the first- and second-generation sfermions are
required to have masses in the 100-1000 TeV range.
Satisfying these two requirements leads to a version of
split supersymmetry [4,5] dubbed minisplit [6,7] which
explains the 125 GeV Higgs boson while simultaneously
maintaining the successful features of supersymmetric
models such as gauge coupling unification and a dark
matter candidate. Of course, this comes at the price of a
meso-tuning, which may be a sign that we live in a
multiverse [5], or instead could possibly be explained by
a relaxion mechanism [8,9].
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A knowledge of the sfermion mass spectrum has
important implications for collider and flavor experiments
seeking to discover supersymmetry. In split supersymmet-
ric models, the supersymmetry-breaking scale occurs near
the PeV scale, with sfermion masses in the range 10—
1000 TeV. Even though this hierarchy of sfermion masses
seems unrelated to the fermion mass hierarchy, it begs the
question as to whether these two hierarchies could in fact be
explained by the same mechanism. For example, a novel
way to account for the fermion mass hierarchy is the idea of
partial compositeness [10]. New strong dynamics is respon-
sible for operators with large anomalous dimensions that
linearly mix with elementary fermions. Assuming the
Higgs boson is elementary, a large Yukawa coupling then
arises for mostly elementary fermion mass eigenstates,
while mostly composite fermion mass eigenstates have a
correspondingly smaller Yukawa coupling. The hierarchy
of Yukawa couplings is therefore explained by a set of
operators with large, order-one anomalous dimensions.

If one now further assumes that the strong dynamics is
responsible for breaking supersymmetry, then an interesting
correlation between fermion and sfermion masses results
from partial compositeness. Supersymmetric operators that
linearly mix with elementary fermions can now communi-
cate supersymmetry breaking to the elementary sector. In this
way, composite sfermions obtain large supersymmetry
breaking masses, while elementary sfermions obtain hier-
archically smaller soft masses. The fermion mass hierarchy is
therefore inversely related to the sfermion mass hierarchy:
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light (elementary) stops correspond to heavy (elementary)
top quarks, while heavy (composite) selectrons are related to
the light (composite) electron. Together with the fact that
gauginos and Higgsinos are predominantly elementary—and
therefore lighter than the composite sfermions—a “split”
supersymmetric spectrum arises where the fermion mass
hierarchy is naturally explained. It is the anomalous dimen-
sions of the corresponding supersymmetric operators that
simultaneously controls the fermion and sfermion masses.
This contrasts with an alternative approach that radiatively
generates fermion masses from a sfermion anarchy [11].
A four-dimensional (4D), holographic description of
partial compositeness for the fermion mass hierarchy
was previously considered in Refs. [12,13]. In this paper,
we generalize this description to the supersymmetric case,
using results from Ref. [14]. Assuming that electroweak
symmetry is broken in the elementary sector (with an
elementary Higgs boson), we consider the linear mixing of
elementary superfields with supersymmetric operators in
the 4D dual gauge theory. This mixing is responsible not
only for the fermion mass hierarchy but also for the
transmission of the (dynamical) supersymmetry breaking
in the composite sector to the elementary sector. This leads
to relations that determine the fermion and sfermion mass
hierarchy in terms of the anomalous dimensions of super-
symmetric operators. These type of theories are similar to
single-sector models of supersymmetry breaking which
were originally proposed in Refs. [15,16] and further
studied in Refs. [17-21]. A shortened version of this work
summarizing the main results can be found in Ref. [22].
The nonperturbative nature of the strong dynamics only
allows the sfermion mass spectrum to be qualitatively
determined. To obtain a more detailed sfermion spectrum
that is consistent with a 125 GeV Higgs boson, we use the
anti-de Sitter/conformal field theory (AdS/CFT) corre-
spondence to model the strong dynamics associated with
partial compositeness in a slice of five-dimensional anti-de
Sitter space (AdSs) [23]. The supersymmetric Higgs sector
is localized on the UV brane, while supersymmetry break-
ing is confined to the IR brane. The supersymmetric matter
fields are bulk fields with the top quark (light fermions)
localized near the UV (IR) brane. In the dual, five-dimen-
sional (5D) gravity description, the overlap of fermion
profiles [24] with the UV-localized Higgs fields mimics the
partial compositeness and explains the fermion mass
hierarchy [25]. The Standard Model Yukawa couplings
are used to constrain the bulk fermion profiles, which then
determine the soft masses at the IR scale. Both the Higgs-
sector soft masses and the soft trilinear scalar couplings
arise at loop order, due to radiative corrections from the
bulk that transmit the breaking of supersymmetry.
Renormalization group evolution is then used to run the
soft masses down to the electroweak scale and obtain the
125 GeV Higgs mass. Using this procedure, we analyze
two benchmark scenarios: one for the case that the gaugino

masses arise from a singlet spurion and the other in a
nonsinglet spurion case. We find that the observed Higgs
mass naturally accommodates sparticle spectra that hier-
archically suppress the masses of the stops and the other
third-generation sfermions below the mass scale of the
first- and second-generation sfermions. In particular, if the
masses of the first- and second-generation sfermions are
restricted to be above 100 TeV to additionally suppress
flavor-changing neutral currents that arise in supersym-
metric models, the stop masses lie in the range 20-100 TeV,
while the masses of the lightest stau and neutralino may be
as low as 10 TeV. Previous attempts to explain the sfermion
mass hierarchy in a slice of AdSs before the Higgs mass
was known were considered in Refs. [17,18]. The results
obtained in this paper are the first predictions for the
sfermion mass spectrum from partial compositeness that
are compatible with a 125 GeV Higgs boson. Additionally,
we include for the first time the full one-loop radiative
corrections to the bulk scalar soft masses squared, the Higgs-
sector soft terms, and the soft trilinear scalar couplings. For
stops and other UV-localized sfermions, these corrections
provide the dominant soft mass contributions, and accord-
ingly have important phenomenological consequences. For
the Higgs sector, they control the breaking of electroweak
symmetry.

A schematic diagram of a possible mass spectrum in the
partially composite supersymmetric model is depicted in
Fig. 1. It assumes an elementary Higgs sector interacting
with an elementary top quark sector (UV localized). The
first- and second-generation fermions are composites (IR
localized) of a strongly coupled sector that is also respon-
sible for dynamically breaking supersymmetry. The strong
dynamics therefore leads to a sfermion mass spectrum
that is inversely related to the fermion mass spectrum.
Furthermore, the graviton supermultiplet is elementary,
and, since it couples gravitationally, the gravitino receives
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FIG. 1. Schematic diagram depicting a possible particle spec-

trum of the partially composite supersymmetric model. The left
(right) column depicts the fermions (bosons). The sfermion mass
hierarchy is inversely related to the fermion mass hierarchy and
the LSP is the gravitino.
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a small supersymmetry-breaking contribution, becoming
the lightest supersymmetric particle (LSP) with a mass
Z1 keV. This differs from other split-supersymmetry
models where the gravitino is usually the heaviest super-
partner. Finally, even though the first two generations of
matter are composite, gauge coupling unification still
occurs at approximately 10'® GeV, as in the usual super-
symmetric standard model [assuming any underlying
strong dynamics is SU(5) symmetric]. It should also be
noted that the elementary matter is present at the grand
unified theory (GUT) scale with order-one Yukawa cou-
plings. This helps one to avoid the tension that occurs from
Yukawa coupling unification in usual grand unification
scenarios, where the lighter first two fermion genera-
tions are elementary (do not mix with a composite sector),
and consequently have tiny Yukawa couplings at the
GUT scale.

The rest of this paper is summarized as follows: In
Sec. II, we review the idea of partial compositeness in the
context of the fermion mass hierarchy. This is then
generalized to a supersymmetric model when supersym-
metry is assumed to be broken by the strong dynamics. This
gives rise to a sfermion mass hierarchy that inverts the
fermion mass ordering. We then construct the gravitational
dual of this model in a slice of AdSs in Sec. III. The soft
masses resulting from supersymmetry breaking on the IR
brane are calculated, including one-loop radiative correc-
tions from the bulk theory to the sfermions and Higgs
fields. In Sec. IV, we develop the parameter space available
in the 5D model and estimate the constraints arising
on this space from various phenomenological and
theoretical requirements. We select two representative
benchmark scenarios and perform a full numerical analysis.
We conclude by presenting the resulting spectra. In
Appendix A, we write down the partially composite theory
below the confinement scale in terms of component fields,
and then determine the mass eigenstates resulting from the
mixing of the elementary and composite sectors. Next, in
Appendix B, we summarize the zero-mode profiles for
fields in the bulk of a slice of AdSs, including their
deformations due to the presence of supersymmetry break-
ing on the IR brane. Finally, in Appendix C, we derive the
one-loop radiative corrections to scalar soft masses
squared, the Higgs soft b-term, and the soft trilinear scalar
couplings arising in the 5D theory after supersymmetry is
broken on the IR brane.

II. PARTIAL COMPOSITENESS

A. The fermion mass hierarchy
We begin by briefly reviewing how partial composite-
ness explains the fermion mass hierarchy [12,13]. Consider
two sectors, an elementary sector with a Weyl fermion y
and a composite sector with a (charge-conjugate) fermion
operator ;. The scaling dimension of the fermion operator

1S written as %+ 6, where 6 denotes the deviation from the
canonical scaling dimension. The Lagrangian at the UV
scale, Ayy, 1s taken to have the form

L, =iy'e"dp— (wOy, +H.c.), (1)

AR
where the Minkowski metric 7, = diag(—, +, +,+) and
an order-one UV coefficient has been assumed in the
second term. The mixing term in (1) means that after
confinement at an IR scale, A, the mass eigenstates are an
admixture of elementary and composite states. This is
analogous to y-p mixing in QCD. To obtain analytic
estimates of this mixing, the strong dynamics is assumed
to be described by a large-N gauge theory, where N is the
number of colors. In the large-N limit, the two-point
function for a composite operator O can be written as
(O(p)O(=p)) = >_,a%/(p* + m2) to leading order in +,
where a, = (O|(9| ) & ‘/_ is the matrix element for O to

create the n™ state from the vacuum and m,, is the mass of
that state [26].

Applying these results to fermions, we consider a simple
three-state system containing an elementary Weyl fermion
y, together with a lowest-lying composite Dirac fermion

(W, weM), with mass, mls,w = g( ) A, Where g.5,> is an

order-one coupling. Note that having a composite Dirac
fermion follows from assuming that the strong dynamics
does not break any Standard Model gauge symmetries. The
Lagrangian at the scale A is given by

L,=iy'e"0 l//+ll// 0”8

D4 iy teMgro lp

—e, Ay +Hee) - <1)(w“w"”+H-C-)- (2)

The dimensionless coupling ¢, is defined at the IR scale

to be

VN 1 [(Ag\*"'VN
R dr ‘/ZV/ Ayy 4r
5—1

AIR -1 (3)

\/_

where the running parameter £,(u) satisfies ,u[%’ =
(6-1)&, + ¢, 25 &), £, is an order-one constant due to
the (unknown) strong dynamics [12], and the coefficient
Z,, is the wavefunction renormalization of the elementary
fermion. In the final expression we have taken the large-N
approximation of Z,,.

The diagonalization of the Lagrangian (2) generates
fermionic admixtures of the elementary and composite
states [27]. In particular, the massless fermion eigenstate is
given by
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_Nw{lw \/— oy 1Il/f“’>} (4)

where N » 1s a normalization constant. This expression
shows that for 6 > 1 the mass eigenstate is mostly elemen-
tary, while for 0 < § < 1 the state has a sizeable composite
admixture. These admixtures play a crucial role in deter-
mining mass hierarchies.

At the UV scale, the chiral elementary fermions y; p are
coupled to the elementary Higgs field H via the Yukawa
interaction Ay/; yr H, where 1 is an order-one proto- Yukawa
coupling and the Higgs field is assumed to develop a vacuum
expectation value (VEV) (H) = v/+/2. Diagonalizing the
fermion Lagrangian at the IR scale with the Higgs contri-
bution gives the fermion mass expression

O Y
VUNZZg 2
éiw(a—l)l%fz% 5> 1,
= 2(1-9) (5)
72 v A
é(l—é)%%Q—g) 0<s5<1,

where for simplicity we have assumed that 6 = 6; = Jp,

gl(,,) 5,1 L) = g,(,,ff, &, = ¢,, = &,,, and explicitly included

the normalization factor from (4). The wavefunction coef-
ficients Z; g are approximated asin (3),andfor0 < 6 < 1 we

have assumed ¢, < g,(,,1 ). Notice that when & > 1 there is no

power-law suppression in the Yukawa coupling since the
mass eigenstates are mostly elementary and have order-one
couplings to the elementary Higgs field. This, for instance,
would explain the Yukawa coupling of the top quark. This
contrasts with thecase 0 < § < 1, where the mass eigenstates
have a sizeable composite admixture with a power-law
suppressed Yukawa interaction (due to the fact that the
proto-Yukawa coupling 4 in the elementary sector is divided
by the large wavefunction renormalization factor, /Z; Z, at
the IR scale). These states describe the remaining light
fermions in the Standard Model, where for each flavor i there
is a corresponding operator with anomalous dimension 9;.
Therefore, the hierarchical Yukawa couplings result from
order-one anomalous dimensions of operators. In the super-
symmetric generalization, these anomalous dimensions also
determine the magnitude of the corresponding sfermion
masses.

B. Supersymmetric partial compositeness

1. Chiral supermultiplet

Next, we consider the supersymmetric generalization of
partial compositeness. Consider the elementary chiral

superfield ® = ¢ + /20y + 60F, where ¢ is a complex
scalar field, y is a Weyl fermion, and F is an auxiliary field.
In addition, we introduce a supersymmetric chiral operator
O0=0,+ \/59(’),,, + 000.. The scaling dimension of the
scalar operator is dim O, = 1 + 5@, the scaling dimension
of the fermion operator is dim O,, = 35 2 1 50, and the scaling
dimension of the auxiliary operator is dimOp = 2 + 6y,
where 6 > 0 [14].

The supersymmetric Lagrangian contains separate
elementary and composite sectors, together with linear
mixing terms of the form [®@O¢] for each chiral superfield.
The superfield Lagrangian at the scale Ayy is given by

Lo = [070], + % (00, +He)  (6)

uv

where O¢ is the charge-conjugate composite operator with
anomalous dimension ¢ and we have assumed an order-one
UV coefficient.' The composite sector is assumed to
confine at the infrared scale A, and thus, for the
large-N strong dynamics, the two-point function (OO) is
again assumed to be a sum over one-particle states. The
Lagrangian at the IR scale can be written as

Lo= [q)*q)]D 4 [cDC(I)Tq)C(l)]D 4 [cp(l)Tq)(l)]D
+epAR ([@DWV], +He)+my (VoM +H.c.),
(7)

where @) (@¢(V) is the lowest-lying composite chiral

superfield corresponding to O (O°) and mgp = gg)AlR is
the lowest-lying resonance mass, with gg) an order-one
coupling. Note that we have neglected heavier resonances
and higher-order terms in (7). The Lagrangian contains
mixing terms between the elementary superfield ® and the
lowest-lying composite superfield ®(!). The dimension-
less constant &¢, is defined at the IR scale to be

- \/1v 1 Ar \o! \/N
ep =Eo(AR)—— = Ao 4
UV

477.' \/Zq)
o—1
o1 <//\\i> 5>1
é’@ uv
(8)

0<d6<1,

B

ﬂ

{o

where &g satisfies ,ud&“’ = (6= 1) + (o 1o &, With (g
an order-one constant. Note that the supersymmetric

nonrenormalization theorem guarantees that &g only
depends on the wavefunction renormalization, unlike the

'A kinetic mixing between the elementary and comp051te
sectors of the form Age’ [®'O + H.c.],, has been omitted in our
minimal setup.
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nonsupersymmetric case, where the vertex renormalization
piece in (3) was neglected.

Just as for the fermions in Sec. I A, the mixing terms in
the Lagrangian (7) cause the scalar mass eigenstates to be
admixtures of elementary and composite states. The details
of this mixing are given in Appendix A. Using the result
(A4) and (8), the massless scalar eigenstate ¢, is given by

1 o—1
Vo | (R

|#0) =Nq>{|¢> 5 1|¢“>>}, ©)

where ¢ is an elementary scalar, ¢(!) is the lowest-lying
composite scalar, and N¢ is a normalization constant.
Similarly to the fermion case (4), the massless scalar
eigenstates are mostly elementary for 6 > 1, whereas for
0<6<1 they are an admixture of elementary and
composite states. In fact, supersymmetry guarantees that
the admixtures for both the fermion and scalar field in the
chiral multiplet are the same.

2. Vector supermultiplet

Next, we consider the supersymmetric generalization of
partial compositeness for gauge fields. For simplicity, we
consider the case of an Abelian U(1) gauge field, and
assume our discussion can be generalized to non-Abelian
gauge fields. In the nonsupersymmetric case, the source
field A, mixes with the conserved U(1) current J, and

induces a kinetic mixing of the form F** ,(}J [27,28], where

F flly) is the field strength of the lowest-lying composite field,

Af,]). To supersymmetrize this coupling we introduce
the vector superfield, V = 676*0A, + 676704 + 000" A"+
1000'0°D, with field strength superfield W, = A,+
0,D + % (c"6°0),,F,, + i06(c*9,A") . The conserved cur-
rent J, can be embedded into a linear supermultiplet 7,
which satisfies the condition D> = D27 = 0 and guar-
antees current conservation [29].

The supersymmetric Lagrangian at the UV scale is
given by

Ly = G Wew, ], + H.c.) + 28, V], (10)

where &, is the mixing parameter. Since [V.7|, can be
transformed into a kinetic term such as [W*W,], + H.c.,
where W is the field-strength superfield operator associated
with a composite vector superfield operator V, we omit
such a term in the Lagrangian.

After confinement, the IR Lagrangian for the source V,
together with the lowest-lying composite vector V(), field-

strength superfield Wf,l), and chiral adjoint superfield CDg,U,

can be written as

4

D, @i\ 2
o, + @
+ A} Kg V4 gDy 4 v T2V H . (11)
® Y ! \/EAIR D

1 1
Ly = <Z (WeW, ]+~ [WOewM], + H.c.)

(1)

where g’ is the composite vector coupling, and the

dimensionless constant, ey = &y (AR) g parametrizes
the mixing at the IR scale. The running parameter &y (u)
satisfies " EV ={y 16”2 &, with ¢, an order-one constant

that comes from the (unknown) strong dynamics. This
immediately leads to the solution

1 1 4z
+§VN10g AUV \/ZCvlog AUV)\/N’

Ey(AR) = (12)

87°

where we have taken the large-N limit in the last term.

The Lagrangian (11) can be diagonalized to obtain the
mass eigenstates (the details are given in Appendix A).
Using (A15), the massless gauge boson eigenstate is found
to be

1
Ao) 2NV A, — ADY 8, (13)

2y log(5)

where Ny is the normalization constant and A,(}) is the
lowest-lying composite gauge boson. Assuming a large
hierarchy (Ayy > Ar) and order-one values for the
couplings, this expression shows that the massless eigen-
state is mostly elementary, but with a sizeable composite
admixture. The corresponding gauge coupling for this
massless state is given in (A20).

The gaugino part of the Lagrangian (11) is similarly
given in Appendix A, where it is shown to be a special case
(6 = 1) of the fermion Lagrangian (2). After diagonalizing
the mass terms (see Appendix A), the massless gaugino
eigenstate becomes

1

o) = Ay 4 12) - -
2y 10g<ﬂ)

Ay . (14)

where we have used (A24) and AV represents the lowest-
lying composite gaugino. By supersymmetry, the overall
normalization constant, Ay, and composite admixture are
the same as in (13).

3. Gravity supermultiplet

Next, we consider the supersymmetric generalization of
partial compositeness for gravity fields. In the nonsuper-
symmetric case the graviton h,,, mixes with the conserved

energy-momentum tensor TW, 1nducing a kinetic mixing
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between the graviton and massive spin-2 resonances [27]
(which is completely analogous to graviton-f, mixing in
QCD). In the supersymmetric extension, the graviton £,
and gravitino y, can be embedded into the real super-
gravity field,

H,=-

%(0*6”9)@” - i096ﬁ/12,' + i0+9T01ﬂ + ey (15)
where we have assumed the gauge 21//,, =4+ 30 6",

and only written the graviton and gravitino parts. The
conserved energy-momentum tensor 7', can be embedded
into the supercurrent ®,, which satisfies the condition
—i&”D(E)ﬂ = D'X, where X is an antichiral superfield, and
guarantees current conservation: 9,7 =0 [29]. The
supersymmetric Lagrangian at the UV scale is given by

Ly = : [H,E", 4 2 [H,0"],. (16)
3 Auy

where &g is the mixing parameter and E* is the Einstein
superfield [30]. In an analogous fashion to the gauge boson
case, the IR Lagrangian after confinement can be written as

4 4
Ly = g [HMEﬂ]D + g[

1 1
+ 2N [(enHY + gy HY)

)50,
2

Ip- (17)
where ey = &5 (AR) Y7 YN and H

field with correspondmg Einstein superfield E( . The
running parameter &y (u) = \/——AL satisfies p %4 d =E&y+

N 23 i
{1 76,7 En» With £y an order-one constant that arises from the

Jisa composite real super-

(unknown) strong dynamics. The solution is then given by

AIR 1 1 AIR 47[
AUV AUV\/—
e (-

Ayy

En(Ar) =

(18)

where, in the last term, we have taken the large-N limit. Since
the graviton couples to the energy-momentum tensor with
strength 1/Mp (where Mp = 2.4 x 10'8 GeV is the reduced

Planck mass), we obtain the matching condition —— M = A at
the IR scale, which leads to the relation

ALL-VW_AUVMI—-<AR> ~ /Cahuy.

The Lagrangian (17) contains mass mixing terms, and the
diagonalization details are given in Appendix A. Using
(A32), the massless graviton eigenstate is found to be

1 AIR
\ / AUV

Assuming Ajr < Ayy, this shows that the massless eigen-
state is mostly elementary with a tiny composite admixture.

The gravitino part of the Lagrangian (17) is given in
Appendix A, where it is shown to be a special case (0 = 2)
of the fermion Lagrangian (2). After diagonalizing the mass
terms (see Appendix A), the massless gravitino eigenstate

becomes
I Ar ., ()
)¢, (21)
2)\/CHAUV

) = Nﬁ{mn - W} o

o) zNH{uu,» -

where we have used (A38) and 1//,(,1> represents the lowest-
lying composite gravitino. By supersymmetry, the
composite admixture is the same as in (20), and thus the
gravitino is again mostly elementary.

C. Supersymmetry breaking

Supersymmetry is assumed to be broken in the composite
sector by the strong dynamics and will be parametrized by a
composite spurion, chiral superfield, X = 60F, where the
vacuum expectation value (F) = Fy # 0. In the large-N

limit, we have Fy \‘{—IIYAIZR [31].

1. Sfermion masses

Supersymmetry-breaking scalar masses are only gener-
ated for the composite sector fields, since there is no direct
coupling of the supersymmetry-breaking spurion to the
elementary fields. For instance, the massive chiral super-
field ®(1) directly couples to the supersymmetry breaking
in the composite sector via the following D-term:

2
g
&2 [xTxoTo], = &gy pDip, (22)

where &, is a dimensionless parameter, which for a large-N
gauge theory is proportional to 16—” [26]. This D-term
interaction gives a supersymmetry- breaklng mass to the

composite scalar field ¢(!). Given the scalar admixture (9),
the corresponding sfermion mass squared becomes

L o [Pl L ReyoVe i 521,
2 Noeols ™y == () \m
IR 54 0<é6<1,
(23)

where we have assumed &4 < gg ). Note that the sfermion

mass is power-law suppressed for & > 1. This is because the
mass eigenstate is mostly elementary and therefore can
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only obtain a supersymmetry-breaking mass via mixing
with the composite sector. This contrasts with the case
0 <0 <1, where the mass eigenstate has a sizeable
composite admixture and therefore directly feels the
supersymmetry breaking from the composite sector without
any power-law suppression. In this way, a sfermion mass
hierarchy can be explained by anomalous dimensions of
supersymmetric operators.

Note, however, that as ¢ is increased beyond one, the
scalar mass squared becomes increasingly small, since the
scalar is becoming more elementary [using (9)]. Eventually,
radiative corrections are sufficiently large that they provide
the dominant contribution to the sfermion mass squared.
For instance, the sfermion-fermion-gaugino interaction
with a massive gaugino leads to the one-loop contribution

1 9 an
om” ~ - M+, 24

" 1622 4 (24)
where g; (i =1, 2, 3) are the Standard Model U(1), x
SU(2), x SU(3) gauge couplings, respectively. Note that
this radiative correction is assumed to be finite. Therefore,
there is a maximum value of the anomalous dimension §*,
beyond which the gaugino-mediated contribution (24)
dominates.

2. Gaugino masses
The spurion superfield X" can also be used to generate
gaugino masses. Since the massless gaugino (14) contains a

A1) admixture, supersymmetry breaking in the composite
sector is transmitted by the following interactions:

& g§/1>2

&3 aweOw L He), 25
> An ([ Jr +Hc.) (25)

where &3 is proportional to 4—\/’1’—\/ for a large-N gauge theory.
The supersymmetry-breaking interaction (25), adds the
Majorana mass term §3g§,1)2 %/1(”/1(1) + H.c. to the gau-
gino mass terms in (A21). Note that there is no )((1) mass
term because the interaction [X'V()2], is not gauge

invariant. Diagonalization of the mass matrix then leads
to a gaugino mass

Fy
AR

2 IX
~gE 26
’ IR ( )

M 1= N %/5%153
where we have used the gauge coupling relation (A20) and
ey ~ gs(Ar). The result (26) is consistent with simply
using (14) and the fact that the massless mode only has a
A admixture. Notice that the gaugino mass is suppressed
by a log(Ayy/ARr) factor due to the fact that the elemen-
tary gaugino mixes with the composite sector via a
marginal coupling. This causes the gauginos to be

generically lighter than the heavy composite sfermions
with 0 <0 < 1, leading to a “split” spectrum.

However when 6 is greater than the critical value 6%, the
gaugino mass radiative correction (24) gives the dominant
contribution to the scalar masses. The critical value o6
occurs when 8/m? ~ /%, and using (26) it takes the value

log [‘;—’_[log(/l\\—ﬁ)}

log(5)

5 ~1 , (27)

where we have included only the dominant gauge-coupling
contribution. Thus, for 6 > §*, the gaugino is heavier than

the corresponding sfermion mass by a factor of /«;/(4x).
Note that when /Fy > AR, the lightest gaugino
becomes a Dirac fermion with a mass
A
M/l 28VAIRZ+' (28)
UV
20y log(3)

This value parametrically matches the gaugino mass that
is found in a five-dimensional (5D) supersymmetric stan-
dard model where supersymmetry breaking arises from
“twisted” boundary conditions [17]. The Dirac limit can
also be seen in Fig. 2, which shows the elementary state
/ marrying the composite Weyl fermion y(!) as \/Fy
becomes larger, giving rise to a Dirac mass ~g,(ARr)ARr
that is smaller than the mass (A26) that applies when

VFy < ARr.

3. Gravitino masses

The supersymmetry breaking from the composite sector
gives rise to a positive vacuum energy. This contribution
can be cancelled by introducing a constant superpotential
W, which induces a mass term for the elementary gravitino

1w B
—ZM—%)I///)[UM, O'/]I[IM =+ H.c. (29)
10
1k
S_: 0.100 ¢
S
0.010¢
0.001 ! . :
0.01 0.10 1 10 100
RNk

FIG. 2. Gaugino mass eigenvalues for gi,l) =2,ey =03, and

&3 =1 as a function of the supersymmetry-breaking order
parameter F y.
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At the IR scale, this term becomes
LAV

Az 3"

1 471' F X

4CuE N 3M,

where Zy is defined from &5(Ag) in Sec. IIB 3 and in

o",6"ly, +H.c.

w,lo", 6y, + He., (30)

the second equation, we have tuned | F y|* 7255 ~ 3 ‘W‘ so that

the cosmological constant vanishes. Note that this means the
elementary sector is supersymmetric AdS,, with Minkowski
space obtained after the “uplift” from the supersymmetry-
breaking composite sector. Diagonalization of the mass
matrix [given in (A36)] with the inclusion of (30) then leads
to a gravitino mass

£

M3y o Ey——

2T AM,

where Fy < AgMp, Ny ~ 1, and &; = ~2 \‘}’L The result

(31) is consistent with simply using (21) and the fact that
the massless mode is mostly elementary. Since A << Mp,

(31)

the gravitino is generically much lighter than the heavy
composite sfermions with 0 < § < 1. There is also a heavy

Dirac gravitino mostly comprised of u/,())

12
N(gz) +ep)' A
In the opposite limit Fy > ArM p, one gravitino Weyl
state decouples, and the elementary state y, marries the

and ;(,(,” with mass

composite state 1//,4 [17] such that the lightest gravitino

then becomes a Dirac fermion with a mass ms/, ~ g(H)AIR.
This is similar to what occurs for the gaugino, except that
since the mixing is very small, the Dirac limit is reached
much more slowly for the gravitino.

4. Higgs soft mass

There is no direct coupling of the supersymmetry-
breaking spurion to the elementary fields, and therefore
the Higgs soft mass can only be generated radiatively, via
loops of fields with a composite admixture. In particular,
gaugino and sfermion loops can transmit the supersym-
metry-breaking effects to the elementary sector.

The first type of sfermion contributions are due to
Yukawa interactions. These lead to the Higgs soft mass
squared

2
yé(AIR) - Ar
(Am%,)vz 16 > m210g Te—V
» NG, AR
" 16x2 Z2 TeV
N16n2/12/\/§>< 6—1
= 2 3 AR \2(5—
N Cop \1-— A_W)Z(ﬁ 1)

A |F X|2 Ar
) <AUV> 54 AIZR (TeV)’ (32)

where y;(Ar) = m, /(H) is the Yukawa coupling from Sec. Il A with § = &, = 6 chosen for simplicity, 4 is the proto-
Yukawa coupling, N is a normalization constant given in (A4), and Zg is defined in (8).

The second type of sfermion corrections are due to D-term gauge interactions and the mixing term V — @y,

scalar and the auxiliary field component of CDg,)

(1)

) . Since the

mediates the supersymmetry breaking, the easiest way to estimate the

D-term contribution is to approximately solve for @’ in order to determine how the elementary D-term is coupled to
the composite sfermions. This procedure generates the following correction:

872

(Amy)p =~ Y(H)Y () PLAR) log(A

TeV

2
>+ N‘I’z 2

265 (1+52)
Ep + AIZR

A log(A%)  §5—1 N2 Fyl?
~ Y(H)Y(¢) g‘é §R>evf\/§> CTV A5 ] T 2 Af' : (33)
™ o (5%) - 2<1+T?> IR
R

. . 1)2
where g; is the U(1), gauge coupling, ¥ denotes the hypercharge, and mg, = (&g + gWAZ,.
Finally, the corrections that involve gauginos arise from gauge interactions. The dominant contribution is given by

ClRAR B 2 og (28, (4)

A
( mH) TeV
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100
50 (AmH)92

(AmH)g1

FIG. 3. One-loop corrections to the Higgs mass parameter that
arise from gauge, Yukawa, and D-term interactions due to a
single sfermion or gaugino as a function of the anomalous
dimension §.

where g, is the SU(2) gauge coupling and C(R) is the
quadratic Casimir of the representation R. In Fig. 3, we
plot the approximate expressions (32), (33), and (34)
for a single sfermion [with Y(¢) = 1] and gaugino,

assuming \/&,/CoFy=&3F y=(4.75x10'°GeV)?, Ag =
2% 10" GeV, 2% ~0.026, gy gy) =2~ 1, gy = g2k,

and (¢, y =~ 1/ gglz%,, where i = L, R. Furthermore, for later
comparison with the 5D calculation, we use values for mczl,l
and m%,l corresponding to the 5D Kaluza-Klein masses.
Only the maximal contribution arising from the Yukawa
interaction (corresponding to §; = 6 and 6z = 1) is shown
in the figure. All contributions are qualitatively similar to
the precise SD results that are given in Sec. IIIC and
calculated in Appendix C.

D. Higgsino mass

Since the Higgs supermultiplet is elementary, there is no
direct coupling to the supersymmetry-breaking spurion in
the composite sector, and therefore the generation of a -
term via a Giudice-Masiero mechanism [32] is forbidden.
Instead, to generate a sizeable u-term, we consider the
Kim-Nilles mechanism [33] and introduce an elementary
Standard Model singlet S, together with a global U(1)
Peccei-Quinn symmetry, where H,,, H;, S have the charges
+1, +1, —1, respectively.” This global symmetry then
allows the following nonrenormalizable superpotential
term:

Ky

W =
KN oM,

S?H H,, (35)

*To allow for Yukawa interactions with the Higgs fields, the
fermions Q, L, u, d, e must have charges —1, —1, 0, 0, O,
respectively.

where «, is a dimensionless coupling. Assuming that the
Peccei-Quinn symmetry is spontaneously broken by a
nonzero vacuum expectation value (S) ~ f, an effective

pu-term of size

_kaf?

P (36)

H

is then generated. Since the global symmetry is anomalous
(and assuming all other sources of breaking are small), the
pseudo Nambu-Goldstone boson associated with the spon-
taneous symmetry breaking can be identified with the
axion. This axion is of the invisible DFSZ type, and is
consistent with the present astrophysical constraints pro-
vided that 10° GeV < f < 10'? GeV. For this range of f,
the p-term (36) can easily accommodate values in the
range 0.1 TeV < p < 100 TeV. Thus, using the Kim-Nilles
mechanism, we can solve the strong-CP problem and
generate the required values of the y term.

E. The sfermion mass hierarchy

In a supersymmetric model, partial compositeness relates
the fermion and sfermion mass hierarchies. To explicitly
see this relation we consider a numerical example involving
the electron and the top quark. In order to explain the
fermion mass hierarchy, the top quark must be mostly
elementary with , > 1 (i.e., irrelevant mixing), while the
electron must have a sizeable composite admixture with
0 < o, < 1 (i.e., relevant mixing). Using the fermion mass
expressions (5), the ratio of the Yukawa couplings at the IR
scale is then given by

Ye 1 - 5e AIR 2(1-.) (37)
Yt B o, — 1 \Ayy '

The ratio of the electron to the top-quark Yukawa coupling
is determined in terms of J,,, and for a sufficiently large
hierarchy between A and Ayy, depends sensitively on the
anomalous dimension ,. It is plotted in Fig. 4 for various
values of Ar/Ayy, assuming that the Yukawa coupling
ratio is approximately y,/y, ~ 107> over most IR scales.
Note that (37) is a simplified expression for ¢ values not
very close to one, but exact expressions are used in the
figure.

Using the sfermion mass expressions (23) and (24), we
similarly obtain the ratio of the selectron mass squared to
the stop mass squared at the IR scale:

1-5, (A \2(1-8) "

I 6,—1 (Allllz/) 6t = 6“ (38)
u A -
(1 - 5,)log? (ﬁ) 5, > 5.

3
(1S

3
o

Note that this expression is separately valid for left- and
right-handed scalar masses and only the gluino contribution
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FIG. 4. Values of the anomalous dimensions J, and 9, that give
rise to the electron to top-quark Yukawa coupling ratio. The
approximately horizontal lines are contours of the ratio A /Ayyv,
while the approximately vertical lines are contours of the tree-
level sfermion mass ratio m;/my;. The running of the Yukawa
couplings has been included, assuming Ayy = 10'® GeV,
tan f = 3, and a supersymmetric mass threshold at 50 TeV.

is included in (24) for the gaugino-mediated contribution to
the stop mass squared. Interestingly, the two expressions
(37) and (38) differ only in the exponents for §, < J;, while
for 6, > 07 the ratio no longer depends on &,. As shown in
Fig. 4, the allowed regionis 0 <5, <0.9and 1 <6, < 1.8,
depending on the value of Az /Ayy. The largest value of
the ratio mz/mj; is approximately 140 (390) for AR/
Ayy = 1073(10716). Note that the Yukawa coupling ratio
contours in Fig. 4, end at §; because the sfermion mass ratio
becomes approximately constant as seen in (38).

Although these are naive tree-level results obtained at the
IR scale, they clearly reveal an inverted mass hierarchy for
the sparticle spectrum where m;/m; ~ 10-350. To obtain a
physical mass spectrum, this range is further restricted due
to renormalization group (RG) effects. We next include
these effects, as well as a number of phenomenological
constraints, such as the 125 GeV Higgs boson. Since the
strong dynamics is nonperturbative, the AdS/CFT corre-
spondence is used to calculate the mass spectrum in a slice
of five-dimensional AdS.

III. THE FIVE-DIMENSIONAL PICTURE

A. Supersymmetry in a slice of AdS

We consider a warped five-dimensional spacetime
(x*,y), where u =0, 1, 2, 3 are the 4D coordinates and
—zR <y < zR is the coordinate of an extra dimension

compactified on a S'/Z, orbifold of radius R. The
spacetime metric is anti-de Sitter, given by

ds* = e Dly dxtdx? + dy* = gyydxMdxN,  (39)

where k is the AdS curvature scale and capital Latin indices
M = (u, 5) label the 5D coordinates. The 5D spacetime is a
slice of AdS5 geometry, bounded by two 3-branes located
at the orbifold fixed points: a UV brane at y = 0 and an IR
brane at y = 7R}

The cutoff scale of the UV brane is Ayy = M5, where
M is the 5D Planck scale, while the scale of the IR brane is
AR = Ayye ™R The 4D reduced Planck mass, Mp, is
given by [23]

3 3
M3 :%(1 —e‘z”kR)z%, (40)
k k
where we are assuming zkR >> 1. Note that this expression
is consistent with the result (19) derived from partial
compositeness. In order for the classical metric solution
to be valid, the AdS curvature must be small enough
compared to the 5D Planck scale so that higher-order
curvature terms in the 5D gravitational action can be
neglected. This requires k/Ms < 2 [37], but, in the follow-
ing, we have taken k to be generically smaller, choos-
ing k/Ms = 0.1.

Besides gravity, we introduce the matter and gauge field
content of the minimal supersymmetric standard model
(MSSM) in the bulk. Since only Dirac fermions are allowed
by the 5D Lorentz algebra, the bulk supersymmetry has
eight supercharges, corresponding to N = 2 supersym-
metry (SUSY) from the 4D perspective. All fields that
propagate in the AdS bulk are thus in A/ = 2 representa-
tions of supersymmetry, but the orbifold compactification
breaks this to an A" = 1 supersymmetry at the massless
level, preserving four supercharges [17,25]. The massless
modes which form this 4D MSSM are the zero-mode
solutions in the Kaluza-Klein (KK) decompositions of the
5D fields.

The zero-mode profiles for the bulk fields are summa-
rized in Appendix B. In a bulk hypermultiplet, the fermion
and scalar zero-mode profiles depend on the bulk fermion
mass parameter c¢. By the AdS/CFT correspondence, the
scaling dimension of fermionic operators in the 4D dual
theory is dim O, =3 + [¢ £ |, and for scalar operators it
is dimO, = 1 + |c £ 1|, where the upper (lower) sign is
used for left-handed (right-handed) fields. Thus, there is
direct relation &; = |c; + 1| between the anomalous dimen-
sions §; in the 4D dual theory (introduced in Sec. I B) and

*We do not specify a particular mechanism to stabilize
the extra dimension. In a supersymmetric theory, one possibility
is supersymmetrization of the Goldberger-Wise mechanism
[34-36].
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FIG. 5. Schematic diagram of the 5D model with the Higgs

fields, H, 4, localized on the UV brane and supersymmetry
broken on the IR brane. The Yukawa coupling hierarchy requires

that the lighter first- and second-generation fermions l//iog (and

their superpartners (}(102)) are IR localized (dark gray line) and the

heavier, third-generation fermions l//(30) (and their superpartners

47)§0>) are UV localized (light gray line). The vector super-
) and A0, (dashed line) is not localized, while

the gravity multiplet, 4\ and i7", (dotted line) is UV localized.

multiplet, A,(IO

the bulk fermion mass parameters c;. Furthermore, for a
bulk vector supermultiplet, the zero-mode profiles of the
gauge field and gaugino field are flat, such that the bulk
mass parameter of the Majorana fermion gaugino is ¢ = %
Similarly, the gravity supermultiplet contains a graviton
with the UV-localized zero mode (x ¢™*) and a spin-3
Rarita-Schwinger fermion (the gravitino), whose bulk mass
parameter is fixed to be ¢ = %

The warped geometry naturally generates a separation of
scales that can be used to explain the hierarchy between the
scale of supersymmetry breaking and the Planck scale. The
IR brane is therefore identified with the scale where
supersymmetry is broken; the bulk and UV brane remain
supersymmetric. The Higgs fields are localized on the UV
brane, while the rest of the MSSM fields propagate in the
bulk and couple to the Higgs fields with brane-localized
Yukawa couplings. As discussed in Sec. III B, the degree of
overlap between a particular bulk fermion zero-mode
profile and a UV-localized Higgs field determines its
effective 4D Yukawa coupling and thus the size of the
corresponding fermion mass. In this setup, third-generation
fermions are therefore UV localized, whereas the lighter
first- and second-generation fermions are more IR local-
ized. Including the SM gauge fields, the gauginos, and
gravity, a full schematic diagram of the 5D model is
depicted in Fig. 5.

Since the localization of the fermion in each chiral
supermultiplet determines the corresponding scalar
localization, this 5D fermion geography has distinctive
consequences in the SUSY sector: the third-generation

sfermions are generally UV localized and the first- and

second-generation sfermions are IR localized. Due to the
properties of localization, the effective coupling strength of
each superfield on the IR brane is inversely related to its
coupling strength on the UV brane. Therefore, when
supersymmetry is broken on the IR brane, as discussed
in Sec. lII C, the localization of the sfermions induced by
the fermion mass spectrum results in an inverted scalar soft
mass spectrum: light fermions have heavy superpartners,
while heavy fermions have light superpartners. We next
construct the details of this distinctive supersymmetric
particle spectrum.

B. The fermion mass hierarchy

Consider first the generation of the fermion mass
hierarchy [25,38]. In our 5D spacetime, the SM fermion
mass hierarchy is determined from the overlap of the bulk
SM fermion zero modes with the UV-localized Higgs
fields. The Yukawa interactions take the form

55— / GV D[y ()W () + Hee JH()5(y)
= / iy ('R () H () +Het], (41)

where the Y SJS) (with flavor indices i, j =1, 2, 3) are
dimensionful (inverse mass) 5D Yukawa couplings, ¥y g,
is a Dirac spinors that contains an SU(2); doublet (singlet)
of the MSSM as its zero mode, and H is the appropriate
Higgs field. Using the 5D fermion zero-mode” profiles
(B3), the effective 4D SM Yukawa couplings y;; are then
given by [25]

5)~(0 ~(0
vy = Y70 0) 75 (0)

1 .
2+C]R

1
0 2~ CiL
=Y k\/e2(%—c,-L)7rkR . 1\/e2<%+“f’*)”kR 1 (42)

)
ij
of order one, and since zkR > 1, the hierarchy in the 4D
Yukawa couplings y;; is generated by the order one bulk
mass parameters c; of the fermions. Recall that in the 4D
dual theory, this is equivalent to choosing the anomalous
dimensions &;.

After electroweak symmetry breaking, the neutral com-
ponents of each MSSM Higgs doublet acquire VEVs, v, =
(HY) and v, = (HY), which are related by tanff = v,,/v4
and the fermions obtain masses

By assuming that the dimensionless 5D couplings Y7’k are

(m)i; = (ve)ijvcos f, (43a)

“Use of the zero-mode approximation for the profiles, where
the backreaction of the boundary Higgs-generated fermion mass
is neglected, is a valid approximation provided v?/Afy < 1.
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(md>ij = (yd)ijv cos f3, (43b)

(mu)ij = (yu)ijv sinf, (43c)

where (m,.4.);; and (v, 4.);; are the SM fermion mass and
Yukawa coupling matrices, respectively, and v> = v2 +
v% =~ (174 GeV)? is the SM Higgs VEV. In the mass basis,
these matrices are diagonal. Neglecting quark mixing (see
Refs. [39,40] for a fuller treatment) the interaction basis
coincides with the mass basis, resulting (given values for

tan f and Arr) in a system with 24 free parameters (Y (:L),’u)i,-
and ¢z ., 0,44, @nd nine constraint equations following

from (43). If we take a universal value for the 5D Yukawa

couplings such that (Y(:L)i’u)i,- = YOk, there remains one

parameter degree of freedom within each generation of
leptons and within each generation of quarks, which we
choose as the doublet ¢ parameters ¢ ., without loss of
generality.

The relations (43) hold for the running masses. Ultimately,
we are interested in the bulk mass parameters at the IR-brane
scale, where they determine the soft masses received by the
sfermions when supersymmetry is broken. Therefore, before
we perform the 4D-5D Yukawa matching, we first evolve the
4D Yukawa couplings to the IR-brane scale. We discuss the
procedure we use to consistently perform the renormaliza-
tion in Sec. IVB 1. In Fig. 6, we give an example of the
resulting matching, showing the allowed range of local-
izations (¢ parameters) of the SM leptons and quarks when
the 5D Yukawa coupling takes the universal value Y®)k = 1
and Ajg =2x10'°GeV. Generally, we see that the largeness
of the third-generation Yukawa couplings requires the
third-generation fermions for both leptons and quarks to
be UV-localized (white region), while the smaller Yukawa
couplings of the first and second generations lead to IR
localization (darker gray region). Although it is always
possible to make one of the chiral fermions in each
generation UV-localized, only for the third generation can
this be done without making at least one of the other chiral
fermions IR localized.

We note in passing that in the quark sector, since both
singlet fields in a given generation must be separately
matched to the same doublet field according to (42), the
asymmetry between the 4D couplings y,, and y, precludes
the solution ¢y, = —c, = —c,, unless y, /[y, = Y&?)/YEI?.
In this case, the 4D Yukawa coupling hierarchies are simply
moved into the 5D couplings. This behavior is an indication
of the universality of the warped extra dimension: while it
can explain the magnitude of the Yukawa coupling hier-
archies, since it is flavor-blind, the underlying flavor
structure remains as an order-one feature. In practice, we
take Yk to have a universal value and absorb the flavor
structure completely into the quark ¢ parameters. A similar
situation does not arise in the lepton sector as we do not

CL

FIG. 6. Contours of the effective 4D Yukawa coupling (42) at
the IR-brane scale as a function of the localization parameters c¢;
and cp of the bulk fermion fields for tanf =3, AR =
2% 10'° GeV, and YOk =1. The dashed gray lines give
contours of the Yukawa coupling strength. In color are contour
lines corresponding to the coupling strengths of the SM Yukawa
couplings at the IR-brane scale. The region in which each field is
IR localized is shaded light gray and the region where both fields
are IR-localized is darker gray.

include Yukawa couplings for the neutrinos. Neutrinos can
be naturally incorporated in a warped extra dimension to
generate the required neutrino masses [24,41-44].

C. Supersymmetry breaking

Supersymmetry is assumed to be broken on the IR brane
and is parametrized by the introduction of a spurion
superfield X = O0Fy that couples to the sfermions and
the gauginos. The sfermions and gauginos acquire tree-
level soft masses with a characteristic scale F /A, where
F = Fye 2R modulated by their overlap with the IR
brane. A gravitino mass of order F'/Mp is generated by the
super-Higgs effect. The Higgs fields receive no tree-level
soft masses, as they are confined to the UV brane and do
not couple directly to the supersymmetry-breaking spurion.
We do not include any mechanism to generate tree-level
trilinear soft scalar couplings, although, like the Higgs-
sector soft terms, they arise radiatively.

Contributions to the soft masses also generically arise
from anomaly mediation. Since the gravitino mass is
Planck-scale suppressed (as opposed to the other soft
masses, which are suppressed by the IR-brane scale), the
anomaly-mediated contribution typically is subdominant
to the effects (both at tree level and loop level) of the
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supersymmetry-breaking sector on the IR brane. An addi-
tional source of supersymmetry breaking arises due to the
stabilization of the radion of the extra dimension, which
generically requires a nonzero F-term for the radion
superfield (equivalently, the introduction of a constant
superpotential on the IR brane). The scale of the radion-
mediated contribution to the soft masses depends on the
details of the stabilization model. We are interested in the
regime where such effects are subdominant to the effects
of the supersymmetry-breaking sector on the IR brane. In
the model of Ref. [36], this can be accomplished if the
Goldberger-Wise bulk hypermultiplet is sufficiently UV
localized.

1. Gravitino mass

When supersymmetry is spontaneously broken on the IR
boundary, the effective 4D cosmological constant receives a
positive contribution from the VEV of Fy. In the 5D
warped geometry, this contribution can be canceled by the
addition of a constant superpotential W on the UV brane
[36,45-50], which introduces a boundary mass term for the
gravitino:

/ P F[ Sl B+ He 30). (44)

The cosmological constant vanishes when

WZ
|F|22’3%,
MP

(45)

such that the lightest gravitino obtains a Majorana mass:

F
m =~ .
3/2 \/§MP

This is the super-Higgs effect.” Again, higher-order terms
can be included to account for the back reaction of the
gravitino boundary mass, although in practice this is not
necessary in the relevant regions of our parameter space. As
expected, due to the universality of gravity, this matches the
usual 4D result. Since the gravitational coupling is Planck-
scale suppressed, the gravitino mass is lower than the
characteristic soft mass scale F/Ar by a warp factor, and
the gravitino is therefore always the LSP in the relevant
regions of parameter space. This is consistent with the
partial compositeness result (31) in the 4D dual theory,
where the gravitino is mostly an elementary state.

(40)

>Note that a constant superpotential can also be introduced on
the IR brane, as is generically expected in the context of radion
stabilization. However, such a superpotential provides a positive
contribution to the cosmological constant, and so it cannot be the
sole source for the gravitino mass.

2. Gaugino masses
For a field strength superfield W¢ of a vector super-
multiplet V¢ containing a standard model gauge field Aj
and its Majorana fermion gaugino superpartner 4, (where a
is the gauge index), we introduce the interaction

1 X
S5:/dsx\/—g/dzg[E@W{IQW2+H.C. 6(y—7Z'R)
(47)

This term gives rise to a boundary Majorana mass for the
gaugino field and breaks supersymmetry, shifting the
masses of the Kaluza-Klein modes up such that there is
no longer a massless gaugino zero-mode solution. At tree
level, the lightest KK mass is

Gk F_ o F
2= ZHkRAIR AIR1

(48)

where g2k = (27kR)g*. This mass expression (48) assumes
the zero-mode approximation for the profiles, where the
back reaction of the boundary Majorana mass is neglected,
an approximation that is valid provided vVF/Ar < 1. In
practice, we include terms higher order in v/F/Ap. The
mass for arbitrary F can be determined by solving the full
KK mass quantization condition (see Refs. [17,25]). Note
that the gaugino masses are suppressed relative to F/ Az by
¢* ~ g2/ 7kR, the square of the 4D gauge coupling [49],% and
hence the gauginos in general obtain masses suppressed
below those of sfermions with flat profiles (+c = %). This
suppression matches that found in (26), as expected from the
AdS/CFT dictionary.

If the supersymmetry-breaking sector does not contain
any singlets with large F-terms, the interaction (47) is
forbidden. In this case, with a nonsinglet spurion X, the
leading contribution to the gaugino masses is [51]

1 XTx
SS/de\/ /d49 —— W¥W¢+H.c.|d(y—zR),
2 Ak
(49)
such that
gk F*  F? (50)

PE kR A, Y A%R'

Except in the regime \/F ~ A, this mass is highly sup-
pressed, and other supersymmetry-breaking contributions
such as radion mediation may dominate.

®The gauge-coupling dependence arises since we assume a
generic GUT symmetry that is broken by the Higgs mechanism
on the UV brane, separated from the supersymmetry-breaking
sector on the IR boundary.
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3. Sfermion masses

For a chiral supermultiplet @ containing a Weyl fermion
y and its complex scalar superpartner ¢, we introduce the
interaction

:)/dsx\/—_g/

As with the gauginos, adding this boundary mass breaks
supersymmetry. At tree level, the lightest KK mass is

(y==R).  (51)

1
2t ¢

7e(—£qic)ﬂkR
(ZZFc)nkR 1

tree
m ~
LR

Ar
(:I:c - %) I/ZA—ie(%ch)”"R +c¢>1

27
1 Fc 1/ F
(2 ) AR

where the upper (lower) signs refer to the L (R) states. As
with the gauginos, the scalar mass is valid in the limit
VF/AR < 1, and in our numerical calculations we include
terms higher order in F/A%; to account for the back
reaction of the sfermion boundary mass. For simplicitly,
we have taken these interactions to be flavor-diagonal,
although this assumption can be relaxed. Note that the
UV-localized (4c > ) sfermion masses are suppressed
by a warp factor relative to the IR-localized sfermion
masses (+c < 1) because supersymmetry is broken on the
IR brane. This behavior is illustrated in Figs. 7 and 8.
Using the relations Ag/Ayy = ¢™™F and §; = |¢; £1],
the expressions (52) are seen to be consistent with the
masses (23) obtained in the 4D dual theory.

Since the soft masses generated at tree level by (51) can
be exponentially small for UV-localized bulk scalar fields,
quantum corrections become significant when =c is
sufficiently large. At the one-loop level, supersymmetry
breaking is transmitted to the bulk scalars via interactions
with other bulk scalars and gauginos. In Appendix C 1, we
derive the resulting contributions to the bulk scalar masses
squared in the bulk theory. From the 4D perspective, these
appear as one-loop threshold corrections to the scalar soft

(52)

:lZC<§,

ngE
100 TeV £ i . E
— (8mg,)g, ( f’)53 ]
F +
! 2
| A Y(¢))Y! (Bmg,),, /(Y())
10TeV £ (Bma,)o, /Y(#)Y(9) —
1TeV |
i «— (Amq,’)y/y(S)k
100 GeV - . ‘ ‘ ‘
-2 - 0 1 ) 3

¢ (—cr)

FIG. 7. Plot of the magnitude of the tree-level scalar soft
mass and the gauge and Yukawa one-loop radiative corrections as
a function of hypermultiplet localization when the gaugino
masses are given by (48). We take A = 2 x 10'° GeV, /F =
4.75 x 10'° GeV, and tan = 3.

1000 TeV

100 TeV &

10 TeV £ \

(Bmg, ), /Y(¢1)Y(¢y) — \

(Bmg,)gs

(8mg,)g,
(8mg,)g, /(V(¢1))?

1TeV £ \
(Am®r)y/y(5)k - \
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CL(—CR)
FIG. 8. Plot of the magnitude of the tree-level scalar soft mass

and the gauge and Yukawa one-loop radiative corrections as a
function of hypermultiplet localization when the gaugino masses
are given by (50). We take Ajg =6.5x 10°GeV, VF=2x10°GeV,
and tanf} = 5.

masses squared at the IR-brane scale, arising when the KK
modes of the theory are integrated out. Parametrized in
terms of the gaugino and sfermion tree-level soft masses,
the corrections take the forms

2 D, 2 1

167> (Amg, )1 100p = 3 =2 amE + 662 M2 + T = 2gmE - 2r% Ya,mi — 279 v mE — gngS, (53a)

2 2 i 32 i 2a2 ii; 4
167 (Amﬁi)l—loop rgzgzMS 15 rglglMl _4r.Vu,-yum +591A$’ (53b)

32 8 2
16752(Am§‘,)1—loop 3 rflzg3M2 +oz 15 rqlgl 4r}’d Ya, m2 - gg%ASv <53C)

2( A2 Loy 01 3

167 (Ami‘i)l—loop :6r!}292M2+_rl}|glM1 _”yg ye,m +z glAS’ (53d)

5 5
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24 2
16772 (Am%i)l—loop = ? rgll g%M% - 4r;;iy3;m]2:i -

where Ag, defined in (C22), is

Ag = ZY((ﬁ,)rglm;)l =Tr [rgimzéi
i

and the sum is over the sfermions. The coefficients rg’i , r§/~"' ,

and rj,)‘_ , defined in (C7), (C14), and (C23), respectively, are
numerical parameters which encode the effect of the extra
dimension.

The radiative corrections to the bulk scalar soft masses
can be divided into three types of contributions: gauge
corrections arising from loops involving bulk vector super-
multiplets, Yukawa corrections arising from loops of bulk
hypermultiplets and boundary Higgs fields, and D-term
corrections arising from the Fayet-Iliopoulos D-term for
weak hypercharge. In Fig. 7 we plot the magnitudes of the
various contributions as functions of the hypermultiplet
localization when the gaugino mass is given by (48)
(singlet spurion), and the magnitudes when the supersym-
metry-breaking sector does not contain any singlets with
large F-terms and the gaugino mass takes the form (50) in
Fig. 8. In each case, the tree-level sfermion mass is plotted
in grey, the one-loop U(l), SU(2), and SU(3) gauge
radiative corrections are plotted in green, and the magni-
tude of the maximal contribution from a single Yukawa
coupling (this corresponds to c;, :% or —cp :% for the
corresponding doublet and singlet hypermultiplets),
neglecting all color multiplicity factors and modulo the
5D Yukawa coupling, is plotted in orange. Also shown is
the magnitude of the one-loop D-term radiative contribu-
tion due to a single scalar mode (yellow), modulo hyper-
charge factors.”

Due to the conformal flatness of the vector supermul-
tiplet, the gauge corrections take a universal value for
UV-localized sfermions that is of order of the gaugino
masses. These contributions are positive and set the
characteristic scale of the radiative corrections. Since the
tree-level contribution is dominant for IR-localized sfer-
mions, which accordingly receive a mass of order of the
characteristic soft mass scale v/F /A, the sfermion sector
thus accommodates a hierarchy my" /mi ~ M Ag/F.
When the gaugino mass is given by (48) as in Fig. 7,
the sfermion hierarchy is my¥/my ~ g ~ O0(0.4 - 1),
which may be increased modestly in individual families

’As seen in Appendix C 1 ¢, one-loop D-term corrections are
independent of the localization of the external scalar, and so here
we plot the contribution as a function of the localization of the
scalar contributing in the loop (unlike the other radiative con-
tributions, which depend on the localization of the external
scalar).

6
gg%As, (53e)
- ngim%i + rg[ma - rgmzz[ + rgim%l} , (54)

with the inclusion of D-term and Yukawa radiative con-
tributions. The moderate size of this hierarchy is an
important result of the inclusion of radiative corrections,
which wash out the exponential localization dependence of
the sfermion soft masses that is a tree-level feature of the
extra dimension.

A larger hierarchy can be achieved if the supersymmetry-
breaking sector does not contain any singlets with large
F-terms as in Fig. 8. In this case, the gaugino masses take
the form (50), and the characteristic sfermion hierarchy is
myY [m ~ goF [ Ag. The maximum splitting that can be
accommodated between the two sfermion mass scales is
limited by the requirement that no sfermions receive
negative soft masses at the IR-brane scale or in the
subsequent RG evolution of the theory to lower scales.
The constraints this condition imposes on the pattern of
sfermion mass spectrum at the IR-brane scale are discussed
in Sec. IVA 2.

In the sfermion sector, localization in the extra dimen-
sion thus distinguishes between two scales: a tree-level
mass scale associated with IR-localized sfermions and a
lower mass scale arising from radiative corrections for UV-
localized sfermions. When the localizations of the matter
hypermultiplets are chosen to explain the SM fermion mass
hierarchy (i.e., the third-generation fermions must be
predominantly UV-localized, while the lighter generations
are mostly IR-localized), the result is a split sfermion
spectrum, with the third-generation sfermions hierarchi-
cally lighter than the first two generations. We note that the
sfermion spectrum inverts the ordering of the fermion
spectrum, a consequence of the separation of the super-
symmetry-breaking sector and the Higgs sector on opposite
orbifold fixed points. Additionally, although both are
explained by the same localization mechanism, the sfer-
mion hierarchy is necessarily less split than the fermion
hierarchy. This is because the Yukawa couplings only
receive wave function renormalization, while the scalar
masses are soft parameters and can receive large radiatve
corrections from the extra dimension and MSSM running.

4. Higgs sector

The Higgs sector, confined to the UV brane, does not
couple directly to the supersymmetry-breaking sector, and
thus the Higgs soft terms at the IR-brane scale are zero at
tree level. Nevertheless, as with the sfermions, the breaking
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is transmitted to the Higgs fields at the quantum level. We
derive the one-loop corrections to m%{”, m%{d, and b from the
bulk theory in Appendix C 2. Parametrized in terms of the
tree-level gaugino and sfermion soft masses, the one-loop
Higgs masses take the form

6
167%mj; = 6ril ;M5 + s i M3

3
- 6Tr[rfuiyﬁi(mzéi +m; )] -2

5 (55a)

giAs.

6
162°mj; =6rll M3 —|—§rgllg%M% - 6Tr[r§{1i Ve (szi + méi )]

3
_2Tr[r§1€iyg (m%l —I—m%l_)] +=giAs,

i - (55b)

6
167%b = —u (mﬁl HM, + 5 rh g%M1> . (55¢)

where 7%, rf, and r} are defined in (C29), (C34), and
(C41), respectively. The origin of the u-term on the UV
brane is assumed to arise from the Kim-Nilles mechanism,
as discussed in Sec. I D; its magnitude is determined as
necessary to ensure that electroweak symmetry is broken,
along with the value of tan 3, as described in Sec. III D.

In Figs. 9 and 10, we plot the magnitudes of the various
one-loop contributions to the Higgs soft masses as func-
tions of hypermultiplet localization in the singlet spurion
and nonsinglet spurion cases, respectively. The U(1)
(lighter green) and SU(2) (darker green) gauge-sector
contributions are independent of localization. In orange,
we give the maximal contribution from a single Yukawa
coupling (this corresponds to c;, :% or —cp :% for the
corresponding doublet and singlet hypermultiplets),
neglecting all color multiplicity factors and modulo the
5D Yukawa coupling. These contributions are negative. In
yellow is the D-term contribution from a single bulk scalar,
modulo the scalar hypercharge. These individual contribu-
tions can be either positive or negative depending on the
relative sign between the hypercharge of the Higgs field
and the hypercharge of the scalar.

3

32 2
167a, = -y, (— (r$) 0,1, 53M3 +6(r% ) 0. 5M + {——(

32 2 4 4
16”2%,. = =Yg, <?(’”ﬁl3)gid,9§M3 —+ 3(”712)Q,.95M2 + [g (”ffl)Q,. +§ (rjll,)d,» 15 (’”ﬁ,)Q,d,.] Q%Ml>’

6
1677'-2616,» = Ve, <6(rjz)L,-g%M2 + |:_

where the 7§ are defined in (C46a) and (C46b).
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FIG. 9. Plot of the magnitude of the one-loop radiative
corrections that generate the Higgs soft masses as a function
of hypermultiplet localization in the singlet spurion case. We take

AR =2 X% 1016 GeV, V/F = 4.75 x 1010 GeV, and tan f = 3.

10TeV - (Bme)g,

5TeV -

(Bmy)g,

(Bmu)o, /Y(¢;) —
1Tev
500 GeV

— (Bmy)y /YK

100 GeV & . . . L 1
-0.5 0.0 0.5 1.0 15 2.0
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FIG. 10. Plot of the magnitude of the one-loop radiative
corrections that generate the Higgs soft masses as a function
of hypermultiplet localization in the nonsinglet spurion case. We
take A = 6.5 x 10° GeV, v/F =2 x 10° GeV, and tan § = 5.

5. Trilinear soft scalar couplings (a-terms)

Soft a-terms are also generated radiatively. We derive the
one-loop corrections in Appendix C 4. Parametrized in terms
of the tree-level gaugino masses, these take the forms:

8 8
o, 500+ g5 (oM ). (56

5 15

: (56b)

12 12

U8+ A ), (s6¢)
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D. Electroweak symmetry breaking

In the MSSM, the tree-level scalar potential has a
minimum breaking electroweak symmetry if the following
two equations are satisfied:

1
miy, + 1P = beotf—2 (g + GF)* cos2p =0, (5Ta)

my + |,u|2—btanﬂ+%(gf + g3)v*cos2f=0. (57b)

In our model, m%,u, m%,d, and b, given by (55a), (55b),
and (55c¢), respectivelt, are radiatively generated at the IR-
brane scale when the extra dimension is integrated out.
Solving (57) determines two parameters: the magnitude of
the Higgsino mass parameter || and the ratio of Higgs
VEVs tan . In the limit that the scale of supersymmetry
breaking is much larger than the scale of electroweak
symmetry breaking the physical solutions are

(myy, —my )+ \/ de - 2+ 4p? 02
tan 3 ~ +0 (—) )
b
(58a)
m2, —m? tan®f
2y Ma O(v? 58b
"L o), (s
where we require sign(u) = —1 and mj; <min(mz, ,my; /

tan’ ). Solutions with sign(u) = +1 are excluded at tree
level since b is constrained to have the opposite sign from u
at the IR-brane scale according to (55¢) (and this typically
remains true under RG evolution). Although these equa-
tions are modified when loop corrections to the Higgs
scalar potential are included, they remain practical con-
straints since the iterative method employed to determine
electroweak symmetry breaking (EWSB) in the numerical
renormalization procedure (see Sec. IV B 1) requires an
initial tree-level solution. It is not guaranteed that the Higgs
soft terms (55a), (55b), and (55c) permit a tree-level
solution at the IR-brane scale, in which case electroweak
symmetry must be broken radiatively.

The conditions (58) for EWSB strongly favor mi,u < 0.
In order for this to occur, the combined radiative correc-
tions to m%, both from the KK modes at the IR-brane scale

and from the MSSM running to lower scales must be
overall negative. We discuss the constraints this imposes on
the parameter space of our theory in Sec. IVA 2.

IV. SUPERPARTNER MASS SPECTRUM

A. Model parameter space

As we have seen in generating the fermion mass
hierarchy and breaking supersymmetry, the parameter
space available for our partially composite supersymmetric

model is in general quite large. The overall mass scale of
our sparticle spectrum is jointly determined by Az, the
scale of the IR brane, and \/F, the scale of supersymmetry
breaking. Together these two parameters fill the roles
associated with Mgyr, m;,, and my in classic universal
supergravity (SUGRA) models. As we discuss in Sec. [II D,
we do not have the usual freedom in tan  and the sign of y,
which are in this case determined by electroweak symmetry
breaking. In addition to these universal parameters, our
model features nonuniversal IR-scale boundary conditions
for the sfermion soft masses, which we specify in a flavor-
dependent way by choosing field localizations to explain
the SM fermion mass spectrum, as described in Sec. III B.
We choose a universal value Y®)k for all 5D Yukawa
couplings, such that this specification requires fixing six
additional free parameters, which we take as the doublet
¢ parameters ¢, and cy.. In this section we discuss various
phenomenological and theoretical constraints that impose
limits on the set of model parameters.

1. Phenomenological considerations

We first consider five phenomenological desiderata that

constrain our model.

(1) Gravitino dark matter.—Since the gravitino mass is
Planck-scale suppressed, it is the LSP throughout
our parameter space. In the absence of R-parity
violation, the LSP is absolutely stable, and as such,
the gravitino makes an attractive dark matter can-
didate. However, the stability of a gravitino LSP can
lead to cosmological problems, as the thermal
gravitino mass density arising from freeze-out is
sufficient to overclose the universe unless the grav-
itino is very light [O(100) eV] [52,53]. In this case,
observations of the matter power spectrum at small
cosmological scales limit the free-streaming length
of the gravitino, further requiring m3,, < 4.7 €V in
order for the gravitino to be adequately cold [54],
and gravitinos in this scenario cannot therefore
account for all of the observed dark matter density.

Throughout the relevant parameter space of our
model, the gravitino is sufficiently heavy that we
require inflation to dilute the initial thermal pop-
ulation [55] and must restrict the reheating temper-
ature so that the gravitino does not subsquently
come back into thermal equilibrium. In this case,
structure-formation constraints are weaker, requir-
ing m3,, 2 O(1) keV for generic warm dark matter
candidates [56-58], such the gravitino may be the
dominant component of dark matter. In this sce-
nario, gravitinos may still be produced from the
scattering of particles in thermal equilibrium with
the plasma. The largest contribution arises from
gluinos, such that the thermal gravitino density
takes the form
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(59)

For m3,, <1 keV, thermal scattering production of
gravitinos cannot supply all of the observed dark
matter density unless T is high enough to bring
the gravitino into thermal equilibrium.

Gravitinos are also produced nonthermally,
via decays of the next-to-lightest supersymmetric
particle (NLSP), which in our model is typically
either a (Bino-like or Higgsino-like) neutralino
or a (mainly right-handed) stau. In both cases,
the NLSP is sufficiently long-lived throughout our
parameter space to decay after freeze-out, such that
the resulting nonthermal gravitino population takes
the form (superWIMP scenario [59]):

Qr31(/)gthermal h2 — n/l3/2

Qnsph?. (60)
myLsp

The initial NLSP population that contributes to
Qnsph? is moderated by Tg. In particular, if the
reheating temperature is low enough that the NLSP
never comes into thermal equilibrium after infla-
tion (T < myisp/20), the initial NLSP population
is Boltzmann-suppressed.

The observed dark matter abundance (Qg,h> =
0.1186 £ 0.0020 [60]) thus places an upper limit
on the reheating temperature. We show an estimate
of these limits in the space of (A, VF ) in Figs. 11
and 12. In each case, the yellow contours give the
reheating temperature necessary for the thermal
gravitino relic density (59) to provide the dominant

Plot of the gravitino dark matter constraints on the parameter space of our model in the (Ag, v/F) plane in the singlet spurion
case for YOk = 1.

component of dark matter. If nonthermal production
is significant, the reheating temperature must be
lowered to suppress the contribution from thermal
production. In the hatched yellow regions, the
thermal relic density is insufficient to provide all
of the dark matter, and some level of nonthermal
production is required to obtain the observed dark
matter density.

Further parameter space constraints arise from big
bang nucleosynthesis (BBN), which strongly limits
the NLSP energy density if the NLSP is long-lived
enough to decay to the gravitino during or after the

-IO'IO
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VF > g
108 |
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[} ~
v >
% I
107 +
/\\\‘ /\Q \(\
Z ) 1 TkeV
108 | / / / / / /
chmma\hz > Qdmhz
3/2
5 /‘?r\ ' “
10 - . — - ‘
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FIG. 12. Plot of the gravitino dark matter constraints on the
parameter space of our model in the (A, VF) plane in the
nonsinglet spurion case for Yk = 1.
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formation of the light elements. To avoid altering the
successful predictions of the standard BBN scenario,
decays to the gravitino must be prompt, limiting the
lifetime of the NLSP to 7y gp < O(0.1 — 100) s, or,
for m3/, < mysp,

m3/2 2/5
1—4) TeV , 61
myisp > O( ) Te (10 GeV> (61)

as a conservative estimate. This condition places
constraints in the space of Az and v/F. We show the
regions where 7y sp < 0.1 s in the neutralino
case (dark orange) and in stau case (magenta) in
Figs. 11 and 12. Evading these limits restricts the
reheating temperature for our model to the range
Tg ~ O(10>-10°) GeV, necessitating an alterna-
tive to thermal leptogenesis to generate the baryon
asymmetry.

If the NLSP is the stau and is sufficiently stable to
survive into BBN, the formation of bound states with
nuclei can catalyze the production of light elements
[61]. In particular, if 10° s <7; <5x10° s, the
catalytic enhancement for °Li can solve the lithium
problem in the standard BBN scenario [62]. We show
an estimate of the region in which the stau lifetime
falls within these limits in teal in Fig. 11. We note
however, that this solution to the lithium problem is
ruled out for our model, as the entirety of the catalytic
regionis excluded by current LHC limits (see Fig. 13).
In the nonsinglet spurion case, the stau is not
sufficiently long-lived to survive into BBN anywhere
in the relevant parameter space.

The supersymmetric flavor problem.—It is well
known that the additional couplings and degrees of
freedom introduced in supersymmetry can generate

flavor-changing neutral currents (FCNCs) and
CP-violation at levels above current experimental
limits. This problem can be alleviated if the sfermions
of the first and second generations are heavy,
O(100) TeV [63-66], or even heavier [67-69], a
solution that has gained popularity in the absence of
any low-energy experimental signatures of supersym-
metry. Such a solution is a natural and elegant choice
in our model, as the inverted hierarchy in the sfermion
soft mass spectrum naturally separates the scale of the
first two generations from that of the third, which can
remain light enough to explain the Higgs mass and
offer the possibility of experimental detection.

Thus, to ameliorate the flavor problem, we restrict
the masses of the first- and second-generation sfer-
mions to be at least 100 TeV. As a constraint, this
condition places an upper (lower) limit on the
¢ parameters of the first- and second-generation
left-handed (right-handed) bulk hypermultiplet fields.
This is a further limit on the hypermultiplet local-
izations beyond the structure necessary to explain the
SM fermion mass spectrum. In Figs. 13 and 14, we
show an estimate of the region in the space of
(A, V/F) where this limit is incompatible with the
SM fermion mass for at least one field (the strictest
constraint typically comes from the muon, the heaviest
of the first- and second-generation fermions).

(3) 125 GeV Higgs mass and collider exclusion limits.—

In the MSSM, the tree-level mass of the neutral
scalar Higgs boson is bounded from above by
my*® < my. Radiative corrections, the largest arising
from top and stop loops, can raise m;, considerably,
and accordingly, the observed value of 125.18 +

0.16 GeV [3,60,70] offers an important constraint

0w : ; . . .
n [
10 L 1TeV
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. 9 1GeV
% 10 : ~
S
N 8
= 0 K 1MeV
107 | |
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108 © |
]05 1L L P | P | P | 1 P | P | P | P | L
10° 10’ 10° 10" 10" 10" 10"
AR [GeV]
FIG. 13. Plot of the constraints on the parameter space of our model in the (A, /F) plane in the singlet spurion case for
YOk = 1.
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FIG. 14. Plot of the constraints on the parameter space of our

model

in the (Ag,V/F) plane in the nonsinglet spurion case

for YOk = 1.

“

on the sparticle spectrum, particularly on the masses
of the stops. In the MSSM, the observed Higgs mass
constrains the general stop mass scale | /mj m;,
and is broadly compatible with stop masses ranging
from O(1) TeV for tanf ~ 50 to O(100) TeV for
tan f ~ 3 [71]. In our model, the stop masses depend
critically [at least O(1)] on the localizations of the
bulk hypermultiplets, and hence the Higgs mass
principally induces constraints on the ¢ parameters
of the theory. The precise calculation of the Higgs
mass requires a complete numerical analysis (see
Sec. IV B). To obtain a conservative evaluation of the
constraint induced by the Higgs mass on our model
we can exclude the region where the stop masses are
always greater than 100 TeV. We show an estimate
of this region in the space of (A, /F) in Figs. 13
and 14.

Further limits on sparticle masses are set by
experiments searching for direct sparticle production
at colliders. In the context of our model, the strictest
of constraints arise from the exclusion limits on the
masses of the gluino and the squarks, which must be
heavier than O(1) TeV when the LSP is the gravitino
[72-75].% Qualitatively, these limits place an effective
lower bound on the soft mass scale of our model,
restricting the ratio v/F/Ajr. We show an estimate of
the excluded region in Figs. 13 and 14.

Gauge coupling unification.—Gauge coupling uni-
fication is a generic feature of the minimal super-
symmetric model. The renormalization of gauge
couplings depends on the number of degrees of

¥These limits are weakly model-dependent: see the review [60].

freedom present in the theory at a given energy scale;
in the MSSM, unification is most sensitive to the
Higgsino mass u as well as the ratio of the Wino
mass to the gluino mass [76], and it can be spoiled if
the magnitude of u is larger than a few hundred TeV
[6]. As discussed in Sec. IIID, p is determined as
necessary to achieve electroweak symmetry break-
ing. Generically, this implies that the scale of y is of
the same order of magnitude as the soft masses in the
Higgs sector, i.e., [u|* ~ [b] ~ |m} | ~|my |. Since
the Higgs soft masses are generated radiatively (and
therefore characteristically of the scale of the gau-
gino masses) a first-order estimate of this constraint
is |u| ~ M, <100 TeV. A more precise constraint
can be obtained by solving the tree-level EWSB
equations (57). We show an estimate of the excluded
region in the space of (A, VF) where [u"¢|>
100 TeV in Figs. 13 and 14.

Note that for the case where Az is much below
~10'® GeV, we are implicitly assuming that the
gauge boson Kaluza-Klein states form complete
SU(5) multiplets so that there is a universal shift
in the running of the gauge couplings. In the warped
extra dimension this can be modeled by considering
the full SU(5) gauge symmetry in the bulk, although
there are no Kaluza-Klein states for the UV-
localizeqd Higgsino. For simplicity, we will not
consider the full SU(5) extension here, since it does
not affect the details of our low-energy spectrum.9

(5) Minimal supersymmetric particle content.—In the
construction of our model, we are motivated to
explain the observed Higgs mass using only the
minimal supersymmetric particle content at low
energy. While the orbifold compactification allows
us to recover this particle content as the zero modes
of the 5D N = 1 supersymmetric theory, the essen-
tially Dirac nature of fermions in five dimensions is a
nontrivial feature of the model and can have phe-
nomenological implications when the scale of
N =1 supersymmetry breaking on the IR brane,
\/F , approaches the local compactification scale,
Asr. In this case, the backreaction of the supersym-
metry-breaking boundary mass on the wavefunction
profiles of the gaugino and sfermion fields cannot be
neglected. In particular for the gauginos, the effect of
larger \/F/Ap is to increase the zero-mode mass,
but at the same time to decrease the magnitude of the

mass of the next-to-lightest KK mode, mﬁl). This

"We note that in a theory with IR-localized bulk hyper-
multiplets, higher-dimension operators may only be suppressed
by the IR-brane scale, which, in the context of grand unification,
can lead to proton decay constraints [25]. These may be
addressed by the introduction of an additional global symmetry
in the bulk, such as a U(1l), baryon number symmetry as in
Refs. [77,78], or by an orbifold GUT scenario [41].
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behavior smoothly approaches the twisted limit
(VF/Ag > 1), where the magnitudes of the masses
of the lowest two gaugino KK modes meet at a
common value and the two states form a Dirac
spinor. For vF/Ar < 1, the gaugino mass is only
approximately Dirac, but the first KK mode is light
enough that it must be included in the spectrum.
While the presence of such modes in the theory at
low energy can be helpful to achieve a more natural
model, we leave the exploration of this region of
parameter space for the future. Under this criterion,

we exclude the region in which mg) < ke kR

shown in Figs. 13 and 14.

2. Charge- and color-breaking minima

One of the primary features of our model is the presence of
significant hierarchies in the soft mass parameters—both
within the sfermion sector and between the heavier sfer-
mions and the gauginos—resulting from the structure
imposed on the matter bulk mass hypermultiplets in order
to explain the SM fermion mass spectrum. Although such
hierarchies have desirable phenomenological features, they
can also be the source of considerable constraints in the
renormalization of the spectrum, as radiative corrections
from heavier scalars may be large enough compared to the
lighter scalar mass scale to destabilize the running masses.
While, this may be favorable in the Higgs sector for
electroweak symmetry breaking, for the sfermions it results
in phenomenologically unacceptable charge- and color-
breaking minima.

In our model, large negative radiative corrections to the
scalars can arise both in the 5D bulk theory and in the
effective 4D MSSM below the scale of compactification.
As discussed in Secs. III C 3 and III C 4, we calculate the
bulk contributions as threshold corrections to the scalar soft
masses squared at the IR brane scale. Due to the flavor
structure imposed on the matter bulk hypermultiplets that
explains the SM fermion mass hierarchy, the trace Ag is
generically nonzero.' If the spectrum also contains suffi-
ciently IR-localized scalars, the bulk D-term corrections
(C15) may provide the dominant radiative contributions to
the scalar masses. These corrections are negative (positive)
for scalars with hypercharge of the same (opposite) sign as
Ag. In order to avoid negative sfermion soft masses squared
at the IR-brane scale in this case, the localizations of the
matter bulk hypermultiplets must be correlated. The cor-
responding restrictions on the allowed c-parameter ranges
have a distinctive structure that depends on hypercharge. In
particular, upper (lower) limits arise on the ¢ parameters of

"This is ultimately a consequence of the asymmetry between
the 4D Yukawa couplings y, and y,, which, as mentioned in
Sec. 11l B, precludes the solution Co, = —Cy = . The trace
Ag can be tuned to zero, but this requires some additional
intergenerational or interfamilial correlation.

left-handed (right-handed) sfermions with hypercharge of
the same sign as the sign of Ag, which is determined by the
heaviest (most IR-localized) sfermions.

Scalars in our theory also receive negative Yukawa
corrections of the form (C8) from the bulk. As a result of
the bulk hypermultiplet c-parameter structure necessary to
explain the SM fermion mass hierarchy, the magnitude of the
Yukawa contribution to a left-handed (right-handed) field
grows as that field becomes more UV-localized (see Figs. 7
and 8). These corrections can become large, particularly
for the third-generation fields, such that upper (lower)
c-parameter limits for each left-handed (right-handed) field
must be imposed in order to avoid any tachyonic masses. In
some cases, the combined D-term and Yukawa limits for one
or more of the third-generation fields may exclude all
solutions compatible with the SM fermion mass spectrum.

Further contributions from heavy scalars arise in the
MSSM running below the IR-brane scale. At the one-loop
level, the f function of each scalar soft mass-squared méi
includes a contribution from the tree-level Fayet-Iliopoulos
(FI) D-term for weak hypercharge [64,660]

§9%Y(¢i)Tr[Y(¢j)m$a_,] =

2
167 (ﬂm;[)l—loop o 5

where S is the trace

S=my —my +Trm% —m? —2m

2 L m2 4+ m?
o~ mi itmi+mg.  (63)

The scalar soft masses squared also receive negative

contributions from scalars at the two-loop level. In the
MSSM, the dominant contributions take the form

(]67[) ﬁm 2100p342 C R(/) (64)
where

1
o 25(3m§“+3m§d +Tt[mg +3m3 +8mg +2m3 +6m]).

(65a)

oy = my +my, + Tr[3mf~) +m?], (65b)
_ 2 2 2

= Tr[Zm(~2 +mj +m3. (65¢)

These terms are loop-suppressed compared to (62), but
cannot be reduced by tuning the scalar masses to obtain
cancellations between the various masses as can be done
for (62)."

In the context of the supersymmetric flavor problem and
high-scale supersymmetry breaking, it was noted in

""Note that if some symmetry or universality in the soft mass
boundary conditions are assumed such that (62) is zero, it remains
zero at all scales.
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Ref. [68] that the two-loop contributions from heavy scalars
provide considerable tachyonic constraints on the allow-
able hierarchy among the scalar soft mass parameters
unless the effect can be balanced by positive contributions
from the gauginos. This analysis assumed a common mass
for the heavy scalars. When this assumption is lifted, we
note that the presence of nonuniversality among the soft
scalar masses generically induces a nonzero value for the
trace S. The MSSM D-term corrections have the same
hypercharge dependence as the D-term corrections from
the bulk. Thus, the resulting contributions to scalars with
hypercharge of sign opposite to that of the trace S are
positive, and consequently may ameliorate the effect of the
negative two-loop contributions. This comes, however, at
the cost of worsening the constraints for scalars with
hypercharge of the same sign as that of S, which receive
negative corrections in the running.

For our model, the MSSM corrections further restrict the
accessible c-parameter ranges of the matter bulk hyper-
multiplets. Since the sign of S is typically the same as that
of Ag, the MSSM limits generally reinforce the bulk limits,
further restricting the viable IR-brane hierarchies for
sfermions (particularly squarks) with hypercharge of the
same sign as S. Large hierarchies in the high-scale
spectrum are only allowed for sfermions with hypercharge
sign opposite to the sign of S. For example, if S > 0, then
i3 (hypercharge —%) may receive large negative correc-
tions, and therefore cannot have a mass at the IR-brane
scale significantly lower than the scale of the other
stermions. Such high-scale sfermion structure is a generic
signature of a nonuniversal split sfermion spectrum.

A similar analysis can be performed in the Higgs sector,
where, conversely, large negative corrections are typically
favorable for electroweak symmetry breaking. Negative
corrections to the Higgs soft masses squared m%, and m%{d
may arise from both the bulk, in the form of Yukawa
contributions (C30) and D-term contributions (C35) at
one loop, or from the MSSM, in the form of Yukawa
corrections

167[2('5"’%-1“ )l—loop D 6|yt|2(m%1“ + m2Q3 + m%}), (663)
167[2(ﬂm%,d)1—100p 2 6|yd|2<m%1d + m2Q3 + mi)
+20y.P(my, +mi +m3).  (66b)

and D-term corrections (62) at one loop and the corrections
(64) at two loops. As discussed in Sec. III D, EWSB in our
model requires mj; < min(mj ,mj /tan’ ). If the sfer-
mion hierarchy is relatively modest, such that at least one of

m% or m2_is relatively heavy, this may be achieved in the

03 it
familiar way in the MSSM through Yukawa radiative
corrections. If, however, the sfermion splitting is large,
the MSSM Yukawa contributions may be suppressed, and

successful EWSB may rely on the presence of D-term

contributions to destabilize the Higgs VEV, setting a lower
limit on the net correction (Ag and S together). The
predicted Higgs boson mass in this case is also correlated
with the D-term corrections, and consistency with the
observation may require additional limits on Ag and S.
Together, these requirements introduce a global constraint
on the ¢ parameters of the heavy (typically, first- and
second-generation) sfermions which give the dominant
contributions to Ag and S and can also induce additional
tachyonic limits on the matter bulk hypermultiplet ¢
parameters, primarily constraining the families Q, d, and e.
In some regions of the parameter space of our model, the
union of all limits imposed on the bulk hypermultiplet ¢
parameters by these effects excludes all solutions compat-
ible with the SM fermion mass spectrum.When the gaugino
mass is given by (48) (singlet spurion), the splitting
between the masses of the third-generation sfermions
and the heavier mass scale of the first and second
generations that results from the explanation of the SM
fermion masses is small enough throughout the parameter
space that tachyonic constraints are not significant, but
when the gaugino mass is given by (50) (nonsinglet
spurion), larger hierarchies arise, excluding some areas
of the parameter space. We show an estimate of the
excluded region in the space of (A, +/F) in Fig. 14.
Hierarchies in the sfermion mass spectrum (and separa-
tions of scale in general) also complicate the numerical
renormalization procedure, since they necessitate a careful
account of particle decoupling if precision in mass spec-
trum calculations is to be obtained. In mass-independent
renormalization schemes such as DR, the effects of heavy
particles do not decouple, and hence, at renormalization
scales small compared to the particle masses, finite quan-
tum corrections may involve terms with large logarithms of
the masses of these particles (see [79] for MSSM expres-
sions). In order for mass calculations to be precise when
large hierarchies in the soft mass parameters are present,
such large logarithmic corrections need to be resummed, a
process which is most naturally accomplished by the use of
an effective theory, or of a tower of effective theories [80].
Precision in the case of scalar hierarchies is especially
critical, since the light scalar masses depend crucially on
the heavy scalar masses through the factors such as (62)
and (64). It is important to note as well that the scale of
supersymmetry breaking in our model, the IR brane, which
can be significantly lower than the Planck scale or the GUT
scale due to the warped 5D geometry, is the natural cutoff
for the IR-localized (or composite) part of the 4D MSSM.
Thus, the effects of the heavy scalars, which may receive
masses very near (or even above, depending on the choice of
F and k) the IR-brane scale, may decouple after a little
running, minimizing the effect of the heavy scalar contri-
butions. In an effective field theory (EFT) approach, these
heavy scalars are integrated out, introducing threshold
corrections to the lighter scalar masses. At the one- and
two-loop level, such corrections can be large and negative as
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a result of the effects mentioned above, but overall, the
decoupling procedure may substantially relax the tachyonic
bounds indicated in purely MSSM DR renormalization
[81,82]. Our renormalization procedure, discussed in
Sec. IVB 1 does not implement decoupling; hence, we
expect that some regions of our parameter space with light
scalars may be unnecessarily excluded on tachyonic
grounds, solely as an artifact of the numerical renormaliza-
tion method.

3. Parameter space constraints

Together, the constraints discussed in Secs. IVA 1 and
IV A 2 lead to restrictions on the (Arg, VF ) parameter space,
which is shown in Figs. 13 and 14 for the singlet spurion and
nonsinglet spurion cases, respectively.

In the light gray region of each plot /F > A, which is
excluded as the dynamics of the spurion are restricted by
Ajr as a cutoff scale. Along the edges of these regions, the
shaded strip gives the area in which the next-to-lightest
gaugino KK mode must be included in the low-energy
spectrum. The dark gray/blue regions give an estimate of
the exclusions due to collider direct-detection limits. The
yellow region of Fig. 13 shows our estimate of the BBN
exclusions when the NLSP is the lightest neutralino or the
lightest stau (also see Fig. 11). The corresponding limits in
the nonsinglet spurion case (see Fig. 12) are less strict than
the collider constraint, and therefore not visible in Fig. 14.
In blue are the regions in which |u| > 100 TeV, which is
excluded in order to preserve gauge coupling unification. In
the red regions, the bulk hypermultiplet localization cannot
be chosen such that all of the first- and second-generation
sfermions have masses that are at least 100 TeV. In green
are the regions where we estimate that the stop masses are
heavier than 100 TeV, and hence we expect the resulting
Higgs boson mass to be too heavy to match the observed
value. In the purple region of Fig. 14, one or more of the
sfermions receives a tachyonic mass, either on the IR brane,
or in the subsequent MSSM running. The remaining white
areas are the regions of interest, simultaneously satisfying
all constraints. Within these regions, the flavor constraint,
the observed Higgs boson mass, and radiative corrections
impose additional restrictions on the hypermultiplet ¢
parameters.

The constraints favor two regions: either Az ~ 107 GeV,
with a keV-scale gravitino and a singlet spurion, or a GUT-
scale value for Ak, with an ~500 GeV gravitino and a
nonsinglet spurion. In Sec. IV B, we calculate detailed
sparticle spectra for two benchmark scenarios (marked as
A and B in Figs. 13 and 14, respectively).

B. Numerical results

Based on the constraints considered in Sec. IVA, we
select the regions of parameter space given in Table I as our
benchmark scenarios. With these parameters we determine
the sparticle mass spectrum and Higgs boson mass

TABLE I. Selected parameter space sampling regions.

A B
AR 2 % 10'0 GeV 6.5 x 10° GeV
VF 4.75 x 100 GeV 2 x 105 GeV
tan ~3 ~5
sign u -1 -1
YOk 1 1
spurion singlet nonsinglet
M* 52.9 TeV 14.60 TeV
M," 50.7 TeV 22.9 TeV
M5 49.85 TeV 38.94 TeV
msn 535 GeV 1 keV

At scale ARg.

predicted by the partially composite supersymmetric
model. The IR brane scale, Ajg, and the scale of super-
symmetry breaking, v/F, set the overall soft mass scale, and
are chosen to comply with all phenomenological con-
straints in Sec. IVA 1. tan /3 is determined by the measured
Higgs boson mass and the sign of y is set in order to achieve
the correct pattern of EWSB.

1. Renormalization procedure

To obtain pole mass predictions for the superpartners, we
use the spectrum calculator FLEXIBLESUSY [83,84], which
incorporates elements of SARAH [85-88] and SOFTSUSY
[89,90], to run selected points down from the input scale
(IR brane) to lower energy. To solve the renormalization
boundary value problem, FLEXIBLESUSY employs a nested
iterative algorithm, using the three-loop MSSM f functions
(the renormalization procedure includes components and
corrections from [91-97]) between boundary conditions
imposed at the high scale, A, and the SM at the electro-
weak scale. Electroweak symmetry breaking is determined
by numerical minimization of the loop-corrected Higgs
potential, with the value of tan and the Higgsino mass
parameter x4 determined iteratively. Loop-corrected pole
masses are calculated from the full self-energies for each
particle.

The renormalization procedure is made more complicated
by the fact that the soft mass spectrum at the IR-brane scale
depends on the values of the supersymmetric parameters (the
gauge and Yukawa couplings and the Higgsino mass
parameter) at that scale. As discussed in Sec. III B, the value
of the 4D Yukawa couplings at the IR-brane scale must be
known in order to choose the localizations of the bulk
hypermultiplets to explain the fermion mass hierarchy;
additionally, the radiative corrections included for the soft
masses at the IR-brane scale explicitly incorporate gauge and
Yukawa couplings as well as the Higgsino mass parameter.
The IR-brane values of these parameters in turn depend
(weakly) on the resulting sparticle pole masses. In order to
consistently determine the sparticle mass spectrum, we must
therefore apply the renormalization procedure iteratively.
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To do this, we first obtain an initial estimate of the high-
scale theory using FLEXIBLESUSY to extract the Yukawa
and gauge couplings from low-energy experimental data and
run them in the SM (including components and corrections
from Refs. [98—108]) up to a common supersymmetry scale,
mgysy, where they are matched at tree level to the MSSM
DR couplings. The evolution is then continued under the
two-loop MSSM RGE:s (extracted from SARAH) up to Apg.
The IR-scale couplings calculated using this procedure are
insensitive to the details of the sparticle spectrum, since the
tree-level matching procedure neglects threshold corrections
at the scale mgygy, where the MSSM is matched to the SM.
We accordingly use this procedure to provide coupling
estimates in cases where we wish to make a general
calculation without reference to a particular spectrum. The
uncertainty resulting from the tree-level matching approxi-
mation can be quantified by varying mgygy and observing the
variation in the renormalized couplings. This is illustrated in
Fig. 15, where we plot the percent deviation of the Yukawa
couplings under this renormalization procedure, relative to
mgysy = 10 TeV. By this measure, the uncertainty in this
Yukawa coupling estimate is less than 6% throughout our
parameter space.

To obtain higher precision coupling values, a particular
spectrum must be specified by choosing localizations for the
doublet bulk hypermultiplets. Given these, the IR-brane
couplings calculated as above can be combined with
educated guesses for tan # and g to obtain an initial estimate
of the IR-brane scale soft mass spectrum. This spectrum is
then renormalized and EWSB computed using the full
FLEXIBLESUSY MSSM routine. Unlike our spectrum-
agnostic procedure above, this renormalization and matching
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FIG. 15. Plot of the percent deviation of the Yukawa couplings

in the DR scheme for mgysy = 5 TeV (dotted) and mgygy =
100 TeV (dashed) from the value for mgygy = 10 TeV,
with tan f = 5.

procedure includes threshold effects from the soft masses,
and the running values of the resulting supersymmetric
parameters are spectrum-dependent. The values of the
parameters extracted at the IR-brane scale are then used to
construct an updated input spectrum and the procedure is
repeated until the values of the input parameters converge.

2. Higgs mass calculation

Due to the high scale of supersymmetry in our model, to
calculate the neutral scalar Higgs pole mass we use HSSUSY
[83-90,98-109] and FLEXIBLEEFTHIGGS [83-95,98-108,
110]. Both numerical methods are based on an effective
field theory approach in which all non-SM particles are
integrated out at a common threshold (namely, mqygy =
/M7 mz,), at which point the theory is matched to the
SM and run down to the electroweak scale, where the SM
couplings are matched to experimental data and the Higgs
pole mass is extracted. Theoretical uncertainty in this type
of procedure arises in three areas:

(1) SM uncertainty: uncertainty due to neglected higher-
order corrections at the electroweak scale.—We
consider two sources. The first source is missing
corrections in the extraction of the SM running
parameters from experimental data at the electroweak
scale, which induce uncertainty that can be estimated
as the effect of higher loop corrections on the Higgs
pole mass. Here, we estimate the uncertainty by
comparing the Higgs pole mass when 3-loop QCD
corrections to the top Yukawa coupling are included
the to the result for 2-loop top Yukawa coupling
corrections. The second source is missing corrections
in the calculation of the Higgs pole mass itself.
Since such missing corrections lead to residual
renormalization-scale dependence in the pole mass,
we estimate this uncertainty by varying the scale at
which the pole mass is calculated over the range
(3m,,2m,) and taking the difference between the
maximum and minimum. The total SM uncertainty is
the linear sum of these two contributions.

(2) SUSY uncertainty: uncertainty due to neglected
threshold corrections in the matching of the SM to
the MSSM.—In the EFT approach, the Higgs pole
mass is primarily sensitive to new physics via thresh-
old corrections from supersymmetric particles to the
Higgs quartic coupling, at the scale where the Stan-
dard Model is matched to the MSSM. The matching
in HSSUSY and FLEXIBLEEFTHIGGS is complete up
through the 2-loop level, and includes some 3-loop
corrections. The uncertainty due to the neglected
higher-order corrections to the Higgs quartic coupling
can be estimated by the residual matching-scale
dependence in the Higgs pole mass. To calculate this,
we vary the scale at which the SM is matched to the
MSSM over the interval (3 msysy. 2msysy) and take
the difference between the maximum and minimum
value of the Higgs pole mass.
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(3) EFT uncertainty: uncertainty due to neglected
higher-dimensional operators in the SM EFT
below the matching scale—Both Hssusy and
FLEXIBLEEFTHIGGS only include terms up to order
O(v/mgysy) in the SM EFT. In a pure EFT
approach, the uncertainty due to the missing terms
of order O(v?/m}y) and higher can be estimated
as a shift in the SUSY threshold corrections to the
Higgs quartic coupling. Accordingly, in HSSUSY, we
calculate this uncertainty as the shift in the Higgs pole
mass induced by multiplying all 1-loop threshold
corrections to the Higgs quartic coupling at the scale
mgysy by (1 + v?/mZgy)- In FLEXIBLEEFTHIGGS,
conversely, this uncertainty is not present, as the
calculation departs from the pure EFT approach at
low energy by switching to a diagrammatic calcu-
lation, which correctly resums leading and sublead-
ing logarithms to all orders.

The total uncertainty is taken to be the linear sum of the SM,
SUSY, and EFT uncertainties. As our Higgs mass estimate,
we take the average of the HSSUSY and FLEXIBLEEFTHIGGS
results, with uncertainty given by the union of the two
calculated ranges.

3. Superpartner mass spectrum

To explore the parameter space of the benchmark scenar-
ios given in Table I, we randomly sample over the estimated
ranges of doublet ¢ parameters (c;, o,) that are consistent
with all phenomenological constraints. The allowed ranges
are principally determined by the FCNC constraints on the
first- and second-generation sfermions and by the Higgs
mass constraints on the third-generation squarks. EWSB
and the large D-term radiative corrections discussed in

Sec. IVA 2 impose further limits on the ¢ parameters that
can only be determined a posteriori in the numerical
renormalization. These constraints can further limit the
c-parameter ranges and introduce correlations among
the ¢ parameters of successful spectra. Once the doublet
¢ parameters are specified, the singlet ¢ parameters are fixed
according to (42) to generate the SM fermion mass spec-
trum. In order to avoid introducing any new hierarchies
with this mechanism, we additionally require that all the
¢ parameters are order-one numbers. In practice, we (gen-
erously) require +c < 10, providing effective upper and
lower limits on all sfermion masses that hold in the absence
of stronger constraints.

In Fig. 16 we present the resulting superpartner pole mass
spectra obeying all phenomenological constraints and con-
sistent with the measured value of the Higgs boson mass
(see Sec. IV B 2 for details of the Higgs mass calculation).
The corresponding ranges for the sfermion, gaugino, and
Higgsino masses in the gauge-eigenstate basis are shown in
Fig. 17. In general, the spread in the masses is a result of the
freedom in the bulk hypermultiplet localizations (¢ param-
eters) remaining after the application of all constraints,
combined with the uncertainty in the numerical calculations.

In both cases, the allowed mass ranges for the third-
generation sfermions are relatively unconstrained on phenom-
enological grounds, and their limits are principally determined
by the restriction of c-parameters to order-one numbers. In
particular, we note that for the stops (below 100 TeV, these can
be identified unequivocally with i, ,), the general mass scale
(,/mz, m3,) is broadly consistent with the observed Higgs mass
throughout the allowed c-parameter ranges.

The observed Higgs boson mass provides stronger con-
straints indirectly, since the particular structure of EWSB in
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FIG. 16. Predicted superpartner pole mass spectra for benchmark scenarios A (hatched) and B (solid) given in Table I.
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FIG. 17. Predicted sfermion mass spectra in the gauge-eigenstate basis for benchmark scenarios A (hatched) and B (solid) given in

Table 1.

our model makes it sensitive to the scalar D-term corrections
arising either from the extra dimension or in the MSSM
running (see Sec. [IVA 2). We show the Higgs boson mass
estimates for both scenarios in Fig. 18 as smoothed functions
of tan . For both benchmark scenarios, consistency with
the observed Higgs boson mass restricts the allowed range of
D-term corrections, such that the necessary value of tan 8
results from EWSB. This, first of all, introduces correlations
among the heavy sfermion masses, such that the necessary
corrections are obtained. The primary constraint arises on the
¢ parameters of the first-generation sfermions (the heaviest
sfermions) ¢, and cgy,, which must be correlated such

128} (a) (b) 128
126 126
3
O,
S 124 124
122 122
120 120
2.5 3.0 3.5 4.0 5 7 9 n 13 15
tan B tan B

FIG. 18. Predicted Higgs boson mass and uncertainty for
benchmark scenarios A (left) and B (right) as functions of
tanf at the scale mgysy = /mz,mz,. The horizontal blue line
and surrounding region shows the observed Higgs mass value and
its uncertainty.

that AS,S~m§L’aL —2m§R+m§iR—m§L—|—m§R are of the cor-
rect scale.

We show this correlation for scenario A in Fig. 19. For
scenario A, the explanation of the SM fermion mass
hierarchy typically requires that either ii; or iy is the
heaviest sfermion. Thus, in order to obtain Ag, S > 0, as
preferred by the Higgs boson mass, m%R must be heavy
enough to compensate for the negative contribution of
mg , if mg, > mg, . When my, > my,, then mg, > mg, is
allowed. Note that the Higgs mass measurement also

mg, [TeV]
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FIG. 19. Correlation between first-generation slepton and
up-squark masses for benchmark scenario A (given in Table I).
The green region gives a smoothed estimate of the region
preferred by the experimentally measured Higgs boson. The
horizontal (vertical) gray lines give the range of ¢;, (cg,).
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constrains the allowed spread of the first-generation sfer-
mion masses more than the condition imposed to suppress
FCNCs, which merely restricts the masses to be above
100 TeV. Similarly, for scenario B, the Higgs boson mass
prefers Ag, S < 0, which is accomplished when iy is the
heaviest sfermion in the theory. Ag, S > 0 is also allowed,
but in this case, m;, must be tuned against m;,. For this
point we note that the Higgs boson mass also limits the
mass ranges of the other first- and second-generation
sfermions more strictly than necessary to suppress FCNCs.

For the third-generation sfermions, the D-term correc-
tions necessary to obtain the observed Higgs boson mass
may necessitate additional constraints in order to avoid
tachyonic masses. For both scenarios, this effect imposes
the lower limit on m;,, and for scenario B it also imposes
the lower limit on m;, . These are the only constraints
on the third-generation sfermion masses that are stronger
than those set by the order-one limit on the ¢ parameters.
For both scenarios, the right-handed stau may thus
be the lightest sfermion, and 7; may accordingly be
the NLSP.

When 7, is heavy, the NLSP for both scenarios is ;?(1) For
scenario A, 7! is Bino-like and 75, 79 are Wino-like, while
the heavy charginos, 75, and the heavy neutralinos, )?(3)’ 4, are
Higgsino-like. This is reversed for scenario B, where )?(1),2,3
and y{ are Bino-like or Higgsino-like and 73, 7} are Wino-
like. The spread in the masses of the Higgsino-like states is
due to the spread of the Higgsino mass parameter y, which
is fixed by EWSB. In both cases, i correlates precisely with

the soft mass parameter m?% , which is predominantly

determined by Yukawa radiative corrections from m2

03
and m%}. Thus, the spread of u is ultimately tied to freedom
in ¢, , which as we discussed above, is limited only by the
constraint that it is an order-one number. The masses of the
heavy Higgs, H°, H*, and A° also scale with g, but about
10% of their spread is due to the running of the soft masses
mi,” and m%,d. The spread in the gluino and the Bino-like
and Wino-like states is due primarily to the uncertainty in
the gauge and Yukawa couplings. In Figs. 16 and 17 that
spread is exaggerated for clarity.

In both scenarios, the hierarchical structure of the mass
spectrum is clear. The largest hierarchy occurs for 7;, where
we find ratios up to m;_ 5 /mz, ~ 13 in the singlet spurion
case and up to my_/m; ~ 35 in the nonsinglet spurion case.
The hierarchy for the stops is relatively more modest: we
find ratios up to mﬂé%/ mz, ~ 3 in the singlet spurion case
and up to my_/m; ~ 18 in the nonsinglet spurion case. The
size of these mass splittings, which cannot be generated by
MSSM running alone, is a direct consequence of the
hierarchy in the sfermion IR-brane soft mass boundary
conditions, and hence is ultimately a signature of the SM
fermion mass spectrum, mediated by the radiative correc-
tions of the extra dimension and the MSSM.

V. CONCLUSION

We have presented a minimal supersymmetric model that
uses partial compositeness to relate the SM fermion mass
hierarchy to the sfermion mass hierarchy. This occurs by
assuming that the SM gauge fields, Higgs sector, and the
third-generation matter are (mostly) elementary, while the
first two generations of matter are composite due to some
unknown strong dynamics that confines at a scale Ap.
Hierarchies are then generated when elementary superfields
linearly mix with supersymmetric operators that have large
anomalous dimensions. Since the Higgs fields are elemen-
tary, the more composite the fermion, the lighter the
corresponding fermion mass. The strong dynamics is also
assumed to dynamically break supersymmetry, such that the
composite sparticle states directly feel the supersymmetry
breaking. The predominantly elementary states, such as the
third-generation sfermions, Higgsinos, and gauginos, are
therefore split from the much heavier first- and second-
generation composite sfermions. Thus, the partially
composite supersymmetric model generically predicts that
light (heavy) SM fermions, have heavy (light) sfermion
superpartners. Moreover, since the gravity multiplet mixes
with the stress-energy tensor (via an irrelevant term), the
gravitino is much lighter than the gauginos. It therefore
becomes the LSP that can play the role of dark matter.

To obtain quantitative predictions and model the unknown
strong dynamics responsible for the composite states and
large anomalous dimensions, we use the AdS/CFT corre-
spondence to study a SD version of our 4D model [where the
strong dynamics is specifically due to a large-N gauge theory
(CFT)]. In a slice of AdSs, the Higgs sector is confined to
the UV brane, while the remaining MSSM superfields are
located in the bulk. Supersymmetry breaking occurs on the
IR brane. The MSSM fields are identified with the zero
modes of the corresponding 5D fields. The zero-mode profile
depends on a bulk mass (dimensionless) parameter ¢ that can
be arbitrarily varied to localize the zero-mode superfield
anywhere in the bulk. The fermion and sfermion mass
hierarchy is now dictated by the 5D fermion geography.
Since the Higgs fields are confined to the UV brane, the third-
generation SM fermions are UV-localized, while the first-
and second-generation SM fermions are IR-localized. This
naturally leads to an inverted sfermion mass hierarchy, where
the first- and second-generation sfermions are heavy, while
those of the third generation are light.

Attree level, the sfermion hierarchy may be exponentially
large due to the suppressed coupling between the UV-
localized fields and the supersymmetry-breaking sector. The
mass scale of the third-generation sfermions is therefore set
by radiative corrections from the heavy states, which trans-
mit the breaking of supersymmetry at loop order and become
the dominant soft mass contribution. At one loop in 5D,
these corrections arise from bulk gauginos and scalars. Since
the Higgs fields are localized on the UV brane, both the
Higgs-sector soft masses and the soft trilinear scalar
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couplings (a-terms) are zero at tree level, but they, too,
receive radiative corrections from the bulk.

The overall scales in the SD model can be fixed by
imposing a number of phenomenological constraints:
(i) the LSP gravitino is assumed to be the dark matter
with a mass 21 keV; (ii) electroweak symmetry is broken,
consistent with a 125 GeV Higgs boson; (iii) the first- and
second-generation sfermions are at least as heavy as
100 TeV to ameliorate the supersymmetric flavor problem;
(iv) the gaugino and Higgsino masses are constrained, so as
to preserve gauge coupling unification as in the usual
MSSM [assuming any underlying dynamics preserves
SU(5)]; and (v) only the MSSM fields are present in the
theory below the scale of compactification. The SM
fermion mass spectrum is used to constrain the bulk
fermion mass parameters c;. The 5D model then predicts
the sfermion masses at the IR-brane scale, Az, which are
run down to lower energies using renormalization group
equations. Since the boundary conditions for the sfermion
masses are nonuniversal and flavor-dependent, tachyonic
constraints that avoid charge- and color-breaking minima
must be imposed to further restrict the parameter space.

The numerical results of our benchmark scenarios, given
in Table I, predict a hierarchical sfermion mass spectrum.
The third-generation sfermions have masses in the approxi-
mate range 10-100 TeV (20-100 TeV for the stops), while
the first- and second-generation sfermions have masses in
the range 100-350 TeV. We do not obtain a unique
prediction because we assume that there is no relation
between the c;  parameters of the left- and right-handed
fermions. Nevertheless, the numerical results reveal some
interesting features. Most obvious is the hierarchical nature
of the spectrum. Typical MSSM running cannot produce a
mass spectrum with widely separated sparticle masses, and
thus, with minimal particle content, the origin of the mass
hierarchy must necessarily reside in the high-scale boun-
dary conditions. Such conditions are a generic feature of
our model and result in a distinctive split spectrum. The
nonuniversality of the sfermion boundary conditions is also
visible at a finer level, as it is responsible for the presence of
sizeable D-term radiative corrections to the scalar masses.
Although the sign and magnitude of these corrections are
highly constrained on tachyonic grounds, they can be
favorable for EWSB and can offset negative contributions
to the scalars that arise at two loops. Due to the structure of
EWSB in our model (imposed by radiative corrections from
the bulk), the predicted Higgs boson mass is also sensitive
to D-term corrections, and the experimentally measured
mass value can therefore indirectly constrain the heaviest
mass scales in the theory. In fact, since the measured
Higgs mass is broadly consistent with stop masses in the
10-100 TeV range (as predicted in both benchmark
scenarios) it is primarily through this effect that it con-
strains our benchmark spectra.

Our model is not too different from the usual MSSM,
where a hidden sector with strong dynamics is typically

invoked to dynamically break supersymmetry (e.g., via
gaugino condensation). The supersymmetry breaking is
then mediated via gravity (or alternatively, gauge inter-
actions) to the visible sector with universal boundary
conditions for the sfermion masses. The difference in
our model is that the first- and second-generations of
matter are composites of the strong dynamics at some
high scale Ajr. The composite states also directly feel the
supersymmetry breaking (e.g., perhaps via a nonzero
F-term of the underlying constituents), thereby giving rise
to strongly flavor-dependent sfermion mass boundary con-
ditions. Furthermore, assuming that the strong dynamics is
SU(5) invariant (similar to what is imposed on the messenger
sector in gauge-mediated models), gauge coupling unifica-
tion is still preserved at the GUT scale ~10'¢ GeV.

In light of the Higgs boson discovery and its implications
for the supersymmetric spectrum, our model thus provides
a more predictive, split-like supersymmetry scenario by
explicitly relating the SM fermion mass hierarchy to the
sfermion mass spectrum. It would be interesting to con-
struct models of the nontrivial dynamics (perhaps going
beyond large-N theories) that may constrain the anomalous
dimensions even further, and therefore lead to exact
predictions for the sparticle spectrum. Nonetheless, the
partially composite supersymmetric model provides the
raision d’étre for the inverted sfermion hierarchy with a
gravitino LSP. The NLSP is typically a Bino, Higgsino,
or right-handed stau which decays to the gravitino and
could eventually be probed at a future 100 TeV collider.
Alternatively, the heavy first- and second-generation sfer-
mions could be indirectly probed via rare-decay experiments,
such as the flavor-violating Mu2e experiment [111], or
experiments attempting to measure the electric dipole
moment of the electron [112]. Of course, with heavy super-
partners, our model is tuned, and the question of why the
overall scale of the sparticle spectrum is much heavier than
the TeV scale remains a mystery. Perhaps this is just evidence
of the multiverse, as speculated in split-supersymmetric
models, or a supersymmetric relaxion mechanism is at play,
or, instead, the tuning could be related to the strong dynamics
of the supersymmetry-breaking sector. In any case, we have
attempted to provide further rationale for why low-energy
supersymmetry may be lurking at a scale of 10—-1000 TeV.
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APPENDIX A: PARTIAL COMPOSITENESS

In this appendix we present details of the partial
compositeness (equivalent to holographic mixing in 5D)
for the chiral, vector, and gravity supermultiplets.
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1. Chiral supermultiplet
a. Complex scalar

At the IR scale, the supersymmetric Lagrangian (7) for
the chiral supermultiplet has the component form

‘Cscalar -0 ¢ 8ﬂ¢+FTF+€(I>AIR(¢FC +F¢C +HC>
_aﬂd,c Iaﬂqgc —|—F” )T pe(1) ¢ Iaﬂ(p
4+ Ot pQ >+m£1>)(¢(1> W™ +H.c.),
(A1)

where g4 is a dimensionless constant and m$> = gg) AR-
Eliminating the auxiliary fields gives rise to the Lagrangian

‘Csca.lar__a ¢Taﬂ¢ g%DA%R(bT(ﬁ 8‘1)9(1) A (¢T +HC)
-0,V o) _md> 2
=0,V or e — (98)2 +&5) AW
(A2)
where, in the basis (¢, ¢!, p()), the mass matrix is
given by
£ ECDQEDI) 0
mé = 5@951:) gg)z 0 AR (A3)
)2
0 0 & +gy

Note that there is a mass mixing between the elementary
state ¢ and the composite state, ¢(1). Nevertheless, when
this matrix is diagonalized, there is a massless eigenstate
which can be written as

90) zN¢{|¢> - |¢<l>>}, (Ad)

where NV is a normalization constant, while the massive
eigenstates are given by

b =N 0+l ] s
Yo

[h2) = [gpV).

Thus, we see that the massless eigenstate is an admix-
ture of the elementary and composite states and that the

massive eigenstate is a complex scalar with mass-squared
(e + gg )Z)AIQR. Note that the eigenstates are expressed in
the mass-mixing basis, unlike the kinetic-mixing basis used
in Ref. [27]. While both bases are equivalent at the level of

mass eigenstates, supersymmetry breaking in the mass-

(A5b)

mixing basis is shown in Sec. III C to give consistent results
with the 5D gravity model.

b. Fermion

Similarly, the fermion part of the supersymmetric
Lagrangian (7) at the IR scale is given by

Dt 54,1
<) +H.c.).
(A6)

iw 60w+ iyV7540,y) + iy
. 1
—ep ARy +H.c.) —m((b)(y/(‘)g/

['ferrnlon

In the basis (y, (), yD), this leads to the following

fermion mass matrix:

0 Ep 0
1 (1)
m,/, - z 8(1) O g(b AIR' (A7)
0 ¢ o
The mass eigenstates correspond to a massless

Weyl fermion and a massive Dirac state with mass
(€2 + gw)* A )!/2. The massless eigenstate is given by

o) :N@{m —%WU}, (A8)

while the massive eigenstates are

Nq) Ep Sé
|l//1.z>2—{ ) + ) £ [1 4+ s fpe) 5.
V2 "

(A9)

Thus, partial compositeness leads to a massless complex
scalar and Weyl fermion which combine into a chiral
supermultiplet.

2. Vector supermultiplet

The component fields of the vector supermultiplet can be
identified by noting that the IR Lagrangian (11) is invariant
under the supergauge transformations

V- V+ilQ -Q), (Al10a)
M, @t (1 Dt
V(l)_|_q) + oy (M m_iS_Y(QT_Q)’
\/_gv AIR ﬁgﬁ/)/\m 9&/)
(A10b)

where Q is a chiral superfield gauge-transformation param-
eter. Choosing the Wess-Zumino gauge for V, the super-
fields then take the form
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1
V =0'6"0A,+ 0"0"01 + 0001 + E6~99T9TD, (Alla)

N 1 .
VD = 0Te#0Al) + 07 9t0A) + 000" AT + 50000 D,

(Al1b)

oy = ¢(V” + V204 + 00F)) + i615°00,9))

1
— —999’ oo —|— 000" 9" ,
V2 ! 3

where [ = 0,0". Here, A,(,D, (ﬁi}),

dynamical (composite) fields, while F E,l) and DU are
auxiliary (composite) fields. Next, we diagonalize the mass
term for the component Lagrangians.

(Allc)

AW, and M are

a. Gauge field

Using (11) and (All), the gauge field component
Lagrangian becomes

1

1 v (v (1)
Lopnge = — 3P Fu —ZF( e EL

1
5 Ak(eva, + 9y A+ 0,00) (A12)

which is invariant under the gauge transformations

A=A, +0,0, (A13a)
- 9,9 e
1 1 1 Vv
A=A+ Al - Sa e (A13b)
9y 9y
where { is a gauge parameter and (p (¢V ¢£/1)*).

Note that in the limit of no mixing between the elementary

and composite sectors (ey = 0), the lowest-lying massive
composite state, A,Sl), has a mass mi,l) = gg,l )AIR. The
appearance of a mass term for A, is similar to what
happens for vector-meson dominance in QCD [113].

The mass eigenstates are obtained by diagonalizing the
mass-squared term in (A12), where in the basis (A,, A( ))
the mass matrix is given by

2 e g(l)
2 1% viv 2
= ( m e )R

Eyygy 9y

(A14)

This gives rise to one massless and one massive eigenstate.
For canonical kinetic terms, the massless gauge boson
eigenstate becomes

A) z/vv{m,» —%mﬁ%}, (ALS)
\%

while the massive gauge boson eigenstate is given by

=N S+ ] e

9y

where Ay is a normalization constant. The eigenstates are
expressed in the mass-mixing basis instead of the kinetic-
mixing basis used in Ref. [27], since supersymmetry is
assumed to be broken in this basis. The massless eigen-
mode (A15) now transforms under a gauge transformation

as Ao — Ay + (1 + 53/93)2)aﬂ§, while, as expected, A,
no longer transforms.
The massive eigenstate A,; obtains a mass

m%/l = (e + gv )AIR ~ (g5 (AR) +9§/) JAR, (A17)

where, in the second expression, we have used

9s(AR) zj—g—v4—‘/§ = ey, which follows from the large-N

corrections to the elementary-field gauge coupling g,. The
diagonal gauge-field Lagrangian for the two-state system is
then given by

1 1 1
gauge — _ZF/(;DFOW _ZF[lel;w -5 A2

E 2 [R

(A18)

where the gauge coupling of the massless mode is obtained
from

— 1 - 1
9 (AR 5 Ay — gy yVTaA )

D e(tyimu (D ¢ _
+g§/)l// m’a"Af, )ll/ (1) — WSG”A;;OWO 4. (A19)

Using (A8) and (A15), this leads to the expression

mes ev ]~
= |:N<2DNV<9A‘(AIR)+9V - (l)ﬂ
Jo
v
1 1

~ Fhw) 20

Finally, note that by eliminating D and D) in the scalar
field part of the Lagrangian, one can check that the real part

of the composite scalar field qbg,l) also obtains a mass,
identical to that of the gauge field A,

b. Gaugino
The gaugino part of the vector supermultiplet Lagrangian

(11) is given by

‘Cgaugino = iﬂ&”@,,ﬂ + iﬂ(l)Tﬁﬂaﬂj( + l)( 6"8”)(

— Ar(ep iy + gi,l)/l(”)(( ) +Hc.). (A21)
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In the limit &, = 0, the massive composite state is a Dirac
fermion with mass mi,] ) = S)AIR. Using the basis

(2., 21 and the orthogonal matrix

=

1
9&/ 0 —&y
1 FOCICI)
O/ = % 5 % . (A22)
9(1)2 + &2
1% % o e ﬁ
V2 2 V2

the mass terms in (A21) can be diagonalized via

0% 0 0 0 0
e (1) sv-ﬁ—gv1

Oipl7 0 % 01T/2: 0 —"= 0 ,
0% 0 0 0 i

(A23)

which gives rise to a massless Weyl fermion and a massive
Dirac fermion. The massless gaugino eigenstate is given by

1) sz{w - |z<1>>}. (A24)

Thus, the massless gaugino is an admixture of the elemen-
tary gaugino A and the composite gaugino A().
The massive Dirac fermion state has the decomposition

2
) 3y ) & 14 S
\/E 9y 9y

[4) + 40 = ) 5.

\S)

V2 | g\ /20y log (B

assuming &y < 1 and dropping terms of O(¢?) and higher
in the second expression, with mass eigenvalues

/ 12
my, , ~=+ g: (Ar) +9§/) AR

This mass agrees with that obtained for the gauge field A,

(A25)

(A26)

and scalar field gl)g,l), as expected by supersymmetry.

3. Gravity supermultiplet
To identify the component fields of the gravity super-
multiplet, we note that the IR Lagrangian (17) is invariant
under the supergauge transformations

H,— H,+A, (A27a)

1 1 3
H,(,) —>H,(,>——<1;1) Ay,
9u

(A27b)

where A, is a real superfield gauge-transformation param-
eter. Choosing an analog of the Wess-Zumino gauge for
H,, the superfields take the form

1
_ —v . Fat
H,= —7§9T0' Oh,, — 0007,

+ 610702, + %999*0"1)# T (A28a)
H =c)) - oo + 070" - 015°0V})
— i60' (A},‘” - %Hf)vw,i”)
+ 6670 (a,(,” - %0"@6{)}}”)
+ %eemm (D,(,l) + % Dcf,”) T (A28b)

where we have neglected terms with auxiliary fields. The
gravity component fields are then defined to be

) _ Vi + v

hiy) = By (A292)

c = ﬁlAm g%,;) o, (A29b)
%1//},1) = /1,(,1) + —0#6/’/1,(,1) (A29c¢)
phe = phe %ewwakvﬁ,l), (A29d)
a),(,l> = ALIR jg) )(,(,l) (A29)

Note that hfli), l//,(,l>, /(41), and h,(tl)
(composite) fields, while b,(,] Jisan auxiliary (composite) field.

are dynamical

a. Graviton
Using (17) the graviton field component Lagrangian
becomes

1 1
——h Em 4 _hLL>E<1)ﬂv

V2t 2
(1))

1 2
- EAIZR(thW + 9y )

Egraviton
(A30)

where E,, = \/% (0,0,h% + Oh,, — 8,0"hy, — 0,0h,,—
1% + 1,,0°0”h,,). The Lagrangian is invariant under
the gauge transformation
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h, —

1
w = My — 3 (0,8, +0,L,), (A31a)

le
! — ha) 4505 (0,8, + 0.2,
9u

(A31b)
where ¢, is a gauge parameter. Note that in the limit of no
mixing between the elementary and composite sectors

(ey = 0), the lowest-lying massive composite state, h,(,},),

has a mass m')) = g\ A
H = 95 MR-
The mass eigenstates are obtained by diagonalizing the

mass term in (A30). The massless graviton eigenstate is
then

€H (1
) =Nu{ ) =T . (A32)
9H
and the massive graviton eigenstate is given by
€
) =N S )+ W | (a3
gH
where ANy is a normalization constant. The mass-

less eigenmode £, now transforms under a gauge trans-
formation as hﬂboﬁhﬂyo—%(l+£§1/gg>2)(8ﬂéy+8yé’”),
while, as expected, /,,; no longer transforms. The massive
eigenstate /1, obtains a mass m12‘11 ~ (e, + gﬁ})z)A%R. The
diagonal gravity Lagrangian for the two-state system is then
given by

1
—= e Epo + —= W Eyy —smiyy by, (A34)

ﬁgraviton = \/— \/— 2 uvl-
By eliminating b, and b,(,l) in the vector-field part of the
Lagrangian, one can check that the composite vector
field hf,” also obtains a mass identical to that of the graviton
field h,,,. For simplicity, we have not included the

scalar components, but they obtain a similar mass by
supersymmetry.

b. Gravitino

The gravitino part of the gravity
Lagrangian (17) at the IR scale is given by

supermultiplet

L gravitino

1
= —56"””“1;/#6”8 l//K - 56"”’“1// 6 ow

1
_ 56”1//”()(,(41)61,8[, (Dt

1
- *AIR(SHWﬂ [, 5U]Zt(fl> + gg)y/,(})[a/‘, 5”1)(1(/1) + H.c.),

4
(A35)

(1)

where

(1)

and y,’ are both contained in the tensor

supermultiplet H ,31). In the limit e =0 the massive
composite state is a Dirac fermion with mass mg).
Using the basis (Wu’)(/(t ), z//f, )) the mass term in (A35)

can be diagonalized via the transformation

0 % 0 0 0 0
B (1) €2+g(1)2
0|3 0 # on,=|0 VI 0
0 % o 0 0 it
(A36)
with the orthogonal matrix
1
951) 0 —€H
1 FOCICIN(
O3 = —F———= % -V % . (A37)
g(1)2+8z
H H ., g
V2 2 V2

which gives rise to a massless Weyl fermion and a massive
Dirac fermion. The massless gravitino eigenstate then
becomes

i) =Nl - (—H)|w“>>}, (A38)
91

Thus, the massless gravitino is an admixture of the

(1)

elementary gravitino y, and the composite gravitino y, .
The massive Dirac fermion state is given by

Nu ) en (1) Eh 1 (1)
Wur2) = W) +lwu ) £ )T+ —55l) o
2\ "
Ny I Ag (1) (1)
= |‘I/>+|Wﬂ>i|)(ﬂ> )
V2 | gV /Ey Aoy "

(A39)

where e < 1 and terms of O(e%) and higher have been
dropped in the second expression. The mass eigenvalues
are

=4\ ef + 9;;)2/\1117 (A40)

My, ,

which agrees with that obtained for the graviton

field h,(,ly) and the vector field h,(ll), as expected by
supersymmetry.
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APPENDIX B: BULK ZERO-MODE
PROFILES IN A SLICE OF ADS

The quadratic part of the SD bulk action of a hyper-
multiplet containing complex scalar fields ¢ and ¢¢ and
Dirac fermion W living in a slice of AdSs is given by [25]

¢
(B1)

Sy = [ dr/=gl-1oudl — milaf - D =

where g = det(g,,y) is the determinant of the AdS metric
(39) and the curved space covariant derivative Dy, = 0y +
), includes the spin connection @,,. The bulk masses are
given by

my = co’, (B2a)

my, o = ak? + bo”, (B2b)
where ¢ = k|y| and a, b, ¢ are dimensionless parameters.
Performing a KK decomposition, the zero-mode profiles
(with respect to a flat metric) are [24,25]

1
70 _3kly| £(O GFok ..
Tl ) = e ) =\ [t e,
(B3)
70 —k|y| £(0 (b—-1)k ~
f((ﬁ)(y) =e kl)\ffﬁ)(y) - me(k Db (B4)

where the upper (lower) sign is used for the L (R)
component and a = b(b —4) must be satisfied for a
massless scalar mode. This is automatic for a hyper-
multiplet, where supersymmetry requires that b = % Foc,
such that }SI(’)L),R@) :}Eb(l).k(y) x eBFOM a5 expected
for the zero-mode fermions and
hypermultiplet.

In a vector supermultiplet, the profile for the zero mode
of the gauge boson is

scalar fields in a

70y 0) N
fa V) =fa (y)—m,

while that for the gaugino corresponds to ffI(,)L) (y) in (B3)
with ¢ = %, and therefore matches (BS5). Similarly for the
graviton supermultiplet the zero-mode graviton profile is
given by (B4) with b = 0, and for the gravitino the profile

is fi (y) in (B3) with ¢ =3, which again matches by

(BS)

supersymmetry.

When supersymmetry is broken as in Sec. III C by the
IR-brane operators (51) and (47), the sfermion and gaugino
zero modes acquire soft masses m, and M. The boundary

mass terms on the IR brane induce a back reaction on the
KK profiles of these fields. In this case, the zero-mode
profiles are determined in the same manner as the profiles
of massive KK states:

~ m
ff]f) (y) = Nyekb! [ Toes <7f/’ ek|y>

50 (3 = Nkl [, (Mo gio ) — oCE) (% )]
<y () B8, 0,0

where N, are determined by the normalization condi-
tions [39]

|7 a7 007 =1 (B8)
[ a0 = 1+ P mkR) 5 (R
(89)

When supersymmetry is broken, the super-Higgs effect
gives rise to the gravitino coupling (44) on the UV brane,
and the gravitino acquires a mass ms, (46). This boundary
mass term induces a back reaction on the gravitino KK
profiles, such that the zero-mode profile is given

~ ) msn
fg‘;)z(y) = Ny peh] |:J2 <T/ ele)

Y (=2) k
where
R -0 2 1 F I -0 2
/Rd)’(fg)z(y)) =1 +§m;(fg/)z(0)) ;
_,z »
(BI1)

determines the normalization N3 ;.

APPENDIX C: RADIATIVE CORRECTIONS
IN A SLICE OF ADS

In this appendix we calculate the radiative corrections to
the scalar masses as well as soft mass parameters in the
Higgs sector arising from the 5D bulk in our model.
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1. Bulk scalar soft masses

Although the sfermions receive soft masses at tree level
from their couplings to the supersymmetry-breaking sector
on the IR brane, as discussed in Sec. IIIC, quantum
corrections from the bulk can become significant for
UV-localized fields. At one loop, these corrections arise
from the gauge sector, Yukawa couplings, and D-term
interactions. Here, we consider the corrections to a generic
bulk scalar soft mass squared in a supersymmetric theory.

a. Gauge-sector corrections

In the bulk, scalars couple to gauge bosons and gauginos,
generating soft mass corrections at one loop that take the
form

(Anr), = 4g°C(Ry JTIF (C1)
where i indexes the scalar field, g is the (4D) gauge
coupling at the IR-brane scale, C(R) is the quadratic

Casimir [in the SU(5) normalization] of the representation
R, and

4 27kR [ d'p

g k

(27)*

< [ (7)) Galpoy.y) = Gy,

(C2)

in the limit in which we neglect the external momentum. If
we parametrize the amount of supersymmetry breaking on
the IR brane as F/Ag = Eke ™R the gauge boson, G,,
and gaugino, G,, bulk propagators take the forms

(xuv, X)S(l)(x’ XIR)
T8 (XUV, xIR)

1, S0
Galpe.y.y) =52k . (C3a)
1 5400
Gi(pe.y.y) = EZ k Sl(xUva)
S(l)(x, 'XIR) - igzﬂkale(x, xIR)
Tg(xUvaIR) - ingrch_fzS?(va, XIR) ’

(C3b)

where py = —ip is the Euclidean momentum (the general
expressions for Euclidean 5D mixed position-momentum
propagators, normalized to the interval 0 <y < zR are
given in Ref. [17]), z = el /k is a conformal coordinate
along the fifth dimension such that zyy = 1/k and
Zir = €™R/k, and the auxiliary functions

Sa (x1,%) = I, (x1)K o, (X2) + Ky, (x1) 1, (x2),  (Cda)

Tas(x1.X2) = L, (x1) Ky, (x2) = Ko (x1)1 4, (x2)  (C4b)

are combinations of the modified Bessel functions /, K.
The natural argument of the Bessel functions is the
dimensionless variable x = pgz. In the following, we
suppress repeated indices, i.e., T,(xy,x) = T%(xy,x,).

That the loop contribution to the scalar soft masses
squared is purely a supersymmetry-breaking effect can be
seen in the difference

Galpe.y.y) — e G, (pe.y. y)
112 Sy
2 pE ZuvIR TO(XU\u XIR)
ig* Tk RE>SY (xyy, x)

To(xyv. Xr) = igzﬂkRe&zS(l)(xUV,XIR) 7

(C5)

which vanishes (by cancellation) when supersymmetry is
unbroken (£ = 0). When the gaugino acquires a mass, this
cancellation is shifted, and the scalar receives a correction
that is quadratically divergent.

This divergence arises since the addition of boundary
masses as in Sec. [II C deforms the superpartner KK wave-
function profiles, which results in a difference between the
effective couplings of the gauge boson and of the gauginos,
leading to a parametrically hard breaking of supersymmetry
on the IR brane. The extra dimension protects the UV brane
and the bulk from the hard breaking, but on the IR brane,
where there is no finite distance separating the scalar mode
from the source of supersymmetry breaking, quantum
corrections to the scalar masses squared are not finite, and
sensitive to the cutoff scale. We note that this divergent
behavior is a peculiar feature of warped spaces and does not
occur in the flat case, where this type of supersymmetry
breaking is globally realized (and hence does not lead to a
local distortion of field profiles). Thus, the flat-space break-
ing is soft, and quantum corrections are finite and indepen-
dent of the cutoff scale [17,114-116].

In the 4D dual theory, this divergence is a result of the
breakdown of the perturbativity of the loop expansion as the
gauge coupling becomes strong. Since we lose control over
the corrections near the compactification scale, we wish to
extract a well-defined, finite portion of the correction
associated with the long-range physics, which includes
the breaking of supersymmetry. The correspondence
between the renormalization scale in the 4D dual theory
and position in the fifth dimension suggests an appropriate
regularization procedure in which we scale the effective IR
brane seen by the propagators in the loop with position in the
extra dimension [117]. The equivalent procedure in the 5D
perspective is to isolate the portion of the loop correction due
to the compactification of the theory, absorbing the remain-
ing infinite part into a counterterm [118—121]. Since the
presence of the IR brane in AdS explicitly breaks 5D Lorentz
symmetry, this finite correction is nonlocal, associated with
a winding around the compact dimension. This purely
curvature-dependent contribution to (C2) can be extracted
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by employing a cutoff A = ke~ on the 4D momentum

integral. We have checked that both of these renormalization
methods are numerically equivalent, and therefore may be
used interchangeably. For calculational convenience, we
employ the simple cutoff scheme.

After regularization, the resulting finite part of the
correction can be parametrized in terms of the gaugino
mass as

bi

r
(am), = L agCR . (co

where
Reill/'
M;

is a positive parameter that depends on the amount of
supersymmetry breaking as well as the localization of the
bulk hypermultiplet containing the scalar field (and on the
IR-brane scale). We plot rf" in Fig. 20 as a function of
VF/AR at Ag = 107 GeV for three cases of the hyper-
multiplet localization: the two limits in which the scalar is
confined to the UV and IR branes (4c; - o and
+¢; - —o0) as well as the case % (flat) in between. For
each localization, we give the U(l) (light), SU(2)
(medium), and SU(3) (dark) contributions. The effect of
the supersymmetry breaking saturates for /F/Apg > 1
and rg' approaches a constant value that is independent of
the gauge group.

ry = 822 (C7)

b. Yukawa corrections

The bulk scalar soft masses squared also receive con-
tributions from their Yukawa couplings on the UV brane.
At one loop, these corrections involve a boundary Higgs
field and a scalar or fermion field from a different bulk
hypermultiplet, taking the form

400 £
300

200

100 32)

IR brane

40 [
30 -
So 20 F

1k UV brane
. L

10°* 1073 1072 107! 10° 10’ 102

VF/Nr

FIG. 20. Plot of the coefficient rZ"', which parametrizes the
one-loop gauge corrections to bulk scalar soft masses squared,
for the U(1), SU(2), and SU(3) gauge groups as a function of the
relative supersymmetry breaking on the IR brane, v/F/Ap, for
A = 107 GeV.

(Amj, ), = YT, (C8)
where
b f if?R 0) N2 [ a*p
e (7592(0)}5}’13 (())) / (2n)* (G, (P) =Gy, (P))-
(C9)

Here, the bulk scalar, G, and fermion, G,)", propagators
are evaluated on the UV brane and take the forms

1 1 2ppzrS§(xuv, Xr) — &' T4 (xuv, Xir)

GEZR (Pe) = 2o P ]
PE2ppzrTp(xuv, ¥r) — &*Sa(xyy, Xr)
(C10a)
11 S§(xuv. xr)
GYY (pp) = —— L= C10b
WL‘R( E) 2pE T/i(xUV’le) ( )
where a = |c + 1|,
+1 1
ﬂ=—(c e Fy) (C11)

T
lc£5

and c is the fermion bulk mass parameter that specifies the
localization of fields in the hypermultiplet.

The supersymmetry-breaking contribution arises from
the difference between the scalar and fermion loops:

G (PE) = Gy, (PE)

11 1 1
2 P3E Zuv<IR T/f (Xuvs XR)
{:4
X . (C12)

leRT/} (xUV» le) - 545/; (xUV’ xIR)

When supersymmetry is broken, the correction is finite
and negative and can be parametrized in terms of the soft
scalar masses as

rz)L,R
2 __h 2.2
(Am¢L.R)y - 872 Yo, (C13)
where
. ¢LR
s Reill}"
P — g2 (C14)

2
M.

is positive and depends on the amount of supersymmetry
breaking and the localizations of the bulk hypermultiplets.
In Fig. 21 we plot rf” as a function of /F/Ay for
three choices of bulk hypermultiplet localizations: ¢; =
%
saturating to a constant for v/F/Apg > 1.

—cg = 0,1, 1. The behavior of 74 is similar to that of r%’,
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FIG. 21. Plot of the coefficient r**, which parametrizes the

one-loop Yukawa corrections to bulk scalar soft masses squared
as a function of the relative supersymmetry breaking on the IR

brane, VF/AR, for Ag = 107 GeV.

¢. D-term corrections

In models such as ours, where the pattern of supersym-
metry breaking is nonuniversal in flavor-space, Fayet-
Iliopoulos U(1), D-term corrections to scalar soft masses
squared due to supersymmetry breaking arise. At one loop,
the contributing diagrams are of tadpole form, involving a
bulk scalar field and a vector supermultiplet auxiliary field:

(Am3)p = GBS Y@ )ME),. (C15)

where
. 27kR [ d'p [*R | -0), |2
%, = it d
e o G )
R
x / dy'Gp(0,y,y")
—7R

x e NG, (p.y'.y) = Gy (p. YY), (Cl6)

Y is the hypercharge, and the sum is over all bulk scalars.
Here ¢¢ is the N = 2 supersymmetric scalar partner of y;,
a member of the same hypermultiplet, but odd under the
orbifold symmetry. The bulk scalar, G, and Gy, and
auxiliary field, Gp, propagators take the forms

1

3 Z4k3 Sg (XUv, x)

Gy, (PE YY) =
2ppzrSH(x, xR) = E* T o (x, 1)

2ppzRT p(xuv, ¥ir) — & Sh(xuy, Xr)

(C17a)

3 Ta(xUva)Ta(xv xIR)

1 "
Ta(xUV’xIR)

:51

Gy (PE.Y.Y) . (Cl7b)

Gp(0,y,y) =

- 1
27kR’ (C17¢)

where we have evaluated the auxiliary field propagator
in the zero-momentum limit, as there is no momentum
flow into the scalar loop. Since the auxiliary field has no
y-dependence in this limit, we can use the orthonormality
condition for the scalar zero-mode profile (B8) to do the
first integral over the fifth dimension, leaving

(Hg)(/;, - ng
d*p [=R .
_/W/ e UGy, (p.y.y) = Gys(py.y)):
(C18)

This quantity is independent of the localization of the
external scalar, indicating that the sum

> Y(pnh

i

(C19)

gives a universal correction for all scalars (bulk and
boundary) that are charged under the U(1) gauge symmetry.

As with (Cl1), the loop integral here is divergent.
However, the leading divergences in this case arise even
when supersymmetry is unbroken.'> The D-term contribu-
tion to the soft scalar mass squared arising purely as a
supersymmetry-breaking effect can be extracted by con-
sidering the difference between loop integrals in broken
and unbroken supersymmetry: schematically,

(I17); = 1P — 117 ] (C20)

This is equivalent to evaluating the loop integral using the
difference in propagators:

Gy, (PE;¥.¥) =[Gy,  (PE, Y. ¥)|emo

11 2 Sg(xUV,x)

B EE Z%VZIR T/J(xuw XR)
§4SZ(XUV’X)

X o . (C21)
ZPEZIRT/i(xUVv xIR) -¢ Sa(xUvalR)

The supersymmetry-breaking contribution extracted in this
manner is linearly divergent. After regularizing the inte-
grals, the resulting finite part of the correction is negative
and can be parametrized in terms of the scalar mass:

2Both quadratic and linear divergences arise in this manner;
the former on the branes, and the latter in both the bulk and on the
branes [122]. The quadratic divergences depend on the hyper-
charge, and hence vanish in the trace over the scalars, provided
that the sum of the scalar hypercharges is zero (as is true for the
MSSM field content). The linear divergences can be absorbed in a
renormalization of the hypermultiplet bulk mass when regular-
ized with a position-dependent cutoff.
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FIG. 22. Plot of the coefficient rg[ , which parametrizes the
one-loop corrections to a bulk scalar soft masses squared due to a
D-term coupling with the bulk scalar ¢; as a function of the
relative supersymmetry breaking on the IR brane, v/F/AR, for
AR = 107 GeV.

13
(Am3)p = === Y ()Y _Y())rh m},

87%5 -
13,
=- 8_752591 Y(gi)As, (C22)
where
Rei(I1?
T Reillly )e 24’[)5 (C23)
' my,

is positive and depends on the amount of supersymmetry
breaking as well as the localizations of the bulk scalars. In

Fig. 22 we plot rqlﬁ),- as a function of v/F/Ap, considering

four cases for the hypermultiplet localization of the internal

scalar: ¢; =0, % %, 1. The largeness of rgi when the bulk

hypermultiplet is highly UV-localized is due to the expo-
nential smallness of the scalar tree level mass in that case,
rather than the absolute magnitude of the correction.

2. Higgs soft scalar masses

When the Higgs fields are confined to the UV brane, they
have no direct couplings to the supersymmetry-breaking
sector on the IR brane. The Higgs-sector soft mass terms
are therefore zero at tree level, and are generated instead at
higher loop order by radiative corrections involving bulk
fields that transmit the supersymmetry breaking from the
IR brane. Here, we consider the one-loop corrections to the
soft mass squared for a generic Higgs field completely
localized on the UV brane. A similar one-loop analysis was
performed in the 4D KK formalism for the Higgs sector in
unbroken supersymmetry in Ref. [123].

a. Gauge-sector corrections

The contributions to the Higgs scalar soft masses squared
from the gauge sector arise from loops of bulk gauge

bosons and gauginos. At one loop, the corrections involve
one bulk field and one boundary field and induce the soft
mass correction [115,116,124-126]

(Am%,i)g =4¢g°C(Ry, 1Y, (C24)
where i = u, d indexes the Higgs field and
27kR [ d*p
e = GVV(p)-GW . C25
§=TE [ Sh e - ). ()

The gauge boson, GY{V, and gaugino, GY", bulk propa-
gators are evaluated on the UV brane where the Higgs fields
are localized, taking the forms

118! ,
GV (py) — 1L Solov. xim)

[ C26a
2 pp To(xyv, *r) ( )

_ 11 Si(xuy. xw) — ig?mkRET | (xuy. Xir)
2 pp To(xuy, XR) = ig*TkRE S (xyy, Xir)
(C26b)

GV (p)

We note that this correction (C24) is a special case of the
general bulk scalar soft mass-squared correction (C1),
corresponding to the limit in which the scalar is confined
to the UV brane.

The contribution of the loop integral from supersym-
metry breaking is extracted in the propagator difference:

GHV(PE) - GEV(PE)

B 11 1 1
2 P3E zZuvzr To (XUV, le)
ig?tkRE?

- . (Cc27
To(xyy. XR) — lgzﬂkRé:ZS(f (xuv, *R) )

The loop integral (C25) is finite, unlike the bulk scalar case
(C18), due to the finite separation between the Higgs fields
on UV brane and the supersymmetry-breaking sector on the
IR brane. The resulting contribution to the Higgs soft
masses squared can be parametrized in terms of the gaugino
mass as

H
.
(&mi), = S5 4P C(Ry )M, (C28)
where
Reill"
P = 872 A’ﬁg (C29)
A

depends on the amount of supersymmetry breaking. We
plot r{’]’ in Fig. 23 for the U(1) and SU(2) gauge groups as a
function of v/F/A. This behavior matches the UV-brane
limit of the bulk scalar corrections in Fig. 20 and repro-
duces that found in Ref. [126] up to an order-one shift due
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FIG. 23. Plot of the coefficient rgl , which parametrizes the one-

loop gauge corrections to the Higgs soft masses squared, for the
U(1) and SU(2) gauge groups as a function of the relative

supersymmetry breaking on the IR brane, /F/Ap, for
AIR = 107 GeV‘

to a difference in the definition of the supersymmetry-
breaking gaugino IR-brane operator and the UV cutoff of
the 4D momentum integration.

b. Yukawa corrections

Similarly, the Higgs soft masses squared receive con-
tributions via their Yukawa interactions with bulk fermions
and scalars. At one loop, the corrections each involve two
bulk fields and take the form

(Amj,), =

>(0)>2

1
O \B o))
[ L2 (GO ()G () + GYY ()G ()
(271.)4 L p Fr p ?r p Fr p
—-2p*GYY (p)GY (p)).

VI, (C30)

where

(C31)

The UV-brane bulk scalar and fermion propagators are given
in (C10) and (C10b). The bulk hypermultiplet auxiliary field
propagator G¥¥ (in the style of Ref. [127]) is likewise
evaluated on the UV brane and takes the form

PGy (PE)le—o (C32)

Gy (pE)= =-piGy,(PE).

As with the bulk scalar Yukawa corrections, the con-
tribution to the loop integral from supersymmetry breaking
is extracted in the propagator differences (C12). The
resulting contribution to the Higgs soft masses squared
is finite and negative and can be parametrized in terms of

the scalar masses squared as

107* 1073 1072 107" 10° 10’ 102

VF/ g

FIG. 24. Plot of the coefficient rf , which parametrizes the one-
loop Yukawa corrections to the Higgs soft masses squared, as a
function of the relative supersymmetry breaking on the IR brane,

\/F/AIR7 for AIR = 107 GeV.

H
(Am%{l)y = —8—7y12y2(m3h + mék), (C33)
where
Reill?
R e B S (C34)
(m¢L + m¢R)

is positive and depends on the amount of supersymmetry
breaking as well as the localization of the bulk fields.
In Fig. 24 we plot r# as a function of /F/Ap for
three choices of the hypermultiplet localization: c¢; =

—CR = 0, 2 1.

c. D-term corrections

Since, as discussed above, the D-term corrections to the
scalar soft masses squared are independent of the locali-
zation of the scalar, the Higgs-sector corrections on the
boundary take the same form as the corrections in the bulk:

(Amy)p = —91 TY(H ZY(¢, (C35)
where Hi is defined in (C18). We regulate as discussed in

Sec. C 1 ¢, resulting in a finite negative contribution to the
Higgs soft masses squared, parametrized in terms of the
scalar mass as

(Ami;)p = (C36)

13
—ggg%Y(Hi)ZY(d’j)r%m%,
j
where rgj is defined in (C23).

3. Higgs soft b-term

The Higgs soft b-term, like the Higgs soft masses
squared, is zero at tree level, and so is generated at loop
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order once supersymmetry is broken. In this case, the only
corrections which contribute at one loop arise in the gauge
sector, involving one bulk gaugino field and one boundary

Higgsino field
(Ab); = 4¢°T*(Ry, ) T*(Ry, 1T, (C37)

where T%(R) is the generator of the gauge group in
representation R, and

2nkR [ d*p u
- G, (p).

m —
‘ k) @r)*p

(C38)

The Majorana mass-mixing component of the gaugino
propagator, Gy (p), evaluated on the UV brane, is given
by [128]

]IZUV l

2P2E ZIR S(]) (xUVJCIR)
1

TO(xUVaxIR) - igzﬂkRé:zS(])(xUV’le) .

G%](PE) ==

X (C39)

Unlike the previous loop corrections, the b-term one-
loop gaugino correction depends explicitly on supersym-
metry breaking through the Majorana gaugino mass, and no
complementary loop of superpartners is present. The
resulting contribution is finite and negative, and we para-
metrize it in terms of the Higgsino mass ¢ and the gaugino
mass as

b
r
(Ab)/l = —8—7;12492TH(RHM)T0(RH0,>/1M/1, (C4O)
where
Reill?
b= —ga2— i (Ca1)
HM;
(o1 S—
10° —1
2
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FIG. 25. Plot of the coefficient rf{ , which parametrizes the one-
loop gaugino corrections to the Higgs soft b-term, as a function of
the relative supersymmetry breaking on the IR brane, vF/Ar,
for Ag = 107 GeV.

is positive and depends on the amount of supersymmetry
breaking and u. We plot rﬁ’ in Fig. 25 as a function of
VF /A for the U(1) (lighter) and SU(2) (darker) gauge
groups. In the limit /F/Ag > 1, %} tends to zero as 1/&.
This is a result of the fact that in the twisted limit the
gaugino mass is pure Dirac and the Majorana mixing that
generates the soft coupling disappears. When F /AR < 1,
the effect of the supersymmetry breaking saturates, and rﬁ’
approaches a constant value.

4. Trilinear soft scalar couplings (a-terms)

The soft a-term interactions, like the Higgs-sector soft
terms, are zero at tree level but are generated at loop order
once supersymmetry is broken. At one loop, the only
nonvanishing corrections arise from loops of bulk gaugi-
nos, bulk fermions, and Higgsinos:

(Aa); = 4yg*[T*(Ry)T“(Ry, ) (115) 4,
+ T(Ry)T(Ry, ) (11) ,

+ TRy, )T (Ry, )119) 4, 4], (C42)
where
4 7(0) 7(0) 0
. 22kR [ d'p (R Ty, ) F4, () 0
(113)g, , == X ) Ao 70 €
( ﬂ) —7R fWLAR (0) flI/R,L (O)
x Gy, (P,0,y)Gy,(p,y,0), (C43a)

27wkR d4p 7R
I1¢ = | —— d
( ﬂ)l/')Ll/’R k /(2”)4 /—nR y

7(0) 70) s
y / w ol ) 7, ¥ 3Kyl =341y

YP ~o =0
o F(0) Fl(0)
x G, (P.0.y)Gy, (p.y.Y)G,,(p.y'.0)
(C43b)

are the contributing loop integrals. The bulk gaugino
Majorana mass-mixing propagator and the bulk fermion
propagator take the forms

1 (ZZ/)S/Z i

G Y =—5
MA(pE y.y') 2 Z%VZIR S?(XUV,XIR)

i (xuy, x.) S0 (xyy, x2)

To(xyy. Xr) — ig*TkREXSY (xyy. xiR)

(C44a)

11 S%(x, xr)
G p ,O,y _ - Zk 5/2ﬁ—, C44b
vix(PES0,Y) QpE( ) Tp(xyv. Xr) ( )
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FIG. 26. Plot of the coefficient (r{),, . which parametrizes the
one-loop gaugino corrections to the trilinear soft scalar couplings,
as a function of the relative supersymmetry breaking on the IR

brane, VF/AR, for Ag = 107 GeV.

where the values z. () represent the greater (lesser) of z
and 7.

As with the soft b-term, this gaugino correction alone
depends explicitly on supersymmetry breaking, without the
presence of the corresponding loop of superpartners. The
loop integrals (C43a) and (C43b) are finite, despite their
extension into the bulk. The resulting correction is negative
and can be parametrized in terms of the gaugino mass as

(8a), = =< 4P, T*(Ri)T*(Ry,)
+ (1)), T*(Ru)T(Ry,.)
DT Ry TRy M, (C45)

where

— =—cg=-1
1
10° ¢ 3
2
100 | o =—-c>1/2 1
3 107
&
1072
1073
107 L ‘ ‘ ‘ ‘ ‘ 1
1074 1073 1072 107" 10° 10' 102
\//E//\IR

FIG.27. Plotof the coefficient (r§) ,., which parametrizes the
one-loop gaugino corrections to the trilinear soft scalar couplings,
as a function of the relative supersymmetry breaking on the IR

brane, VF/AR, at Ag = 107 GeV.

Rei(I15),,
a _ 2 L.R
(rﬂ)qu.R — —87[ T, (C46a)
Rei (T4
(r) gy, = —87° ReiIl]) g0 (C46b)
M,

are positive and depend on the amount of supersymmetry
breaking and the localizations of the bulk hypermultiplets.
We plot (r{),, , in Fig. 26 and (r{), , in Fig. 27 as
functions of \/F/A for two choices of hypermultiplet
localizations: ¢; = —cg = —1 and ¢;, = —cp > % (the cor-
rection saturates for UV-localized fields). The U(1) (light),
SU(2) (medium), and SU(3) (dark) contributions are given
in each case. The coefficients (r{),, , and (r§),, 4, exhibit
behavior similar to r’j , vanishing as 1/& in the limit

VF/AR > 1.
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