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Brane-Higgs-boson phenomenology in five-dimensional warped supersymmetry
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Constructing supersymmetric extensions of higher-dimensional models can have several motivations; it
is, for instance, necessary in the context of string theories. Studying the supersymmetric version of the
well-motivated model proposed by Randall and Sundrum, with the Higgs boson localized on the so-called
TeV-brane, is not trivial since singularities appear in the Higgs couplings. Those are regularized by the
contribution from the exchange of infinite towers of Kaluza-Klein (KK) scalar modes with Dirichlet-
Dirichlet boundary conditions. Here we first derive the regularized four-dimensional (4D) effective Higgs
couplings and induced sfermion mass matrices. A general method is provided for this regularization,
based on the completeness relation. The sfermion masses must be obtained either from integrating out the
mentioned KK towers or by treating their mixing effects, depending on the cases. We then use the obtained
Higgs couplings and sfermion masses for some phenomenological applications. On one side, we show at
the one-loop level how all quadratic divergences in the Higgs mass cancel out for any cutoff, due to 5D
supersymmetry (SUSY) and to 5D anomaly cancellation; the analytical way followed here also allows a
justification of the infinite KK summation required for the so-called KK regularization in 5D SUSY, which
has motivated a rich literature. On the other side, we show that a certain pattern of SUSY breaking in the
bulk would allow one to distinguish experimentally the minimal SUSY model a la Randall and Sundrum
with bulk matter from the minimal 4D SUSY model, in the scenario where only superpartners were
produced at the Large Hadron Collider. In this SUSY-breaking context, two of the discriminating tests
developed make use of some different features arising in the squark or slepton mass spectrum. The other
distinctive supersymmetric Randall-Sundrum feature is the possibly larger (even dominant) Higgs boson
decay branching ratios into sleptons, compared to the 4D minimal supersymmetric standard model. In the
same SUSY-breaking framework, techniques for pinning down the presence of soft SUSY-breaking terms
on the TeV-brane are also suggested, based on the analysis of top squark pair production at the

International Linear Collider.
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L. INTRODUCTION

Among the possible theories underlying the standard
model (SM) of particle physics, the supersymmetric sce-
narios and the higher-dimensional models have several
deep motivations. In particular, supersymmetry stabilizes
the electroweak symmetry-breaking (EWSB) scale with
respect to radiative corrections, and, when it is promoted
to a local symmetry, it provides a framework for the
appearance of the graviton Lagrangian. On the other side,
a warp extradimensional model has been proposed by
Randall and Sundrum (RS) [1,2] to explain the huge hier-
archy between the EWSB energy scale and the gravity
scale, while some RS extensions [7] give rise to purely
geometrical interpretations of the fermion structure in
flavor space. Both supersymmetric and higher-dimensional
scenarios can provide viable dark matter candidates (the
lightest supersymmetric particle and the lightest Kaluza-
Klein particle) and allow for gauge unification.

Since the physics beyond the SM is still unknown, one
should consider the possibility of an effective low-energy
hybrid theory with both supersymmetry (SUSY) and
extra dimension(s). More specifically, SUSY and extra
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dimensions could be crucial ingredients in a quantum
description of gravity, as both indeed are in string theory.
Moreover, D-branes of superstring theory provide a natural
mechanism for the confinement of the SM fields in brane
models and constitute thus another motivation for introduc-
ing SUSY in higher-dimensional scenarios. SUSY and
extra dimensions could also be simultaneously involved
in the origin of the electroweak symmetry breaking [8,9].
The higher-dimensional framework even provides new and
attractive ways of breaking supersymmetry [10], due to a
more structured geometry of space-time; SUSY may be
broken either in the bulk (i.e., whole space) or on a brane,
playing the role of the necessary hidden sector, and then
the breaking mediated to the brane where the SM particles
are living [11]. A different approach towards the SUSY
breaking [12] is to use specific boundary conditions (BC)
for different fields (in the same supermultiplet) propagat-
ing along compactified extra dimensions [14]. A famous
example is the Scherk-Schwarz mechanism [15], which
can be applied to the minimal supersymmetric SM (see,
e.g., [16]) as well as to the Horava-Witten theory (see, e.g.,
[17]) [18]. Finally, the supersymmetrization of extradimen-
sional theories allows one to have a realistic tension model
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[19], to provide a new source for a tiny cosmological
constant [20], to alternatively achieve gauge unification
[21], and to address the so-called u problem in SUSY
(see the discussion below).

Hence, there exist several serious motivations for hybrid
scenarios with both SUSY and (warped) extra dimensions.
It was shown in Ref. [22] that an anti—de Sitter (AdS)
space is compatible with SUSY. Later [23], the supermul-
tiplet mass spectrum was derived in AdSs, and then the
analysis extended to the case of a fifth dimension com-
pactified on an orbifold [7]. In the context of 5D RS SUSY
models, efforts have focused on the radius stabilization
[24]. The RS SUSY scenario was initially studied with
only gravity in the bulk [25] and finally with matter
propagating in the bulk [7]. There exist various proposi-
tions of SUSY-breaking mechanisms in a warped geome-
try [26], several analyses of grand unified theory (GUT)
theories within RS SUSY frameworks [27], and different
studies about supergravity in a warped background [28].
Other works in the RS SUSY context can be found in
Ref. [29], and there exist review chapters on 5D warped
SUSY models [30]. Papers more oriented on the formal-
ism of SUSY in AdS spaces are given in Ref. [31], and
there are also complete lectures on this formalism [32].
One must also mention the attempts to elaborate super-
string realizations of the RS model [33]. A related impor-
tant result was the construction of warped throats from
string compactifications with fluxes [34], which are
equivalent to AdSs; X X5 in an intermediate regime.
Considerable progress was made towards stabilization of
string compactifications based on flux compactifications
with warped hierarchies [35,36].

In this paper, we will study these supersymmetrized RS
scenarios with matter and gauge fields in the bulk. Our first
contributions are theoretical; we will write explicitly the
complete 5D Lagrangian for a Higgs scalar field confined
on the TeV-brane—as required to explain the discrepancy
between EWSB and gravity scales and as motivated by the
SU(2)r breaking from bulk Yukawa interactions (forbid-
den trilinear chiral superfield couplings in N =2 4D
SUSY [37])—and, when deriving the 4D effective action,
we will take into account for the first time the mixing
among the several Higgs bosons occurring in the minimal
SUSY extensions.

In particular, the 4D effective Higgs couplings to two
scalar fields (squarks, sleptons, and their Kaluza-Klein
excitations), originating from the so-called D terms, are
not trivial to derive due to the localized aspect of the Higgs
boson and due to contributions to these effective couplings
from the tree level exchange of Kaluza-Klein (KK) scalar
modes of (——) chiral superfields [38] (i.e., additional
superfields with Dirichlet-Dirichlet boundary conditions
which are characteristic of 5D theories). We derive these
4D couplings, which do not appear in the literature, and
explain why this specific KK (——) tower must be taken
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into account without any cutoff (a non-natural task within a
nonrenormalizable 5D theory).

The derivation of Yukawa couplings between Higgs
bosons and two scalars in the 4D effective Lagrangian is
also subtle: Singularities [Dirac peak functions taken at the
origin, 6(0)’s, due to the Higgs local aspect] appear in these
couplings—after integrating out the auxiliary fields—but
those are not the sign of an incomplete theory. Indeed,
those singularities are cancelled out by the infinite sum of
KK (——) scalar contributions. A related kind of cancella-
tion was pointed out for some loop calculations in the
string theory framework [40] using either the expression
of 8(0) in terms of a sum over the fifth component of the
momentum [11] (see Ref. [41] for the warped background
case) or a Gaussian brane distribution [42]; in contrast,
here we demonstrate the cancellation generally for the tree
level couplings, by using a simple method based on the
completeness relation, by computing the Higgs couplings
(including the Higgs-sfermion couplings and quartic Higgs
interactions) in the flavor-motivated case of a warped extra
dimension where only Higgs bosons are brane-localized
[7]. In addition, in the present work we will derive the 4D
effective scalar mass matrices induced, after EWSB, by the
localized Higgs vacuum expectation values (VEV). In
contrast with the above 4D couplings, these 4D masses
computed at tree level do not depend on the energy scale
and must be derived consistently either through the inte-
gration out of heavy KK (——) scalar modes or through the
scalar mixing with KK (——) states, as we will show here.
We will finally combine at first order these KK (——) scalar
effects on the 4D zero-mode scalar masses with the scalar
mixing effects of KK (++) states (having Neumann-
Neumann boundary conditions). Such a combination
should have been done in Ref. [43] (where effects of KK
scalar modes with even Z, parity [i.e., (++) BC] are
studied in a 5D SUSY context with brane-localized
Yukawa interactions, but the above effects of KK scalars
with an odd parity [(——) BC] are considered neither in
squark or slepton masses nor in Higgs couplings).

We will then use the new 4D effective Lagrangian, that
we will have derived in the RS SUSY framework, for
several phenomenological applications.

The first application is an explicit and complete dia-
grammatic computation of quantum corrections to the
Higgs boson mass (0my;g,,) at the one-loop level, includ-
ing all kinds of KK contributions and each sector
(Yukawa plus gauge couplings); we will show how the
quadratically divergent parts can cancel each other due to
5D SUSY. This complete cancellation has not been shown
before in warped SUSY models, and it constitutes here an
additional check of the obtained 4D effective Higgs cou-
plings. More generically, we will clarify the connections
between the cancellations of these 5D quadratic divergen-
ces and of the 5D triangular anomalies. Our way of
finding the quadratic divergence cancellation brings
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some new light on the old debate about the validity of this
cancellation in 6myees Within higher-dimensional SUSY
models. In particular, the preliminary and complete cal-
culation of 4D effective Higgs couplings allows a more
clear overview of the subtle points and in turn allows one
to address the “KK regularization” question and cutoff
problems.

Our general results on the absence of quadratic diver-
gences in 0myjges for SD SUSY models [with a soft break-
ing] is important in the following sense: It seems to mean
that hybrid scenarios—both higher-dimensional and super-
symmetric—must not necessarily rely on a geometrical
background reducing the gravity scale down to the TeV
scale in order to protect the Higgs mass against its quantum
corrections (i.e., to not reintroduce the gauge hierarchy
problem). One can thus imagine a 5D SUSY scenario
where the Higgs mass is protected only by SUSY (which
allows one to avoid the remaining little hierarchy problem
of pure 5D models solving the gauge hierarchy) or a 5D
SUSY scenario where, in addition to SUSY protection, the
discrepancy between the fundamental gravity and EWSB
energy scales is explained by some geometrical feature like
the warp factor: Those two possible classes of higher-
dimensional SUSY theories avoid having two redundant
solutions to the same Higgs mass instability problem (the
fine-tuning problem).

The second application concerns the direct search at
present and future high-energy colliders for the (neces-
sary) physics standing beyond the SM; indeed, in the
expected case where some signal for new physics would
be discovered at the Large Hadron Collider (LHC) and
then analyzed more precisely at the International Linear
Collider (ILC), the primary phenomenological work
would be to identify exactly the nature of the new physics
detected. Based on the fact that today the two main types
of new physics accessible at colliders are thought to be
SUSY and the more recent paradigm of (warped) extra
dimensions, three interesting possibilities might arise. The
more optimistic is that both superpartners (squarks, gau-
ginos, etc.) and KK excitations would be produced
on-shell and observed, proving then the existence of a
higher-dimensional SUSY scenario. Another possibility
is that only real KK excitations would be produced; how-
ever, such a situation would represent a good indication
for the existence of a higher-dimensional non-SUSY the-
ory, as (in)direct constraints and gauge hierarchy consid-
erations favor the mass regions around 10?> GeV for
superpartners and higher mass regions above O(1) TeV
for first KK states (of the warped models). The last pos-
sibility—among the cases of signals for new physics as it
is predicted today—is that only superpartners would be
produced on-shell (and maybe some additional Higgs
bosons characteristic of SUSY). Then an important and
nontrivial question (see, e.g., the related Ref. [44]) would
be as follows: Do the observed superpartners [either scalar
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or spinorial] belong to a pure SUSY theory or a (warped)
higher-dimensional SUSY model?

Generally speaking, it would be difficult to distinguish
experimentally between superpartners belonging to 4D or
5D SUSY models. One can think, e.g., of the simple test to
look at the precise measurement of cross sections for
squark pair production at the ILC: The mixing of the
squarks with KK excitations could lead to modifications
of the production amplitude—predicted in pure SUSY.
However, we will show that, for instance, in a given RS
SUSY context (optimistic case with light “‘scustodians”),
such modifications of the top squark production amplitude
are typically too small to be observable. In contrast, in this
RS context, we will show how the ILC could allow one to
discriminate between two different geometrical configura-
tions of SUSY breaking.

We will also demonstrate that in a specific case, with
SUSY-breaking sfermion masses in the bulk, there exist
distinctive signatures that could allow one to experimen-
tally discriminate between superpartners originating from
the 4D minimal supersymmetric SM (MSSM) and from the
RS version of the MSSM (with bulk matter and gauge
fields and brane-Higgs bosons) [45]. Note that these dis-
tinctive signatures could also reveal the existence of other
classes of 4D SUSY models, different from the 4D MSSM,
and would thus not constitute absolute proofs of the con-
sidered RS MSSM model. We briefly present those signa-
tures in the following.

Within a minimal [46] supergravity (mSUGRA) frame-
work, and in the case of SUSY-breaking sfermion masses
in the RS bulk, the smuon mass splitting (measured at the
ILC or even at the LHC) m;, — m; (fi;, are the two
smuon eigenstates [47]) can be larger than in the 4D
mSUGRA scenarios [48], allowing then a discrimination
between those two types of scenarios. The reason is that in
mSUGRA the off-diagonal elements of the 2 X 2 smuon
mass matrix—partially responsible for the mixing and
splitting—are proportional to the muon Yukawa coupling
constant which is suppressed compared to the top quark
one, while in some RS frameworks [7] the muon 5D
Yukawa coupling is not suppressed relatively to the top
one (the lightness of the muon originates from its wave
function overlap with the Higgs boson). We will also show
that the RS MSSM can lead to differences in the top squark
mass correlations (m;, versus m;,) with respect to the 4D
MSSM case—differences which are here not restricted to
the mSUGRA framework.

In addition, in the case of SUSY-breaking sfermion
masses in the RS bulk, the Higgs boson couplings to
sleptons can be significantly increased with respect to the
4D MSSM. Hence, in such warped scenarios, the decay
channels of the heaviest neutral Higgs scalar (characteristic
of SUSY and usually denoted as H) [49] into sleptons can
have comparable or even larger branching ratios than the
channels into (s)quarks and gauginos, leading to final states
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at the LHC radically different from the 4D MSSM case.
The produced H bosons could initiate slepton cascade
decays more often than in the 4D MSSM and in turn give
rise to an increase number of events with leptonic final
states. We will illustrate this study by giving numerically
all the H boson branching ratios as a function of the mass,
for characteristic parameter sets, and the cases of the
pseudoscalar and charged Higgs fields will be briefly
discussed.

At this level, one should mention related works. In fact,
within the hybrid higher-dimensional SUSY context, while
the literature, e.g., on various SUSY-breaking mechanisms
is rich, there exist many fewer papers on phenomenological
aspects. We mention Ref. [43], where radiative corrections
to scalar masses (excluding quadratically divergent parts)
and to gauge and Yukawa couplings are calculated in order
to (i) estimate the SD MSSM upper limit on the lightest
Higgs mass and (ii) constrain experimentally the universal
scalar (m) and gaugino (m;/,) masses. See Ref. [51] for
another type of constraint on the Higgs mass in higher-
dimensional SUSY models. In Ref. [52], based on 4D
superfield actions, the evolution of neutrino masses and
mixings and confrontation with oscillation data were
studied within a flat 5D MSSM. See also Ref. [53] for
considerations on the proton decay suppression in SUSY
GUT with extra compact dimensions (Yukawa couplings
localized or not) as well as Ref. [54] for phenomenology in
SUSY gauge-Higgs unification scenarios, Ref. [55] for
SUSY composite Higgs models, Ref. [56] for SUSY
warped Higgsless models, and Ref. [57] for partly super-
symmetric models.

The organization of the paper is as follows. In Sec. II,
after a description of the higher-dimensional SUSY frame-
work is considered, we derive the 4D effective couplings
and mass matrices of sfermions and Higgs bosons, focus-
ing on illustrative examples. In the first part of Sec. III
(Sec. IIT A), the quadratic divergent contributions to the
quantum corrections of the Higgs mass are calculated and
the methods of calculation discussed. Up to this point, the
results obtained are valid for any RS SUSY model—and
can be easily generalized to any higher-dimensional SUSY
scenario—with brane-Higgs bosons. In the three following
subsections on collider phenomenology, a certain SUSY-
breaking setup is chosen for the computations; in
Sec. III B, characteristic effects of the RS version of the
MSSM are quantified. Effects in the Higgs sector are
studied in Sec. III C. Finally, in Sec. III D, we propose
some tests, based on the top squark pair production at the
ILC, for distinguishing two different geometrical SUSY-
breaking configurations. We conclude in Sec. I'V.

II. THEORY

A. The model

Field content.—In Appendix A, we give the full 5D field
Lagrangian for a toy model with a U(1) gauge symmetry
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applying on two chiral superfields ®; and ®¢ [together
with the associated (——) superfields] and two 4D Higgs
superfields H) and HY localized on the TeV-brane within a
warp background. With Appendix A as a starting point, we
will give throughout the paper the 4D version of this
Lagrangian related to the Higgs boson or, more precisely,
the parts which are not trivial or direct to derive from the
4D point of view. For these studied parts, we will extend
the 4D Lagrangian to the phenomenological minimal
supersymmetric standard model (pMSSM) [58] field con-
tent and gauge symmetry.

Energy scales.—The RS framework is constituted by a
5D theory where the extra dimension is warped and com-
pactified over a §' /Z, orbifold. The nonfactorizable metric
is of type AdS, and the space-time, which is thus a slice of
AdSs, has two 4D boundaries: the ultraviolet (UV) bound-
ary at the Planck scale and the infrared (IR) brane with an
exponentially suppressed scale in the vicinity of the TeV
scale. The Higgs boson has to be localized at this so-called
TeV-brane if the EW scale is to be stabilized by such a
geometrical structure. We consider the attractive RS ver-
sion with all other fields propagating in the bulk [7]: This
allows us to suppress higher-dimensional operators, poten-
tially troublesome with respect to flavor-changing neutral
current effects, by energy scales larger than the TeV scale.
This feature has also the advantage to possibly generate the
fermion mass hierarchy and flavor structure by a simple
geometrical mechanism [7,59,60]. More precisely, the
gravity scale on the Planck-brane is Mpp, = 2.44 X
10'® GeV, whereas the effective scale on the TeV-brane
M, = e 7TRIM, - [with o(y) = k|y|]is suppressed by
the warp factor, which depends on the curvature radius 1/k
of AdSs and the compactification radius R,.. For a product
kR. =11, M, = O(1) TeV, allowing us to address the
gauge hierarchy problem. We will take kR, = 10.11 so
that the maximum value of Mgy = 2.45ke™ " R [ My is
the first KK photon mass], fixed by the theoretical consis-
tency bound k < 0.105Mpyek, 1S ~10 TeV in agreement
with the typical indirect limits from EW precision tests
(see below). The beauty of the RS model is to possess a
unique fundamental energy scale k~ R.'~ Mppnck-
Besides, the parameters denoted as ¢¥ fix the 5D masses
my = c¢ vy v, affected to each fermion ¢, and thus control
the field localizations in the bulk (and in turn the effective
4D masses). Those satisfy |c?| = O(1) to avoid the intro-
duction of new fundamental scales. The 5D masses for the
scalar fields will be discussed throughout the paper.

p problem.—A usual problem of the supersymmetric
theories is to explain why the p parameter is of the order of
the EWSB scale (around the TeV), as imposed by the
orders of magnitude of the masses involved in the minimi-
zation conditions for the Higgs potential. In RS SUSY,
there is a simple way for generating a u term at the
EWSB scale as we discuss now [61]. If the Higgs super-
fields are confined on the TeV-brane (as motivated by the
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gauge hierarchy problem), the gauge invariant g term in
the 5D superpotential W reads in terms of the 4D Higgs
superfields as

+
[wH, - H,J8(y — 7R,) € W, with H, = (ZO )
- (Y
H; = (Hi) and H, H; = €, HiH,
d
H, ; being SU(2); doublets, a and b SU(2), indices, and
€., the antisymmetric tensor defined by €;, = 1. In anal-
ogy with Eq. (A12) for the U(1) model [equivalent to
restricting the SU(2); model to the neutral Higgs cou-
plings], which leads to the expression of the w terms
written with the fields in Eq. (A28), the term (1) gives
rise to the 4D mass terms for the neutral Higgs scalar fields
in the potential (after field redefinition and inclusion of the
warp metric factor):

| el pol® + |Meff|2|¢H2|2 € Vip,

RL‘
with | peegrl? = f ™yl e 8(y — mR,)

—7R,
= |pe 7RI,
so that the effective wu parameter reads as ey =
we ¥mRe — ke=kmR. — TeV. Note the absence of §(0) fac-
tors in V,p, (or, equivalently, of [8(y — 77R,)]? terms in the
5D Lagrangian) after integration over y. In this paper, we
will consider this setup with brane-Higgs fields.
Custodial symmetry.—In pure SUSY with tanfB = 1
[64], if the custodial symmetry O(3) = SU(2)y—resulting
after EWSB from the global symmetry O(4) = SU(2); X
SU(2)r—was exactly respected, it would protect the well-
known relation on gauge boson masses p = m3,/
(m%cos*6y) = 1 against quantum corrections, as in
the SM. Indeed, the two Higgs SU(2); doublets of the
pMSSM can form a (2,2) representation under the
SU(2);, X SU(2)g symmetry [65]:

HY Hj
H = =( 4 ) 2
(HyH,) (Hd HO ) 2)

However, the custodial symmetry is broken in the gauge
and Yukawa coupling sectors. Moreover, the deviations
from tanf8 = 1 and the presence of soft SUSY-breaking
terms for squarks and sleptons represent new sources of
custodial symmetry (spontaneous) breaking if those differ
for the up-type and down-type [with respect to SU(2); ]
scalars. Nevertheless, the loop-level SUSY corrections to
the precision EW observables (contributing to  p) can pass
the constraints from precision measurements, even easily
in the case of equal soft terms for up and down scalars
[50,66].

Concerning the tree-level corrections to precision
EW observables in warped models, the global fits
of the experimental data are satisfactory for large KK

PHYSICAL REVIEW D 84, 015016 (2011)

masses (reducing the KK mixing -effects):
10 TeV [67].

In the present paper, where we study hybrid scenarios
with both superpartners and KK excitations, we will take
identical soft parameters for up and down scalars and KK
masses just above ~10 TeV. We will not explore the
whole parameter space and work out the precise global
EW fits, but this realistic choice guarantees that the
theoretical respective, and in turn total, corrections to
SM observables have acceptable orders of magnitude
given the experimental accuracy on these observables.
There are (a priori) higher-order corrections involving
both superpartners and KK modes that we do not treat
here.

Now one may wish to decrease the possible Mgk values
in order to improve the situation with respect to consid-
erations on the ‘little hierarchy” problem related to the
Higgs mass. In order to reduce the acceptable minimal
My value from ~10 TeV down to ~3 TeV, an attractive
[68] possibility is to gauge the SU(2); X SU(2)g X U(1)x
symmetry in the bulk [69]. The SM gauge group is recov-
ered after the breaking of the SU(2)g group into another
U(1)g, by boundary conditions.

The question arising here is whether it is possible to
gauge the SU(2); X SU(2)g symmetry within a SUSY
context. First about the u term: Can it be written in the
case of a bulk gauge custodial symmetry? The question
arises as SU(2);, X SU(2)g must remain unbroken on the
Higgs brane in order to protect precision EW observables.
A simple possibility is to write down the following SU(2)g
invariant term of the superpotential giving rise to the usual
M term:

MKK =

w3 Aoty - 7R)
= _%/-L(Hd : Hu - Hu ' Hd)a(y - 7TRC)
= pH, - H,6(y — 7R,),

according to Eq. (1). Higgs couplings to matter invariant
under SU(2); X SU(2)g can also be written with the FH
bidoublet giving rise, in particular, to the usual Yukawa
couplings in the superpotential, as usual in warped models
by promoting matter (superfield) multiplets to SU(2)g
representations (see, e.g., [68,69]). Finally, the gauge in-
teraction sector of a SUSY theory as well as the soft
breaking terms can also respect an additional SU(2)g
gauge symmetry. Hence, in this paper we will also consider
the case of a bulk gauge SU(2);, X SU(2)g symmetry with
Myx ~ 3 TeV and equal soft terms for up and down
scalars, another setup which leads to realistic EW fits to
the data.

SUSY breaking.—We adopt the classification of the
three types of SUSY-breaking framework where (i) the
squark and slepton SUSY-breaking masses are induced at
loop level by SUSY-breaking gaugino masses as in
Ref. [7], (i1) there exist tree-level squark and slepton
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masses [in the bulk and/or brane-localized] resulting
directly from a 5D SUSY-breaking mechanism, and
(iii) the squark and slepton masses are of the KK type
like in the scenario a la Scherk-Schwarz with SUSY-
breaking BC [15]. This classification is motivated, in
particular, by the fact that the framework with scalar
SUSY-breaking masses in the bulk leads to modifications
of the wave functions and thus of the 4D effective cou-
plings. Moreover, this framework gives rise to a hard
breaking of SUSY (reintroducing quadratic divergences
in the Higgs mass corrections), which is acceptable in the
present warped background where the Higgs mass is still
protected by the reduced gravity scale. Finally, this frame-
work with bulk scalar SUSY-breaking masses has the
attractive feature to generate scalar superpartner masses
mainly through the Yukawa couplings like for SM
fermions—as will be described in detail.

We will consider the second class of SUSY-breaking
framework mentioned above, including the mSUGRA
case where the SUSY-breaking terms are universal and
the soft trilinear scalar couplings (the A couplings) are
proportional to the Yukawa couplings. The first class is
typically restricted to the kind of model described in
Ref. [7] (with SUSY breaking on the TeV-brane), while
the third class has a SUSY-breaking mechanism deeply
related to BC. We will show that the second type of SUSY
breaking allows one to develop tests for distinguishing
between some pure SUSY and warped SUSY models at
colliders.

B. 4D scalar couplings

In this section, we derive the 4D effective couplings of
the brane-Higgs boson to two scalar superpartners (of type
squark and slepton) in the RS SUSY framework, as well as
the 4D Higgs self-couplings.

1. Scalar Yukawa couplings to two Higgs bosons

In this first subsection, we calculate the 4D Yukawa-type
coupling of a scalar field (e.g., ¢z) to a Higgs boson (of
¢ o type, as an illustrative example) within our simple U
(1) model defined in Appendix A 1 corresponding the
superfield action given in Appendix A 2.

The obtained scalar Yukawa couplings are included
in the following term of Eq. (A26) in terms of the 5D
fields:

Ly = —JGIY8(y — mR.) b1 br
—[a, — (e + D(d,0)1% 1~ 3)

By expanding over the KK decomposition (B11) and
integrating over the fifth dimension, the first squared term
gives rise to the 4D scalar Yukawa coupling (after field
redefinition)
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8% Lyp
3y by By
= —ilVP [ 4y~ mROT (e e
= —ily|28(0)fi+(cR; 7R)fy " (cgs TR,), )

whose corresponding diagram is drawn in Fig. 1.

It turns out that the crossed products in Eq. (3) also bring
a contribution to the 4D effective scalar Yukawa coupling,
as we explain now; the crossed terms read as

VG&(y — TR Y o bild, — (e, +(9,0)1d5
+ Yduodrlo, — (e, +3(0,0)]h5] € Lap. (5)

Combining the KK decomposition (B12) of the 5D field
¢4 together with the relation (B16), which originates from
the equation of motion, leads to

[ay - (cL + %)(aya)]sbi(x“, y)

S 3

nZl ¢2(n)(xﬂ)|:8y - (cL + E)(aya)]f;‘(cL;y)

= =7 3 m i) fr (ersy), ©)
n=1

m(L") being the nth KK scalar mass. Using this relation in
Eq. (5) and expanding ¢ over its KK tower gives the 4D
couplings (taking into account field redefinitions):

- [ng Sl it (s TROTE (e 7R,

m=0,n=1

XSG+ Yy . miFiews TR

m=0,n=1
X fa Flers ch)cE(R’")¢Z(”) ] € Lyip. (7)
(m) N y //
\\ // ¢R I ¢H3
(m)\\ /I I
¢R N/ d)Hg A qﬁz(n)
(p) /\.’\|)}|2 :
or 0 N\ 9me (p) ¢
l \ “ ¢R ’y‘ ¢H3
// \\ // \\
/7 \ , ~

FIG. 1.
effective scalar Yukawa coupling

Feynman diagrams of the contributions to the 4D

4
Lﬂ(m The second
3¢”3¢”8¢R bp

indirect contribution is induced by the exchange of the KK tower
of (——) scalar superpartners d)z("). The relevant coupling con-
stants are described in detail in the text.
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These two types of 4D coupling to KK modes give rise to new contributions to scalar Yukawa couplings through the

exchange of the KK tower states d)z("), as exhibits the second Feynman diagram of Fig. 1 [70]. The resulting new
contributions to 4D scalar Yukawa couplings are given in the following, taking real wave functions:

oiLap =-1yPry im” it (e TR FE (cps TR (F+ (e mRL))A(8)
= = - PYAY,) R> >)J) m R> > n L» . ’
8buybuydil) Py Nindirec SR w2 ‘ ‘ ‘

k* being the d)z(") four-momentum. These couplings can be rewritten as follows, according to the completeness relation of

Eq. (B2) together with the 5D propagator definition [Gér (k*;y,y")] from Appendix C:

6 ¢H2 J)Hg ¢§ep) (Z)Eem) indirect n=0

. K
_l|y|22{m - 1}f;+(CR§ TR o (cgs TR (f " (eps mR.))
L

= —ilYPfE* (crs TROS " (cps TRIKCGE V(K5 7R, 7R.)
+ l|y|25(0)f;+(01e, WRC)fﬂ-':L+(CR; 7TRC)
= i|YPFE (cps RS (crs TRILS(0) — KRGL V(12 7R, 7R,)]. )

By summing the two contributions, from Egs. (4) and (9), the divergent 5(0) terms cancel each other, and we obtain the

4D effective scalar Yukawa couplings:

8% Lyp
Sbuydudil P o

Hence, starting from couplings in a 5D SUSY theory, we
have derived consistent 4D effective couplings. More pre-
cisely, at this level the Lagrangian of Eq. (10) given for any
energy k> still describes a real 5D SUSY theory [the KK
sum in G?; (CL)(kZ; 7R,, mR,) is infinite], but its form is
given from a 4D point of view (4D fields are used).

An interesting check of Eq. (10) is the following one. In
the low-energy limit k> < m(L”)2 (n = 1), only the zero
mode in the 5D propagator survives at zeroth order, so
that the superpartner coupling above simplifies to [71]

8*iLyp
b (1_51-13 ¢§?)‘£§?) total
— =il YIP(fg " (cgs mR)f§ (e mR.))
= —ilYupl?, (11

i.e., exactly the squared Y,p Yukawa coupling of associ-
ated fermion zero modes (with a brane Higgs) [68], as one
expects in a pure 4D SUSY theory (where all KK states
decouple).

2. D-term couplings to two Higgs bosons

Now, we derive the 4D couplings, issued from D terms,
of scalar fields (continuing on the ¢ example) to the two
¢ o bosons in the U(1) model of Appendixes A 1 and A 2.

The obtained D-term couplings of ¢, in terms of 5D
fields, are included in Eq. (A26):

= —ilYPfi (cps R f (crs TROKPGL Y12 7R, 7R,). (10)

Lop=— \/2—6 [0, — 2(0,0)]2

— 8(grAy, + g Pmd(y — TRIIA.  (12)
The 4D effective D-term couplings are deduced from the

above 5D Lagrangian (taking real gauge coupling
constants):

5%i Lap
S brdy By
TR, _
= —ququIgIQL . dy8(y — mR) f " (crsy)fo T (criy)
=_iQH‘u’(’Inglzf;Jr(CR;WRc)f;+(CR;77Rc)- (13)

As for the Yukawa couplings, there are additional con-
tributions to the 4D effective D-term couplings. Indeed,
other couplings arising from Eq. (12) are

VGglgrbrdr + q0 P dod(y — 7R,))

The KK decomposition of the 5D field X in Eq. (B4)
together with the relation (B7) allows us to write

015016-7



BOUCHART, KNOCHEL, AND MOREAU
[ay - 2(8),0')]2()(’“, )’)

o0

> S0 (e)la, — 28,0)]gr ()

n=1

— =27 3 MOS0 () gt (y), (15)

n=1

M™ being the nth KK gauge boson mass. Inserting this
relation in Eq. (14) and expanding ¢ over its KK tower
gives the 4D couplings for the redefined fields:

—qrg Y. MG GRS Ry
m,p=0;n=1

[oe]

— a8 bmdre > MWEWer (7R,) +H.e. € Lyp, (16)

n=1

5¢H2 ‘Z’Hf} d’(p) d’(m

lC]RC]H0|g| Z

indirect n>0

—iqRquIglzf

+ iCIRC]H3|g|2f;+(CR; mR,)

M(n)2

; dyfi (ers)fit

PHYSICAL REVIEW D 84, 015016 (2011)

with — FR'? = [T dyfit(cr: y)gn T O)f 5 (crs y).
These 4D couplings induce new contributions to the
D-term couplings via the exchange of the KK modes
3 as shown in Fig. 2. These contributions read as

Sbuybu b "

QRQHolgl Z (n)zM(n)2j:mnpg++(7TRc)’ (17)

n>1

indirect

k* being the 3 four-momentum. Let us rewrite these
couplings with the help of the completeness relation (B2)
and 5D propagator:

2
- 1}?%’%;*(7&)
(crsVK*GS (K*5y, wR,)

T+ (cps TR,). (18)

Then, the complete 4D couplings are of course obtained by summing the two contributions (13) and (18):

o ¢H}](]§H2¢(p)¢ & total

having taken into account the canceling terms. Once more,
starting from couplings in a 5D SUSY theory, we have
derived consistent 4D effective couplings; the Lagrangian
(19) corresponds to a real 5D SUSY theory but written
from the 4D point of view.

We finish this part by making the same check as in the
previous subsection. In the low-energy limit k> << M2
(n = 1), only the zero mode in the 5D propagator survives

7

N -,

arg &

(m) N (»)

" R
\ [ !

g%m) . ¢(1’) : $1(n)

)- qmo qn\gl |

¢H3,// \¢H3 j b0
0

. \\\ /QH g\ .

FIG. 2. Feynman diagrams of the contributions to the 4D
%. The second in-
8¢”2 ¢Hg b Dy
direct contribution is induced by the exchange of the KK tower
of (——) scalar modes 3. The relevant coupling constants are
described in detail in the text.

effective scalar gauge coupling

7R, - ++
~igralel [* v w0 Wiy, TR (19)

at zeroth order, so that the superpartner couplings (19)
simplify to

64i£4D |g|2
I —iqgrq
8bmybmy b b | MR,
= _i‘IR‘IH3|g4D| ) (20)

since the gauge boson zero-mode profile encoded in
go "(y) =1/y27R, is flat along the fifth dimension.
Thus the couplings in this limiting case correspond rigor-
ously to the dimensionless —igrg H3|84D|2 gauge coupling
product of associated fermions, as expected in a pure 4D
SUSY theory.

3. Comments on the obtained 4D couplings
to Higgs bosons

It is interesting to note that, in order to obtain the 4D
effective couplings to two Higgs bosons [Yukawa cou-
plings and D terms] which are consistent [i.e., without
the 8(0) divergences and recovering the 4D SUSY cou-
plings in the limit k2 < m™2, M™?], we had to use the
completeness relation, which relies on an infinite sum over
the KK levels. The reason is that these couplings belong to
the 4D effective Lagrangian of a fundamental 5D SUSY
theory—the infinite KK tower reflects this 5D aspect.
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Besides, no truncating cutoff must be applied when
implementing the completeness relation [for the sum not
involving KK masses in Egs. (9) and (18)]; otherwise, the
consistent 4D effective couplings cannot be obtained,
while there is no reason why a nonrenormalizable
theory—as we are considering here—could not possess a
4D description. The reason for not applying a cutoff (due to
the nonrenormalizable aspect of the 5D SUSY theory) is
that in Eqs. (4)—-(9) and (13)-(18) one is integrating the
fifth dimension and summing all the exchanged heavy KK
states to get an effective 4D vision of the 5D theory. Only
once the 4D effective couplings are obtained so that the 4D
description is completed, must the cutoff be put, e.g., in

Eq. (10) [on G§++(6L)(k2; 7R,, mR.)], to take into account
the nonrenormalizable aspect of the 5D SUSY theory.

4. Final single couplings to the Higgs boson H

In this part, we deduce from the last three subsections
the total 4D effective scalar couplings to the single Higgs
boson H in the more realistic framework where the gauge
symmetry group is as in the SM (EWSB has occurred) and
the superfield content is extended to the pMSSM one. In
particular, this framework is based on the coexistence of
two complex Higgs SU(2); doublets H, and H,; of super-
fields with opposite hypercharges (Y, = —Yy, = +1)

PHYSICAL REVIEW D 84, 015016 (2011)

which guarantees the absence of chiral anomalies origi-
nating from triangular fermionic loops. The five scalar
degrees of freedom, not absorbed in the longitudinal polar-
izations of the massive gauge bosons, constitute the five
physical Higgs bosons: two CP-even neutral Higgs fields &
(the lightest one) and H, one pseudoscalar A boson, and
one pair of charged scalar particles H*. We will give
explicitly the H couplings in the RS SUSY framework,
and similar couplings hold for the other Higgs fields. All
Higgs bosons are assumed to be stuck on the TeV-brane.
We will focus on the top quark (#) superpartner cou-
plings to H as an illustrative example, since the couplings
of other scalar superpartners are analog. The nth KK level
modes of the top squark fields are denoted as i(L”) and E(R" ),
respectively, for the superpartners of the left-handed (#;)

and right-handed (#z) top quarks. i(L”) and f(R”) are similar to

the 4D (++) scalar fields d)(L”) and ¢§e") defined in
Egs. (A3), (A6), and (B11) for the U(1) model, except of
course with respect to the gauge quantum numbers. In the
interaction basis {7, 70, #!), #D} (generalization to higher
KK states is straightforward), the top squark-top squark
couplings to a single H boson appearing after EWSB are
encoded in the matrix [in our notations H denotes the
scalar field]

(FOPRGL 2 7R, 7R,) 0 A0
S ) 00,
iCHff = |'y|2 sinavu X 0 (f?{)zsz5 (kZ’ 7TRC} 7TRC) 0 f?{flle(fl(i)2
FfLR)? 0 (L) 0
0 PP 0 b2
0 Si% 0 fisk
0 0 0 1 £0 0
_ Yeosaper | fLfr o fifk + gZmR, cos(a + Blv
V2 0 fifx O  [fifk
fifk 0 fifk O
L [dyf(y)22GE (Ky, mR,) 0 0 0
" 0 ~0F [dyfR(*RGE (5y, mR) 0 0
0 0 " /27R, 0
0 0 0 —Q0%/27R,
0 A0 A
—kmR. 0 £0 0 1 0
| A sina | f21% fLfe , 1)
V2 0 fifx 0  fifk
fifk 0 fifk O
where we have used the compact notation, e.g., fz /R = - *(c;L > 7R,). Besides, based on the 5D superpotential of

Eq. (A12) and on the deduced field Lagrangian in Eq. (A28), the 4D effective u parameter appearing above reads as (after

field redefinition and inclusion of the metric warp factor)

Weip = e KR ~ e~ kmRe — Tey, (22)
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No 8(0) factors appear after integration over y. The soft
trilinear scalar coupling constant in Eq. (21) is taken at
A ~ 1 to avoid the introduction of a new scale in the bulk.
This 4D effective coupling matrix is deduced from Eq. (10)
for the Yukawa couplings and from Eq. (19) for the D-term
couplings [where the effects of the (——) KK towers of
and X type fields, as defined in Egs. (A5)—(A7) and
é) have been taken into account]. This couphng matrix,
that will be taken at the energy k> = m3, (for the Z cou-
pling constant g, = gup/ cosGW and top charges to the Z
gauge boson: Q% = ItL/R — QMksin?@y), can be easily
generalized, e.g., to sbottoms.
Let us comment more precisely on the 5D effects.
The Higgs mixing between ¢ HY and ¢po into the mass

eigenstates & and H is parametrized by the mixing
angle denoted here, as usual, as « [66]. sina, which
enters the above coupling matrix, receives some correc-
tions in the present 5D framework, as the |<;51L,3|2|(1>HSI2

and |¢H0d|4 couplings do so (see the next subsection).

Moreover, the top squark-top squark-Higgs couplings
are affected by the mixing between the top squarks
and their KK (++) excitations. The H7;7; couplings,
where 7; [i = 1,...,4] are the top squark mass eigen-
states, are obtained after transformation from the basis
(79 70 #D &0V to the top squark mass basis (rotation
matrices being obtained from diagonalizing the top
squark mass matrix given later).

The third effect is the exchange of KK (——) modes,
encoded in the 5D propagators G5 appearing in the matrix
(21). Such KK (——) contributions to couplings between H
and KK top squarks would represent higher-order correc-

PHYSICAL REVIEW D 84, 015016 (2011)

5. Self-couplings of the Higgs boson

Finally, we derive the nontrivial 4D quartic couplings,
e.g., of the Higgs boson ¢y, still within the context of the
toy model defined in Appendix A. A totally similar study
could be made for the ¢ HB(Z) P HY o HY couplings (without

a combinatorial factor nor the additional 3 exchange in
the t channel discussed below).

As above, we start from the 5D couplings included in
Eq. (A26):

NG

£5D == T ”:ay - z(ayo-)]E

— 8(qp brobrod(y — 7RI (23)
The 4D quartic couplings directly deduced from this

Lagrangian are

YLy i
== _nglglza(o) X 4.

S¢? o¢ 2 29

We have included the combinatorial factor 4 as we con-
sider a process rather than a coupling here since Eq. (24)
will be combined with other contributions.

Indeed, here again, there exist additional contributions
to the 4D couplings as Eq. (23) also induces the ¢ o
couplings of Eq. (14) and in turn of Eq. (16). These later
4D couplings induce the two following new contributions
to the quartic terms, via two possible exchanges of the KK
3™ [see Fig. 3]:

tions to the Hf ?} R*L/)  couplings and are thus not written in 84 £4D
matrix (21). 0 ¢ 0 ¢ go | indirect
All these heavy KK mixing and KK exchange effects
will not be computed numerically as they are subleading =—q Hnlg 2 Z M(”)Z = M"2(g " (7R,))?
compared to other direct 5D effects in the structure of zero- =1k
0) z0 . 7 _ . .
mode HfL/Rf(L/)R couplings (f = sfermion), that will be — q%]8|g|2 Z = lM(m)z M(’”)Z(g;+(7TRL.))2, (25)
studied in detail in Sec. III C. m=149" "
A Y gm0,
N ,/ PHY N7 PHO \ J
/ | \
»
Pme AN ,d’Hﬂ, : n(n) Pry \\ 2(n) //¢H5;
\ qHO lgI? | qHO?/‘o ————— -« 9109
oo 1 bmo / \
i / \\ o d)HU . ‘\ ¢H0 ¢H3 / \ ¢H3
// N /qug \ / \

/ N /

FIG. 3. Feynman diagrams of the contributions to the 4D effective self-scalar gauge coupling

3 (/) (/)2 . The second and third indirect
(l ()

contributions are induced by the exchanges of the KK tower of (— —) scalar modes 3 in the s channel and ¢ channel, respectively (the

choice of calling ““s-channel” or
constants are described in detail in the text.

“t-channel” a given diagram depends on which final state is considered). The relevant coupling
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k* being the 3 four-momentum in the s channel, while g# represents the 3 momentum in the # channel. Rewriting

these couplings with the completeness relation in mind gives

8% L
Rl = —igjylsP ¥ {;

¢ HO ¢ HO indirect n=0

K 4+ 22,2 7
W‘ 1}(&; (7R.))* — quf?lgl mzo{m

}(g,n*(wR )2

= iq%|gP[26(0) — K¥GS (% 7R, mR.) — *GE (q% R, mR.)] (26)

Adding the contributions (24) and (26) gives the complete
4D quartic terms:

2 272877 (12,
=—ig%,|g|°k*GS  (k*;wR,, 7R,)
d) 0¢H0 total CIHS 8 >

—iqlgl’a*GS (g% 7R, wR,). (27)

Note the cancellation of §(0) terms which leads to consis-
tent 4D effective couplings.

In the check of the low-energy limit k%, ¢> < M2
[n # 0], the Higgs coupling (27) is reduced to the follow-
ing form (the combinatorial factor 4 is taken off to get the
pure quartic Lagrangian coupling):

YLy i | g|2
5¢ 0 d’ total 2 qHO 2mR,

i
= qug|g4n|2, (28)

recalling that g5 " (y) = 1//27R.. The quartic Higgs cou-
pling in this limit corresponds thus well to the exact
squared gauge coupling expected in a pure 4D SUSY
theory.

For completeness (and it will prove to be useful for the
following), we give the result for the ¢Hg<f_>Hg¢Hg¢_’Hg

coupling, obtained through the same method:

\ qro g/
Dm0

\
 om
/

/

l
> |

\
\

<Z5Hg AN ¢H0 »(n)
\ququlgl |
\

¢H2/l \\¢Hﬁ ¢HQ /&\ ¢>g

LY
/ N ,/ " \\
/ Ve
FIG. 4. Feynman diagrams of the contributions to the 4D

. . 47 .
effective scalar gauge coupling Wff(m. The second in-
H, " H, Hd H(,

direct contribution is induced by the exchange of the KK tower
of (——) scalar modes 3.

[
5¢H3¢H3¢Hg ¢H3
= —iquamlgPRG (7R, 7R.).  (29)

total

This coupling is obtained from the two contributions drawn
in Fig. 4.

C. Scalar mass matrix

We now calculate the 4D effective mass matrix for
sfermions induced by brane-Higgs bosons within RS
SUSY. One must develop different methods than in the
above approach of 4D Higgs couplings.

1. Effect of the ¢¢ KK tower on ¢*) masses
through mixing

In this subsection, we derive the 4D masses com-
ing from Yukawa interactions for the ¢ scalar field
[the same analysis can be done for ¢;] in the toy
model of Appendixes A 1 and A 2, assuming that
the ¢y 0 boson acquires a VEV vu=\/§<¢yg>’”
10? GeV.

In addition to the ¢'>§§)¢§§> mass, proportional to
(Yv,)?, which is obtained directly from the Lagrangian
(A26), the exchanges of the KK modes (bz(”) also con-
tribute to this mass, as Fig. 1 illustrates in the case where
¢y acquires a VEV. In order to compute the whole
zero-mode mass, one needs to estimate the mixing be-
tween QSE?) and qu(”), a mixing induced by the VEV at
the origin of the additional contributions as Fig. 1
shows—analogously to the mixing with the heavy
Majorana neutrino in the type I seesaw model [72].
For that purpose, we write down the complete 4D mass
matrix in the infinite basis (E = (¢§§), 2(1), 2(2),...)
and search for the smallest eigenvalue. Indeed, the light-
est eigenstate is typically mainly composed by the ¢§§’)
state, given usually the realistic KK ¢2(”) masses which
are around a few TeV at least and hence much larger

than the VEV-induced ¢1(,?) mass. From Lagrangian

(A26), this 4D mass matrix reads as —@pM2.b' €
Lo with [73]
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V207, [ dys2f{)?
g | Y TN
S Yol [ay's 00130

where we have used again the compact notation f7 /R (y) =

fr-:—+(CL/R’ y) fL/R()’)

PHYSICAL REVIEW D 84, 015016 (2011)

Yo,m" [dy' 86N fL0)  Yo,mP [dy s fi()

m(Ll)2 0 e
, (30
0 mf)z ... 30)

u/\/— 0=

fn__(CL/R,Y) and ﬁ

8(y — mR,). For writing the off-diagonal elements, we have made use of relation (B16), which can be written in a compact

form as DL f§"(y) = (n

-m L) 7 f7(y), and then have redefined the scalar wave functions with e factors as usual in RS. The

generalized characterlstlc equation, of which the (squared mass) eigenvalues m? are solutions, reads as

(n) dv' & AV 1 (v TP
(y%i f dy& () - Z LYo, m; n{ (Ln)yz i ;(f el )Hff:l(mi"” — m?) = 0. (31)
(n)2

As m? = m]

[Yo,m" [dy'8f30)fi ()P

leads to divergences in the above equality, those are not solutions. Hence, Eq. (31) simplifies to

2 2 _
/dya o) —m? + Z o = 0. (32)
n=1 m my
Using here also the equality m(")2 /(m? — (”)2) = —1+m?/(m?> — m(L")Z) together with the completeness relation applied

as Yo o f1f10) = 6@y — y’) one can rewrite

V2028(0)f%(mR)? — m> — Y202 f%(mR,)?*8(0) + Y202m2fY(wR.)2GL Y (m?; 7R, 7R,)
= 0m*(1 — Y202 f%mR)*GL “Y(m?;, wR,, wR,)) = 0. (33)

Since m> = 0 is not a physically acceptable solution,

0 2
2 — fL(WRc)
" 1 _ v Si@ER)T G4
V202 £ (7R, ) n=1 e —m"”

The check at this level is that, in the decoupling limit
m(L") — oo for any n = 1, we recover the equality between
the Yukawa mass for (zero-mode) fermions and their scalar
superpartner, as expected in a 4D SUSY theory:

m* = VOufp(mR)*f1(7R,)?

2 n~2
y4Dv - mtermlon

(35)

The divergence cancellation in Eq. (33) and this 4D
SUSY limiting case confirm that our solution for the
smallest eigenvalue will be cons1stent This consistency
is due to the infinite aspect of the qb ) basis considered
here, in analogy to the calculation of Yukawa couplings
in Sec. IIB. Now in the case (of realistic scenarios)
where the eigenvalue o(f )the lightest eigenstate mﬁghteq
is much smaller than m;’*, one obtains at leading order
from Eq. (34)

2 fi(mR)? 36

mlightest - 1 0 fL(”R )2 ( )
VaERERY T Zm1

An eigenvalue m? much smaller than m(l)2 can only be

the smallest one since all the others are larger than m(Ll)2

As a matter of fact, at leading order in f9(7R.)*/
f*(aR.)? for n = 1, Eq. (34) can be rewritten as

+ 3 fL(”Rc)z ) ~0. (37

(r1)2
n=1 m? my

(=4 waR ?

Here the solution m?=~0, at leading order in
fO(wR,)?/fi(mR.)?, corresponds to the lightest solution
(36). Concentrating on the other solutions, those satisfy

1 = Vo2 f9(nR,)? Z fL(WR(l)2 (38)

For this sum to be equal to unity, at least one of the
terms must be positive, that is to say that m?> — m(L) >0
for at least one value of n = 1. Even if it occurs for
n =1, one would obtain that m? > m( )2 , which means
that all the solutions m? of Eq. (38) have to be larger
than m(l)2 at least. The above method was inspired from
a higher—d1mens1onal analysis performed in Ref. [74].

2. Effect of the 3. KK tower on ¢©
masses through integration out

Let us calculate the 4D zero-mode masses due to SUSY
D terms for ¢; (to vary our examples), still in the context
of Appendix A. There exist contributions from the ex-
change of the KK modes 3 if ¢ mo acquires a VEV, as
is illustrated in Fig. 2 by replacing ¢, by ¢;. Such con-
tributions to the (ZJ(LO)d)(LO) mass are not arising from a
mixing between qbf) and some KK excitations (as happens
in the previous subsection for Yukawa terms). These
low-energy contributions must instead be calculated by
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integrating out the 3 fields, exactly like the heavy triplet
scalar is integrated out within the type II seesaw scenario
[72]. Hence we derive here the complete |¢Hg|2 _(Li)¢(L'i)
couplings induced by integrating out all the 3 modes,
which contribute to the <Z<LO) (LO) mass after ¢po gets its
VEV.

As we are going to concentrate on the explicit derivation
of the various contributions to the |¢ g0l b0\ cou-
plings, we will consider a Lagrangian part depending
only on the fields ¢ o, ¢,, and . This Lagrangian is
obtained from Egs. (A28) and (A30) in terms of the 5D
fields:

PHYSICAL REVIEW D 84, 015016 (2011)
620'

— 5 9,20"2 +

—8qrbrdr + quddyodm)DES

+ 8%q1qml b1 b l*6.

_ e4a’£D terms — %|D15<2|2

Using once more Eq. (15), replacing the 5D fields by their
KK decomposition, redefining them with warp factors (to
recover the canonical 4D kinetic terms), and applying the
orthonormalization condition (B1), one gets the 4D
Lagrangian

1 o0 1 o0 o0 o0 ln . . 00 B
L™ =2 310, 30P =2 3 MOS0 =g, 3 N TP MOSYGL )~ queg 3 i (wRIMOI G oy
n=1 n=1 i,j=0n=1 n=1
~qLame Z DY i (TR H (e R Gy, (39)
with T7" = [0 dyff (e )ff ez y)er (). S 8

The equation of motion for each field 3™ (n = 1) is
then given by

— (9,0 +M™2)5 ™

=q18 Y TIMPGV Y +quoggr " (TRIM™ G o by,

i,j=0
(40)

which can be rewritten at second order in d #8”/ M2

qmd.8" Z o TR by Y. TV ~ quams Y. 6

i,j=0

8#((Z)H3¢H3)8“(¢ ¢(]))

=1 i,j=0

|- 9,0 n d,0"12
M M2 M2

X (qL > 776V Y + qus; +(7TRC)<5H3¢H3)-

i,j=0
4D
Now we integrate out all the 3 fields by inserting
Eq. (41) into Eq. (39) which gives rise to the following
terms in the Lagrangian, restricting ourselves to the first
order in d,9*/M™?;

DY f (cps RS (s TR o b

> gt (aR)TY"

i,j=0;n=1

+ qHﬂ ng2 M(n)z

€ Lpems, (42)

The first term in this Lagrangian part can be rewritten, according to the orthonormalization condition (B1) and complete-

ness relation (B2), as

aa18® S & @RI Gpdm S TP ¢y

n=1 i,j=0

7R, _ had —(i .
= quq18’ f_ . dy[8(y — 7R.) — g5 (TRIgs T Wb > £ (criy)fi (i)Y by

= QngL82 Z fiJr+(CL;WRc)f;LJr(CL;WRc)(ZHB(bH‘M’(;g) (LJ) — qmqL

i,j=0

Then plugging this expression into Eq. (42) brings

i,j=0

2 0
8 7 () (i
2R, PP mo ;0 R (43)
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2 )
g 50 )
T amdiy g bodpo ;:0 ¢, b + amqrg?

i,j=0;n=1

At this stage, a useful check is to recover the 4D SUSY
Lagrangian—in our simple toy model with a U(1) gauge
symmetry and a minimal matter content—by taking the
limiting case M, m(”)R — 00 (n = 1). Indeed, in this case

Eq. (44) simplifies to the 4D SUSY Lagrangian

2

0 0
LE™ = —amdry o ¢H,‘¢Ho¢”¢2>

n 7 (0 0
—qungﬁD¢Hg¢Hg¢< "o,

where g4p represents the 4D effective gauge coupling
constant. This test confirms the consistency of the obtained
4D couplings in Eq. (44). This consistency relies on the full
summation over the infinite 3 KK tower in Eq. (43),
similarly to the derivation of D-term couplings in Sec. II B.

In conclusion, the KK corrections with respect to the 4D

SUSY |¢H3|2|¢§?)|2 coupling arise at the order 1/M"2,
|

(45)

Z g
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3,(Bryprn)d (Y o)

S H(TR)T " o

€ LRl (44)

At this order 1/M™? (and above) the corrections in
Eq. (44) affect the | ¢ 40 |2|¢>g))|2 coupling but not the con-
sequent masses as the “d,”" acting on the constant ¢ o
VEV vanishes. This means that there are no KK tower-

induced corrections to any D-term mass at order 1/M")?
with respect to 4D SUSY.

3. Complete scalar mass matrices

We have done all the necessary preliminary calculations
to obtain different 4D mass contributions, so that we can
now write the whole 4D effective scalar mass matrix within
the pMSSM. We will give the top squark mass matrix as an
example, the other scalar superpartner masses being easily
deducible from it. This 7 mass matrix in the interaction

basis 7 = {70, 70 7V 70} reads as —?N%f? € L,p, with

0 0 0 0
M2 = 0 0 0 0
lo 0o m” o
00 0 mi”
e - voiur s, 9 | 0 ARG 0
FRYPS 0 wnrfi - var s G o s
FLfL(fR) 0 (fLfR)? 0
0 Frfr(f2)? 0 0 1)?
0 fife 0 fifk 7 0 0 0
CpeVou| Sife O S 0 e 0 -0 0 0
wnB | 0 fIfY 0 fifk 1o o o9 o
ffe 0 fifk O o 0 0 -Qf
e 0 fifr 0 0 fifr 0 fifk
| O TR0 R e, | R0 sl O )
L0 fift 0 oo sl o sisk ]
0 fAfk 0 fhfh Nk 0 flfy 0

with the notation f} , = f, *(c; . 7R.). my is the Z°
gauge boson mass, pey = me ¥R ~ TeV [cf. Eq. (22)],
A ~ 1 as above, and, to not introduce a new bulk scale, the
soft mass localized on the TeV-brane for bulk top squarks
(see later discussion for the alternative possibilities of
SUSY-breaking masses either on the Planck-brane or in
the bulk) is taken at /i ~ k. We have taken a unique soft

mass 71 for having a more simple matrix here, but the
above mass matrix is easily extended to the case m; #
mp (respective soft masses for E(L) and t )

The fourth mass matrix of Eq. (46) originates from the D
terms, while the Yukawa masses (second matrix) have been

generalized from Eq. (36). We have denoted as i(l?) and i‘,? )
the first two states of the basis, but one should clarify the
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point that ,*LO/) « Possess in fact small admixtures of the f‘L'(/",)?

KK states [identical to the fields denoted as (bz(/”f)e defined in

the KK decomposition (B12)], a kind of mixing described
in the study of mass matrix (30) and at the origin of the two
corrections to the first elements in the second matrix of
Eq. (46). The KK sum in these corrections for the top
squark, typically localized near the TeV-brane, must be
cut at ~2M§<1])< as is usual in this 5D framework (see the
perturbativity considerations on the top Yukawa coupling,
e.g., in Ref. [68]).

In conclusion, the effect of (——) KK towers on the 7©)
mass is taken into account at first order in 1/M™?2 (or

1/ m(L"/)IZQ) via the corrective terms in the second matrix of
Eq. (46), whereas the (——) KK effects in D-term masses
have been shown above to vanish at this first order [see
Eq. (44)]. The mixing effect of (++) KK towers on the 7
mass is taken into account at first order by diagonalizing

the mass matrix (46), which includes the first KK modes.

III. PHENOMENOLOGY

A. Quantum corrections to the Higgs mass

In this section, we compute explicitly the quantum
corrections—at the one-loop level—to the ¢ 0 Higgs
mass (similar corrections hold for the complex ¢ HY boson)

in the model defined in Appendix A without the u term for
simplification reasons and without introducing any (soft)
SUSY-breaking mechanism. Indeed, our goal in this part is
to study generically the possible reintroduction, due to the
existence of warped extra dimensions, of the gauge hier-
archy problem in a SUSY framework. For that purpose, we
focus on the quadratic divergent contributions exclusively,
by using the 4D effective couplings derived in previous
sections.

Before starting, let us discuss the general aspect of this
loop analysis, through an overview of the assumptions
made. First, our results on the cancellation of quadratic
divergences, although obtained within a minimal SUSY
model, also apply to the pMSSM gauge group, Lagrangian,
and field content. Indeed, those results rely (partially) on
the gauge symmetry structure whatever gauge group it is
[in particular, Abelian or not].

Second, there are no masses for the Higgs bosons in our
framework (as neither u terms nor soft scalar masses), and
in turn the Higgs fields do not acquire VEV. Nevertheless,
all our conclusions on quadratic cancellations still hold, for
example, in the pMSSM after spontaneous EWSB. The
vanishing mass hypothesis also allows us to work in the
Higgs rest frame where the external four-momentum are
exactly equal to zero, a Lorentz transformation choice
which does not affect our conclusions due to the invariant
nature of the (Higgs) mass.

Finally, we work generically without choosing a specific
gauge; the gauge choice will be parametrized by the

PHYSICAL REVIEW D 84, 015016 (2011)
nonfixed A quantity entering the nth KK gauge boson
propagator:

—i
k2 _ M(n)2

1—A k,k, ]

[n"”+ PR ERY VIS

Recall that, for instance, A = 0 (A = 1) corresponds to the
Landau (Feynman) gauge, which is characterized by
d#A, = 0 as considered in the other parts of this paper
together with A; = 0—for a gauge boson field A,;. We
thus find that the A-dependent terms vanish which means
that the physical result on Higgs mass corrections is not
gauge-dependent, as expected. This approach confers to
the analysis, and a fortiori to the result, a general character.
Although we do not fix A, or equivalently Im(z) [which
determines the A, field in Eq. (A8)], we choose to work in
the Wess-Zumino gauge, where the extra fields that generi-
cally appear in the V expression have been transformed to
zero [see Eq. (A8)] due to the specific choices of Re(z), 1,
and f—if a gauge transformation on generic vectorial
(chiral) superfields V (1) is defined by V—V + Z + Z
Q-+ \/58),2), the chiral superfield Z involves the
scalar field z, spinor 7, and auxiliary f. We choose the
Wess-Zumino gauge for simplicity in the loop calculation,
but the physical result that we obtain would clearly be the
same in another gauge.

1. Yukawa coupling sector

Starting with the fermion contributions, the first
step is to get the 4D effective Yukawa couplings of the
fermions to the Higgs boson ¢ yo; from the Lagrangian
obtained in Eq. (A29), we know that those couplings after
field redefinition (absorbing the JG factor) are Ay =
— [dyYfr(y)fr(y)8(y — mR,), assuming a real Yukawa
coupling for simplicity.

The loop diagrams involving Yukawa couplings and
resulting in quadratic divergences are those drawn in
Figs. 5 and 6. From the formal point of view, for a loop
having fermions of different masses as in Fig. 5, say, mp
and my, running in, one can write the loop integral as
(calling A the Yukawa coupling constants)

(n)
L

FIG. 5. Quadratically divergent quantum corrections at one
loop to the ¢ 0 mass due to the exchange of KK Dirac fermions

¢(L"/)R. Couplings are described in the text.
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- % o (i) ‘275)(#)(%)(1 s

The four-momentum of the fields exchanged in the loop is
generically denoted as k*. Note the presence of the ltTyS
chirality projectors, since such scalar couplings flip the
fermion chirality, as well as the overall minus sign due to
the Fermi-Dirac statistics, which is crucial for the SUSY
: |

IF:_Q'

—mf)] - | (jj,]; (= m;]){zkz

PHYSICAL REVIEW D 84, 015016 (2011)

— m?.z)]. 47)

cancellation of divergences. Now expanding over different
KK fermion towers results in the following contribution to
the ¢y0 Higgs mass, respecting the correct order
between the discrete KK sum and the four-momentum
loop integral

k2

{n,m}=0,0

where A}, = — [dy'Yf71 () fR(")S(' — 7R.) and m(")R [w1th ©
truncated the KK summation at the indices N and M such t at m L ,

N,M d4k
2 @2m)* [(k2 —~

A Ay (48)
m(Ln)Z)(kQ _ mgem)Z) ]

= (] are the KK fermion masses. We have

R
m%% A and consistently the momentum integration

at the cutoff of the 5D theory A (one has typically A ~ MKK, the second KK gauge mass), the reason being that the
nonrenormalizable 5D SUSY theory is valid only below this cutoff. The integral gives us

NM
— 212 > SO FEODfRON o
IF Zy {n,m}Z—O()[(2 )4k fd [d [ m(”)2 k2 — mf,én)z ]5()7

7mR)O(y — 7R,)

Qmt™ -

{n,m}=0,0

We now calculate the scalar superpartner contributions.
First, one has to derive the 4D effective Yukawa coupling
of the matter scalars to the Higgs boson ¢ po; we have
obtained it in Eq. (10), renaming it Tnow for commodity as

Malyr = —iVPLAY R(TRPIG f L (K%, mR,, mR,); the
KK scalar contributions to the q’) po mass come only from
these ““diagonal” nn Yukawa couplings as Fig. 6 shows. As
explained at the end of the part commenting on the scalar
4D couplings to ty\io Higgs bosons in Sec. II B, the KK

summation in G ** (k% wR., mR.) has to be truncated,
and we truncate it consistently at the index N such that

m(LN ) ~ A. From Fig. 6, we see that expanding over differ-
ent KK scalar towers results in the contribution

(n)
¢L/R

\
oo\ /  omo
———— - — -

An|L/R

FIG. 6. Quadratically divergent quantum corrections at one
loop to the ¢ ;0 mass due to the exchange of KK scalar super-

partners ¢(L"/)R. Couplings are described in the text.

oy Y [k R SUTRIITR) TRTRASE(TR)

12— 2 “9)

N 4 . L~

d’k AL iA,lg
=2 + , (50
N n_of(zw)4 {kz _ m(Ln)z k2 B mg)z} ( )

(n)
L/R

breaking here, the fermions and their scalar superpartners
have identical KK masses and wave functions. We have cut

M2) as

where m;"/,, are the KK scalar masses. As there is no SUSY

the KK tower and momentum integration at A ( ~
for the fermion contribution. We get

d*k TUL@RIP , s
Is=V Z /( [kzL_ 2 kG5 (k% wR., TR,)
L

[fR(TrR )J?
k ( )2

X [dk ,LRER)P [ (AR )T
=2yt > 2m)? K zR 2 kzL 2

K2GL (k2 7R, WRC):I

{n,m}=0,0
(51

after inverting a finite summation (in 5D propagators) with
the cut integration over k.

One thus finds Iz + J¢ =0 due to SUSY. Strictly
speaking, we have in fact obtained this quadratic diver-
gence cancellation analytically in the generic case of any
cutoff (i.e., for any A value). Was this result predictable?
In the limiting case A < Mygg—the first KK gauge mass
Myx is the smallest KK mass among bosons and
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fermions—where n = m = 0, one recovers the 4D
SUSY model (with a cutoff) so that the above result
of quadratic cancellation constitutes only a good check.
On the opposite side, for A — oo assuming a known UV
completion for the 5D theory (or more realistically
A =M, in our RS context) so that the theory is totally
5D (or only up to the effective gravity scale), it is not
surprising to find that the pure 5D SUSY guarantees the
quadratic cancellation. Finally, for any intermediate cut-
off truncating KK sums and loop integrations, our ge-
neric result is that the cancellation systematically occurs
[the same cutoff A must be applied on Eqs. (49) and
(51) so that these expressions remain exactly opposite] in
what could be called a “truncated 5D theory”; this
constitutes the proof of a supersymmetric cancellation
KK level by KK level (i.e., the nth KK scalar contribu-
tion compensates the nth KK fermion contribution), a
nonobvious result. A similar result holds for the qua-
dratic divergence cancellation in the gauge coupling
sector treated below.

2. Comments about the cancellation
of quadratic divergences

Based on the above example of cancellation of quadratic
divergences in the Yukawa coupling sector (compensation
between fermions and their scalar superpartner), we dis-
cuss here why our approach brings some new light on the
old debate about this cancellation in Higgs mass quantum
corrections in higher-dimensional SUSY theories (the
SUSY-breaking aspect is not considered here) with local-
ized Higgs interactions.

First, there were questions [75,76] on the sense of the
“KK regularization” [77] in higher-dimensional SUSY
theories. The KK regularization is the divergence cancel-
lation which relies on performing first the infinite summa-
tion of loop-exchanged KK states and second the infinite
four-momentum loop-integral; this order corresponds to a
nonjustified inversion in the analytical computation of an
infinite number of KK contributions at the one-loop level to
the Higgs mass.

We have shown, in the part commenting on the scalar 4D
couplings to two Higgs bosons in Sec. II B, that writing the
scalar effective 4D couplings requires one to perform an
infinite summation on KK tower without applying any
cutoff. Only once one has derived these scalar effective
4D couplings can the analytical loop computation—in a
4D framework—of KK scalar contributions to the Higgs
mass be started: That is the correct order. Hence, the loop
four-momentum integration must be performed after the
aforementioned infinite KK summation, as exhibits
Eq. (50) (where an infinite summation has already been
calculated to obtain A, |, /r)» even if this is in contrast with
naive thinking. In Eq. (51), the summations in Gs—which
originate from the remaining summation in Al JR—are
finite, so it makes sense to invert those with the cut
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integration, in order to obtain the quadratic divergence
cancellation with Eq. (49) [78].

Related doubts pointed out in Ref. [75] concerned the
effect of the necessary cutoff, due to the nonrenormalizable
aspect of 5D SUSY models, which prevents one from
making any infinite KK summation and in turn to find
the quadratic cancellation: Indeed, the authors of
Ref. [75] have demonstrated that the cancellation results
partially from SUSY and partially from a compensation
between the quadratic terms of a finite number of KK
modes with masses below the cutoff and the logarithmic
terms of an infinite number of KK states above it. It was
believed that the procedure in Ref. [75] based on a sharp
cut of the KK tower, spoiling the supersymmetry of the
underlying theory, could prevent quadratic cancellations.
However, the proper time cutoff (made separately from the
KK level truncation) not spoiling four-dimensional sym-
metries can be applied [79] and similar problems arise:
Quantum corrections to the Higgs mass become insensitive
to details of physics at the UV scale only under certain
conditions. Another alternative to the sharp KK tower
truncation is the suppression by a Gaussian brane distribu-
tion [42] (the couplings of high KK modes are suppressed
by a finite width of the brane) which indeed allows one to
recover a finite Higgs mass—including the cutoff effect but
keeping an infinite sum and so evading the drawbacks
outlined in Ref. [75]. Nevertheless, it appears also in
Ref. [42] that other distributions leading to a linear sensi-
tivity on the momentum cutoff exist, a remark forbidding a
general conclusion [80]. These two works [42,79] have
thus not really solved the problems raised in Ref. [75] on
a general justification of the finiteness of the Higgs mass.
The way to describe the cutoff problem of Ref. [75] within
our framework is as follows. An infinite KK summation
has to be computed for applying the completeness relation
and hence for finding the A, |, /z form obtained in Eq. (10)
and used in Eq. (50) to give rise to the quadratic cancella-
tion (between I and J); however, the infinite character
seems meaningless, as the KK states with masses above A
make no sense in a theory valid only up to the cutoff scale.
In fact, it turns out, as we have discussed in the part
commenting on the scalar 4D couplings (Sec. IIB), that
an infinite KK summation must really be calculated in
order to write down a consistent 4D Lagrangian for the
fundamental 5D SUSY theory; the cutoff is indeed applied
but only after the 4D couplings have been derived (which
requires an infinite summation computation), and it is
applied on the remaining not-computed sums in the coher-
ent 4D framework [82].

We have not brought arguments against the claims of
Ref. [75], but we have proposed a different approach
avoiding their problems (for the KK regularization), and
we have justified the required infinite KK summation (in-
cluding the cutoff aspect). Therefore, the quadratic cancel-
lation appears to be well treated in our context and thus to
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be meaningful. Similar arguments hold for the independent
quadratic cancellation in the gauge coupling sector (in-
volving also the Higgs boson, Higgsino, gauge boson, and
gaugino contributions to the Higgs mass) that will be
treated in the following subsection.

There exist other approaches like the Pauli-Villars regu-
larization [83] or the elegant 5D (mixed position-
momentum space) framework [84], based on formally
correct treatments of the divergences avoiding subtleties

Ia= Z [(2 )t fdy’qyogz[gf(y)]zn“”@(y — R )—.[77#1/ +

d'k [g. +(7TRC)]2[
o O Qm* k2 — M2

1—A
A - M<n>2/k2]’

PHYSICAL REVIEW D 84, 015016 (2011)

on KK excitations and 4D Lagrangians, which also con-
clude positively on the validity of quadratic cancellations.

3. Gauge coupling sector

First, the exchange of U(1) gauge boson KK modes
contributes (cf. Fig. 7), via the gauge couplings derived
in Eq. (A30), to the quadratic divergences appearing in the
¢ o mass corrections. This contribution reads as

1— A kuk, ]

M(”)2 A k2 _ %M(n)Z

(52)

where we have used the 4D effective gauge coupling obtained from Eq. (A30). As for the Yukawa sector, the KK
summation and momentum integration are truncated at the 5D cutoff A.

The exchanges of Aﬁf) states together with the Higgs boson also contribute as drawn in Fig. 8. Still truncating the sum

and integration at A, we obtain [see again Eq. (A30)]

I, = f(z puy; fdyfdy (—igpoght gy~ (v)8(y — mR))(—igpogk” g, * (v))8(y' — 7R,))
n=0

x 1 + 1 - )l klu,kll
et ]
N 4 ++ 2
d*k [g;*(mR,)] -2
—_ 2 2 n ¢
T8 ZE)[ Qm* K2 - M™? [1 e M<">2/k2]' -

Similarly, the exchanges of tp(j’] ) gaugino states (four-component spinorial notation) and Higgsinos (i ) contribute as in
Fig. 9. Deducing the 4D effective gaugino couplings from the superfield action (A12) [as done exactly in Eq. (A29)], one
finds the mass contribution

i(+M™) 1—ys i 1+y5]

/(2 )4fdyfdy’( V2088t (08— TR (N2q g8 ()8 — 7R ))T[ 2 3 23

d*k [g (7R )]2
— 2 2

This loop contributlon carries a minus sign in front of the sum due to the Fermi-Dirac statistics. Since there is no SUSY
breaking, the gauge boson modes have the same KK masses and wave functions as their fermionic superpartners.

A(n)
Afbn) Iz
bno bmo
- _»_ - -
94H9'| //gCIH,g
QSHQ ¢Hg \ ~p
B e Gy
9 4o

FIG. 8. Quadratically divergent quantum corrections at one
FIG. 7. Quadratically divergent quantum corrections at one loop to the ¢ 0 mass due to the exchange of KK gauge bosons

loop to the ¢y mass due to the exchange of KK gauge bosons Afo) together with the Higgs boson itself. Couplings are de-

Aﬁf). Couplings are described in the text. scribed in the text.
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Other divergences arise from the Higgs exchange itself; see Fig. 10. The preliminary 4D result of Eqgs. (29) and (27)
allow us to write down these two mass corrections, respectively, as

d*k ++ i d*k [gg*(mR,)T

2
. dm9m08 d*k 1
IHg = W(—ququggzszﬁ (p* 7R, WRC))P - QHSCIH‘(;gZ = ;

(2m)* K2 27R, ) Q@)* k2
(55)
Iy = a )4(_ Qi,ggzszg (p 7R, TR )) f(z pm —,qugzkzcg (k% 7R, TR ))
qug d*k 1 d*k +
— —+ g2 2[ G¢ (K*;mR,, mR
k. ) o T AmE | i Cs kR TR
B Q?.,ggz d*k 1 2 d*k [gy (7RI (56)
27R. J 2m)* k2 Qm* kK2 —mm2

In Eq. (55), the limit p> — 0 has been performed [by using
Eq. (C6)] since the effective coupling involved in Fig. 10
confers to this loop diagram a tadpole-form contribution;
indeed, the effective diagram in Fig. 10 may be obtained by
summing the two diagrams of Fig. 4 after joining the two
o) HO legs and affecting, respectively, to the ¢ HO> > and
o) Ho fields the momentum k2 (integrated loop momentum)
p*> =0, and 0 (chosen external momentum), respectively.
In Eq. (56), the limit p> — 0 has also been performed,
since the effective coupling involved in Fig. 10 for an
internal ¢ o field also confers to this loop diagram a
tadpole-form contribution. Here there is even an additional

Yo
bmo bmo
-—— _»_ p— p— p—
9qH° 9qHo
v

FIG. 9. Quadratically divergent quantum corrections at one
loop to the ¢ 0 mass due to the exchange of KK gaugino modes

w("> with the Higgsino state i 0. Couplings are described in
the text.

\
————>———‘———>———
2
Pamoam

FIG. 10. Quadratically divergent quantum corrections at one
loop to the ¢ ;0 mass due to self-couplings and couplings with
the scalar field ¢ HO (described in the text).

contribution from the exchange of 3 with the same
momentum k> as in the loop. All this can be seen from
generating Fig. 10 by summing the three diagrams of Fig. 3
after joining the two upper ¢po legs in each diagram.
We have also truncated the KK summation by the 5D
cutoff A (like the integration), in the 5D propagator
(K2, wR,, wR,), and then inverted it with the integral.
The last contributions to quadratic divergences gener-
ated by gauge couplings are the scalar exchanges in
Figs. 11 and 12. In the same way as just above, the 4D
D-term coupling previously obtained in Eq. (19) leads to
the corresponding mass corrections:

d*k .
IL/R @ )4( lC]L/RCIHng
n 2,208 " (2. i
dey[fL/R(y)] P GS (p Y WRC))kz—m(")z
L/R
CIL/RCIHgg j' f
- dy[f} (y)]
4 L/R (n)2
27TRC (2 ) mL/R
QL/RQHUg /'
= “ (57)
4,9 (n)2
2R, 2m)* k2 — my
(n)
¢L/R
et
/ \
| I
\ /
H, Hy,
bue N\ 1 @
G P A
QQQH;;(]L/R
FIG. 11. Quadratically divergent quantum corrections at one

loop to the q’)Ho mass due to gauge couplings with KK scalar
superpartners d) 1/ (described in the text).
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in the limit p> — 0 and using the orthonormalization con-
dition for wave functions.

Similarly, the 4D effective couplings of two ¢Z(/";)
[defined in Eq. (B12)] to two Higgs bosons—induced

++ ++ .
2 2 &n ()’)lgn (7R.) i
i Z [ Qm)* <qL/ RYm8 [ D70 Z e pr— M2 )22

reminding one that i) =

PHYSICAL REVIEW D 84, 015016 (2011)

by X exchanges—can be directly derived from
the scalar field Lagrangian (A26), by using relation (B7),
and lead to the respective tadpole contributions of
Fig. 12:

L/R

fm (cL/g;y). Applying now the completeness relation and the equality M™2/(p? —

M2y =1{p2/(p? — l( Sez)} — 1, one can recast this contribution into the expression

L = Zf(

d*k QL/RCIH;’g

(C]L/RC]HOg fdy[fL/R(y )Pp 2Gg (P ;% TR )>k (m)2
—m

[ SUBOF

L/R

4
Q2m* 27wR, R
2 M 4
d*k 1
= ngfgsg (2 )4 2 (m)2 (58)
c Tk mp

in the limit p> — 0.
At this stage, where all quadratically divergent contri-
butions have been estimated, a useful check is to take the

4D SUSY limit: 2/m{/; < 1 and K*/M™? < 1 [n = 1]

at the zeroth order. Doing so, one recovers indeed the
whole quadratically divergent mass correction for the
gauge coupling sector of the 4D SUSY theory:

Ta+ I+ I+ Tyg+ Iy + I+ Ip+ I + I

(guo + qmo + g1 + qr)&3 d'k 1
duo\qu) T qu0 T 4L T qRr)8ip W?’

with gsp = g/+/27R, as already defined. Indeed, in 4D
SUSY the quadratically divergent Higgs mass corrections
cancel each other only if the anomaly cancellation condi-
tion gpo + a0 + q; + qr = 0 is verified, recalling that
the quadratic divergence cancellation is induced by the
simultaneous presence of SUSY and a gauge symmetry

g ‘\

/ | c(m)

\ qu/R, LR
~eo 7

|
®mo AR o
———————— -

99H9

FIG. 12. Quadratically divergent quantum corrections at one
loop to the ¢ o mass due to the exchange of KK (——) scalar

superpartners ¢z<7}§

discussed in the text).

and KK (——) scalar modes 3 (couplings

[

(which relies on the absence of Adler-Bardeen-Jackiw
anomalies [85] originating from triangular loops of
fermions).

In the present RS SUSY context with localized Higgs
fields, we thus have first to wonder what the global 5D
anomaly cancellation condition is. The contributions to
triangular loops, of the fermions belonging to the chiral
matter superfields ®; and ®; ~, should vanish due to the
vectorial nature of the 5D theory [i.e., the presence of
@, 7]. The same comment holds for the ®¢ and ¢ ~
superfields. The orbifolding apparently spoils this 5D vec-
torial nature [i.e., no zero mode for ®; ], but the anomaly
cancellation is recovered in the matter sector through
certain tree-level contributions (see, e.g., Ref. [86]) in-
duced by the Chern-Simons term (see Ref. [87] for the
case of warped orbifolds) together with mixings generated
by the Stiickelberg term (for instance, see Ref. [88]). For
intervals in AdSs, anomalies might lead to some con-
straints on the consistent effective field theory description
[89]. Finally, one must recall here that the whole 5D
anomaly cancellation condition includes the anomaly can-
cellation condition of the low-energy 4D chiral theory
whose role is to ensure the anomaly cancellation for the
contributions of the zero modes and possibly fields of the
considered model confined on 3-branes (in other words, for
all states except the KK excitations).

Coming back to our 5D SUSY model, we see that one
gets (whatever are the KK masses)

) g’ d*k 1
2wR,. J Qm)* k¥’

= qm(qm + qmo + 91 + qr
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so that the quadratic divergence cancellation for the Higgs
mass in the gauge sector (and hence in all sectors) is
guaranteed by the 4D condition g0 + ¢ HY +q; +qr=0

for the chiral zero modes and 4D Higgsinos (localized on
the TeV-brane) which is part of the 5D anomaly cancella-
tion condition. On the other side, the vectorial nature of the
5D SUSY theory, which induces the cancellation of 5D
anomalies, is also responsible for the cancellation of the

KK ¢(L"/)R contributions to the Higgs mass quadratic diver-

gences [entering Eq. (57)] with the KK ¢z(/";) contributions
[see Eq. (58)]. This cancellation results from a compensa-
tion KK level by KK level and remains thus true for any 5D
cutoff value.

As a general conclusion (the present analysis being not
based on arguments restricted to warped geometries), in
higher-dimensional SUSY models, the quadratic diver-
gence cancellation in the Higgs mass is ensured by the
higher-dimensional anomaly cancellation condition (as oc-
curs in 4D with the difference that the higher-dimensional
anomaly condition can be more complex than the 4D one,
since it may include the adjustment of the Chern-Simons
term to restore the vectorial behavior [90]).

We finish this part by a comment, for completeness.
While the condition gy + qn0 + g + gg = 0 is issued

from anomalies of type U(1)-gravity-gravity, there is a
second condition, namely, g3, + gl +qi + g =0,
u d

coming from the cubic U(1)-U(1)-U(1) anomalies. Let us
mention here the third condition on U(1) charges in our toy
model: g0 + g + gg = 0 related to the existence of a
Yukawa interaction for @,z [see Eq. (A12)]. Our motiva-
tion for writing an interaction of this type was clearly to
consider all the quadratically divergent contributions to the
Higgs mass and, in particular, those involving Yukawa
couplings (discussed above).

B. Sfermion mass splitting
1. Phenomenological framework

We first describe in more detail the phenomenological
framework of this section. We consider the class of SUSY-
breaking scenario where (soft) squark or slepton masses
appear in the bulk and on the boundaries [see the SUSY-
breaking classification of Sec. I A]. The model studied is
the warped 5D pMSSM. We do not compute numerically
the heavy KK state mixing effects, since we focus on
dominant low-energy structural effects on scalar couplings
induced by the SUSY-breaking scenario discussed below.

Let us thus discuss what are the favored geometrical
setups concerning the SUSY-breaking scalar mass loca-
tions. First, to have a generic approach, we assume that all
bulk sfermions have additional (i.e., SUSY-breaking) 5D
mass terms of course invariant under the Z, parity: Those
are also taken of the type shown in Eq. (A27) but with other
¢ parameters. We have shown in Appendix B 3 that adding

PHYSICAL REVIEW D 84, 015016 (2011)

such masses is equivalent to introducing new 5D scalar
parameters, say, ¢, completely independent from the

fermion (or superfield) parameters ¢y, and thus affects the

scalar localizations. In analogy with RS flavor models for
fermions, we will generally make the hypothesis that the
first generations of sfermions are typically localized to-
wards the UV boundary (large chL/R), whereas the last

families are rather located near the IR boundary (small
c fL/R)' Remaining general, the first scalar generations have

also SUSY-breaking masses localized on the two bounda-
ries, and the large soft masses on the Planck-brane are thus
not reduced by wave function overlaps. These Planckian
masses mimic (—+) BC so that the first-generation sfer-
mion zero modes decouple from the low-energy theory as
occurs in the model of Ref. [63]. This class of scenario
represents thus a realization of partially split SUSY models
which allow one to improve the situation [91] with respect
to flavor-changing neutral currents (FCNC). In contrast,
the last sfermion generations have soft masses on the TeV-
brane which are not suppressed by wave function overlaps.
These soft masses enlarge the parameter space that we will
explore. Having typically small CF o for the last sfermion

families is also an attractive possibility, as it leads to
sfermion masses which are mainly generated by the
Yukawa interactions after EWSB, as for SM fermions,
and to specific collider signatures as discussed in the
following subsections.

For the considered case ¢ Fun <cy, o the Yukawa-like

couplings of these last-generation sfermions to Higgs
bosons [first coupling matrix in Eq. (21)] are increased—
modulo a square and a Higgs rotation angle or VEV—
relatively to the effective 4D fermion Yukawa couplings
[see Eq. (11)], which are themselves equal to the 4D SUSY
scalar Yukawa couplings (forgetting small KK correc-
tions). The same comparison holds for the interactions
proportional to . [second coupling matrix of Eq. (21)].
Since the RS SUSY scenario considered increases globally
sfermion couplings to Higgs bosons compared to the usual
4D SUSY case, which brings new significant contributions
to the (s)quark triangular loop of the gluon-gluon-fusion
mechanism for Higgs production at hadron colliders [main
production channel] [92,93], one might wonder whether
such a model is not excluded by present experimental
searches [95] at Tevatron run II for 4D SUSY Higgs fields
(or estimated results from SM Higgs searches [96], e.g., in
the decoupling limit). First, it must be remarked that the
Tevatron production cross sections and decay branching
ratios as well as various theoretical uncertainties have been
recently reevaluated for SUSY Higgs bosons [97], that 4D
SUSY Higgs searches were not exhaustive in the parameter
space exploration [95], and that other effects could appear
in 5D SUSY Higgs productions. Second, the obtained
lower limit of the lightest neutral Higgs (denoted as h)
mass is not so close to the 4D SUSY theoretical upper
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bound, which furthermore can be enhanced in the 5D
SUSY context [43] enlarging the allowed mass range. In
fact, the main 4D SUSY contribution to the gluon-fusion
mechanism is the top squark exchange in the loop, due to
its large Yukawa coupling. In the above RS SUSY setup,
the only additional new contribution is the sbottom ex-
change, as we assume the decoupling of the first
two generations of squarks to avoid constraints from the
K? — K° mixing (one could even assume the decoupling of
the squark doublet Q; and sbottom singlet bg). Since we
take masses m; ~ 102 GeV (from little hierarchy argu-
ments), the sbottom Yukawa couplings are of the same
order as the top (quark) Yukawa interactions, and hence
comparable Higgs production rates are expected in 4D
versus RS SUSY, which is realistic. Concerning sleptons,
we assume that only the first generation decouples since
these noncolored scalar fields affect only 4D SUSY Higgs
searches through the radiative Higgs decay into two pho-
tons, a decay representing only one of the various channels
investigated. Going into the details of the calculation of the
Higgs production and decays, different sfermion ex-
changes might suppress each other by destructive interfer-
ences of the triangular loops [92] depending on the signs of
various 4D effective couplings over parameter ranges, and
some more freedom might even arise from 5D SUSY
model building.

Concerning bulk gauginos, their 4D soft masses are
taken effectively, i.e., without specifying the higher-
dimensional geometry (as we do not study possible 4D or
5D SUSY differences in that sector). For example, these
masses could be localized on the TeV-brane—without
suffering from large overlap suppression like light
generations.

PHYSICAL REVIEW D 84, 015016 (2011)

2. Charge- and color-breaking minima

Before presenting numerical results, we need to discuss
another SUSY aspect which is significantly modified in this
RS context: the charge- and color-breaking (CCB) minima.
We will show that no drastic constraints arise on the pa-
rameter space and even that no SUGRA-like scenario—in
the sense where trilinear soft scalar terms are proportional to
the Yukawa coupling constants (reducing effectively the
trilinear scale A)—needs to be assumed [as usually required
in 4D SUSY] in order to satisfy those constraints.

In 4D mSUGRA, the constraints coming from imposing
the absence of CCB global minima for the potential of
squark or slepton VEVs read typically as [98] (see [99]
for the next-to-minimal supersymmetric standard model
case), taking the example of the usually dangerous selectron
direction,

(YipA)? <3((mg)* + (mg)* + mp(Yip)®,  (59)

where m{ and m$ denote the selectron soft masses and
My = my + u* with my, being the down Higgs soft
mass. Y, ~ 1073 is the Yukawa coupling constant for
the electron, and A¢ ~ 102 GeV. Since the Yukawa cou-
plings simplify each other in the above inequality, they are
often not written in the literature, but here we keep them for
the 5D discussion below. The general conclusion on the 4D
case is that the CCB constraints, as illustrates the one above,
remain respected if the soft parameters A, 1, my . and also
w are all of the order of the EWSB scale (which is compat-
ible with both the Higgs fine-tuning considerations and
electroweak potential minimization relations).

For mSUGRA models in a warped background, the CCB
constraint (59) is replaced by (neglecting the KK mixing
corrections)

(Yeace o 2 4 < 35 (fhe™ 7RI + g (e "2 + g ) (Ve 1915 (60)

as deduced from the form of 4D Higgs couplings (21)—of
type Y? and A—and the form of 4D soft scalar masses on
TeV-brane in Eq. (46). Here f} . = fi"(cz ,;7R.);
A¢Ye¢ = O(1) (as discussed in the next subsection on
slepton masses in mSUGRA) and 7yl = mj; + uy
[see the discussion on .y in Sec. I A]. Now, the RS
CCB criteria of type Eq. (60) simplifies to

(Aee—(r(ﬂ'Rf))2 < 3(rhle€(f10€e_g(ﬂRC))2
+ "hi(fge_g(ﬂ&))z + ﬁ"dlgff s (61)

where A¢e ("R ~ 102 GeV so that this condition is as
natural as in 4D mSUGRA for effective soft masses at the
EWSB scale, which is the case since 7| ~ 10 GeV
and, e.g., mp(fhe 7RI ~ [2¢720(mR) ~ (10% GeV)?
[mp ~ k from the discussion below Eq. (46) and see
Eq. (B13) for the wave function order of magnitude] as
confirmed by all the values obtained in the next
subsections.

In an RS framework with a SUSY breaking not specifi-
cally of the type SUGRA, the CCB constraint of Eq. (60)
simply becomes

(Ace™ TR £9 £ < 30 (fhe =" TRI + i (Fe /TR + s i) (Ve £9 £3)? (62)

with now A¢ = O(1) being dimensionless [cf. Eq. (46)]. After simplification, it reads as
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(Aee—o'(ﬂ'RC))Z < 3(},712(}026—0(77R[))2 + mz(fge—v(ch))2 + ’,hdlgff)(ye)Z’

a condition which is also systematically fulfilled in orders
of magnitude since (Y¢)~le= (7R ~ ke (7R ~ 102 GeV.
Hence, we conclude that within RS SUSY the CCB con-
straint is generically satisfied, with respect to the orders
of magnitude, even without assuming a SUGRA-like
breaking.

Strictly speaking, the CCB-induced conditions must be
imposed at the energy scale Q ~ (f), but the running of
soft parameters in the RS SUSY framework is beyond our
scope.

There exists a related kind of bound which originates
from forbidding true minima along scalar potential
directions unbounded from below (UFB) [100] (cf. [99]
for the next-to-minimal supersymmetric standard model).
The condition for such minima not to be deeper than the
standard EWSB minimum implies the following bound:
mo/my;, > O(1) (in case one assumes universal soft
terms). This typical UFB bound should also be quite easily
satisfied in an RS SUSY context, applying it for simplicity
on the 4D effective soft masses.

Finally, one must recall that the actual relevance of these
CCB and UFB bounds is not entirely evident in general,
because, even if, e.g., an existing CCB minimum is deeper
than the standard EWSB one, it can be acceptable if the
tunneling rate out of the standard minimum is small rela-
tively to the age of the Universe. The various analyses in
the literature lead to the conclusion that these tunneling
rates are often quite small (the original paper is the third
one of Ref. [98]). The relevance of the CCB and UFB
bounds is thus model-dependent as it depends on cosmol-
ogy and, in particular, on which minimum we drop after
inflation [101].
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FIG. 13 (color online).
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3. Numerical results for top squark masses:
A first discrimination test

First, we investigate the heavy quark superpartner
(namely, the top squark denoted as 7) sector. The flavor
context of the pMSSM, considered in this paper, will be
recalled in Sec. IIIC, where all flavors are potentially
involved. In the present analysis, we propose a test to
discriminate the 4D pMSSM with respect to 5D warped
pMSSM by looking at the different ways to generate top
squark masses in these two setups. To be general, we
consider here within 4D and 5D SUSY the case where
the soft breaking parameters are chosen effectively, only
constrained from the experimental data.

In Fig. 13, we have represented the domains possibly
explored in 4D or warped SUSY in the plan of the two top
squark mass eigenstates. The blue lines represent the lower
limit on mj; obtained in 4D SUSY (see the discussion
below). The two plots shown correspond to scans of the
fundamental parameters in the case where SUSY breaking
occurs in the bulk (see Appendix B 3), and, for the right
plot, soft SUSY-breaking terms (top squark masses and
trilinear couplings) have been added on the TeV-brane. For
the left plot the only parameters entering the scan are the
SUSY parameters tan8 and w (or uqe [see Eq. (22)]), the
5D top squark parameters cj, x> and the soft masses 71y /g
(for 4D SUSY), whereas for the right scan we have
further considered the 4D trilinear coupling A, as well as
the TeV-brane SUSY-breaking parameters ri /gl2 =
i ke R and A |e = A;ke ¥R appearing in the
top squark mass matrix of warped SUSY models [as seen
from Egs. (46) and (B13)]. The A,|. term is localized on
the TeV-brane due to the Higgs localization. In the case of

m;, [GeV]
00 . -

50p-- "

200 }- -

myR € [0;1000] GeV
. A €10, 1000] GeV
150 °
€ [100 ; 1000] GeV
cre[-1:1] tanBe[2;50]

1001()0 150 200 250 300m;1 [GeV]

Allowed regions in the plan m;, versus m;, (in GeV) within 4D SUSY [demarcated by the blue lines] and RS

SUSY [green and red points]. The plot on the left side corresponds to the situation where there are no more SUSY-breaking terms on
the TeV-brane (for the 5D case). The thick blue lines represent a lower limit on m;, obtained analytically. The parameters are scanned
in the intervals indicated on the plot. ¢, x = ¢;, ,, are the 5D top squark parameters. In the RS case, the so-called effective parameter
Merr 18 the equivalent of the p parameter in 4D SUSY [cf. Eq. (22)]. The interval indicated on 72 (A,) corresponds to the scan interval
for the soft top squark masses 771, (trilinear coupling A,) in 4D SUSY and it ey = 4/, jrke ™R (A,lop = Ake ™¥7R<) in the RS
SUSY case.
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the absence of soft top squark mass terms on the TeV-brane
(left plot), the top squark mass is generated, in particular,
by its coupling with the Higgs boson—which can itself be
increased through the top squark-Higgs wave function
overlap controlled by the SUSY-breaking top squark
mass term in the bulk.

The parameters are scanned over the following ranges:
tanB € [2;50], u, per €[100;1000] GeV, i, 0 € [—1,1],
g g1 gl €[0;1000]GeV, and A, A, | €[0;1000]GeV.
The interval on tanf is conservative given present con-
straints [66,102]. The u or u (lez, , |) interval is justified
by its required order of magnitude at the EWSB scale
(around ~1) as discussed in Sec. II A. The 7/ range is
motivated by the usual effective scale of 4D SUSY-
breaking scenarios limiting the Higgs mass fine-tuning,
and the iy /gl range is motivated by the energy
scale orders in RS: 7y gley = (it pke” 27R)1/2 ~
(k2e2kmR)1/2 ~ 102 GeV [see the discussion below
Eq. (22)]. Finally, the chosen A; interval is based on usual
4D SUSY-breaking scenarios, and the considered Al
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range comes from the scales characteristic of RS: A, =
Ake ¥R ~ 1 X ke *™Re ~ 10? GeV [see again below
Eq. (22)]. In order to have a consistent comparison be-
tween 4D and 5D models, we have chosen the same
ranges in both setups. The scans in the plots are not
performed on negative values of the A, (or A,|.) nor of
the w (or p.s) terms, but taking the opposite signs does not
change the conclusions. The last remark on the scans is
that having chosen slightly larger parameter ranges—but
remaining with the same orders of magnitude as above
since those are physically motivated—would have not
affected significantly the obtained numerical results pre-
sented here.

Let us now explain the differences arising between the
4D and 5D models in the plots of Fig. 13. For that purpose,
we need to start from the top squark mass matrix structure.
The top squark mass matrix within the RS scenario has
been derived in Eq. (46). Moving to 4D SUSY, we recall
the general form of the top squark mass matrix in the
{f,, Ig} basis:

2 ! 2 4 52 _opm
M2 [ mi + Q7 cos2Bmz + mj Al g (64)
774D SUSY = 2 1 2 4 2
" ;= t’:ﬂ’; m? — Q¥ cos2Bm2 + %
where QtZL = % - %sinzﬁw, tZR = — %sinzﬁw, and m, is the top quark mass. One can note at this level that the SM top mass

entering this mass matrix (and taken in agreement with recent Tevatron measurements [103]) is larger than the
experimental lower bound on the top squark mass, m;z, > 95.7 GeV [50,102]. The mass matrix (64) can be diagonalized
by 2 X 2 orthogonal matrices, resulting in the following mass eigenvalues for the top squark eigenstates 7| ,:

1
Lo 2

1
m: = —<2m,2 + 3 cos2fBmz + m3 + % * \/<(QtzL +

For 4D SUSY, in Fig. 13, we observe that m;, has a lower
limit (blue line) depending on mj;,: This limit is due to the
structure of matrix (64), and it has thus been possible to
obtain it analytically. Indeed, from Eq. (65), summing the
two squared masses, we get

m? +ml =2m} + cos2Bmy + i + iy (66)

For arbitrary large soft masses 77 and /%, there is no
constraint on how high can m; be compared to m; as
illustrated in Fig. 13. We are thus interested in how low can
mj, be with respect to m; in the low soft mass region
(where it appears on the plot to exist a nontrivial lower
limit on mgz). Obviously, one must have m; = m; =
100 GeV from the definition together with the experimen-
tal constraint on top squark searches mentioned above. The
mj, lowest value thus corresponds to 7,z = 0 together

1 1 1 7 _ 7 1v1 1 1 lowest —
with a vanishing f; — 7 mixing, resulting in mpPM e =

mj, = \/m,z +(1/4) COSZBm% ~ m,. When there is a non-

vanishing mixing, for m; = mi>***, we have from Eq. (66)

2
0'%) cos2Bm’ + il — md)? + 4<A, - "“—m’) ) (65)

tanf

[

my, = \/Zm,2 + %COSZBm% - mtgl

[2 41 2
for m; = q/m; + ;cos2Bmy,

which corresponds to the first branch of the blue line in
both plots of Fig. 13—fitting perfectly the lower limit of
the 4D SUSY scan point domain that we have also gen-
erated for checking [it is shown in Fig. 14]. The second
branch, as mentioned above, simply reveals the constraint

m;, = m;, for m; = 4fm} + Lcos2fm. (68)

The minimum m;, value is thus

lowest — — 2 1 2
mEVet = my, for m; = \[m, + zcos2Bmz ~ m,. (69)

Note that this result is a quite general result for 4D SUSY
models.

Having determined explicitly the 4D SUSY structural
limit on m;, as a function of m;,, we now turn our attention
to the results in the context of RS SUSY shown in Fig. 13.

(67)
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FIG. 14 (color online). ~ Allowed regions in the plan m;, versus
mj, (in GeV) within 4D SUSY. These regions have been obtained
for parameters scanned in the intervals indicated on the plot
itself.

Looking at those two plots, we observe an important
difference between the 4D and 5D SUSY models; mj,
can now reach smaller values (for a given m; value) than
those in 4D SUSY [limited by the blue line] and is now
constrained only by

m A

= m;, = 100 GeV. (70)

This difference with the 4D case can be understood as
follows. The 4D SUSY conservative constraint of
Eq. (69) is changed in RS to the global constraint m;, =
Yo, fo " (ci,:mR)fy *(ci,:mR.) as deduced from
Eq. (46). If there were no SUSY breaking in the bulk,
one would have ¢; =¢,,  and by consequence
Yo, fo *(ci,:mR.)fy (ci,: mR.) = m, [neglecting the
KK top (quark) mixing effect as already mentioned] so
that the constraint (69) would be recovered. However,
when SUSY is broken in the bulk, Ci,/, Are NOW effectively
free parameters that can lead to either larger or smaller
values of Yo, f; " (c; s mR.)fy " (ci,s mR,) relative to m,.
In particular, the lower limit in Eq. (67) materialized by the
first branch in plots is relaxed down to the bound (70) in RS
SUSY, thus explaining the RS scanned points going
beyond the blue line.

Hence a measurement of m;, at high-energy colliders in
the lower-left region of the RS scans shown here (below the
blue line) would greatly disfavor 4D SUSY models in their
minimal form while constituting possible signatures of RS
SUSY scenarios. Such a discrimination test should be al-
ready possible before a future precision ILC physics, at the
LHC, given the experimental accuracies expected on
squark mass reconstructions. Indeed, an uncertainty of
~5%—-10% on top squark masses should be reachable at
the LHC [104] which is clearly sufficient for the potential
test suggested here, given the large top squark mass devia-
tions in RS with respect to the pure 4D SUSY scenario
shown in Fig. 13. This typically expected accuracy of
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~5%—-10% on top squark masses corresponds to illustra-
tive examples studied in Ref. [104], but, of course, the
exact performance would rely on effectively observed
events at the LHC as well as on the realized SUSY model
and parameters chosen by nature. Note finally that for the
values taken throughout this paper, m; > 120 GeV and
Mo > 150 GeV, the conservative experimental lower

bound on the top squark mass is exactly m; > 95.7 GeV
[50,102] so that the region only accessible in RS SUSY in
Fig. 13 is not yet excluded and could be revealed by an
LHC discovery.

The last comment—which is interesting for understand-
ing the formal RS SUSY construction and will prove to be
useful for Sec. III D—is about the difference between the
two plots of Fig. 13. In the first scenario (left plot) where
breaking occurs only in the bulk, while, as discussed, m;,
can reach any values = 100 GeV, on the other side we
observe that the scan reaches a maximum value of m;,
depending on m;, . This is due to the chosen usual range for
the ¢;, , parameters spanning from —1 to +1, together with

the absence of soft mass terms on the TeV-brane. Indeed,
in the absence of such mass terms, high values of m;, are
limited by the diagonal Yukawa-type mass contributions
and thus by the largest allowed overlap of the top squark
wave functions with the Higgs boson, an overlap being
limited from above by the minimal ¢z, values. In contrast,
the scan is not limited from above for the second RS
scenario (right plot) due to the presence of soft mass terms
on the TeV-brane (and even of trilinear scalar couplings).

4. Numerical results for smuon masses in mSUGRA

In this part, we consider within 4D SUSY the subcase of
the mSUGRA scenario where the soft breaking parameters
have universal values at the GUT scale, my, m, /,, and Ay,
the whole trilinear scalar couplings Ay,Y being propor-
tional to Yukawa coupling constants Y. The two other
input (SUSY) parameters are tanfB and sgn(u). The soft
masses 711y /g Will be run here [105] from their GUT value
mq down to low energy, where we study collider physics,
and the obtained values included into the mass matrix form
(64). To adopt a general approach, we will take the low-
energy |A| parameter to be between zero and the TeV scale.
This maximum scale is justified, in 4D mSUGRA, by the
order of effective SUSY-breaking scales and by the condi-
tion of the absence of CCB minima [see typically Eq. (59)].

In a minimal RS version of the mSUGRA scenario, the
set of parameters entering the scalar mass matrices can be
taken as follows. First, the parameter u.4 [see Eq. (22)],
which enters the mass matrix form (46), is taken at the u
value one gets in 4D mSUGRA since it is the equivalent
parameter. The possible kind of differences arising be-
tween 4D and 5D models in the running necessary to derive
the wp parameter is not studied here; this is a potential
source of additional differences that could lead to new
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tests for distinguishing between 4D and 5D SUSY.
Similarly, for the diagonal scalar mass matrix elements,
we take the same values as the ones obtained from the 4D
mSUGRA running, motivated by the fact that we will focus
on differences between 4D and 5D mSUGRA arising in the
off-diagonal mass matrix elements. Last but not least, in a
mSUGRA-like scenario, one would have a new [compared
to Eq. (46)] trilinear coupling constant AY = O(1) with
A ~ (1/VY) ~ k to not introduce new scales. The quantity
Alor = AYke ¥R ~ TeV (A = 0 could also be an ac-
ceptable scale) appearing now in the A terms of Eq. (46),
namely, in AYe *™R:5, 9 f% is taken to be equal numeri-
cally to the 4D SUSY-breaking parameter A introduced just
above, neglecting once again possible differences arising
in the 5D running.

Let us now emphasize 4D versus 5D differences in the
smuon mass matrix (studying the example of the smuon is
motivated by the theoretical framework described above
and the experimental performances discussed below)
within this context.

In 4D mSUGRA, the off-diagonal entry to squared
smuon mass A, Y, ¥,, driven by the muon mass (m,), is
typically around 10> GeV? at most, which leads to a fi; fig
smuon mass term induced by the Higgs VEV much smaller
than the diagonal soft mass terms /2 i, i, and % figfig
[see the matrix form (64)]. Indeed, one should typically
have /7 = 10* GeV? so that smuon mass eigenvalues
are not excluded by the conservative current experimental
lower bound m; > 94 GeV [50,102].

The other off-diagonal ji,; fig contribution to the smuon
mass is at most m, u tanB ~ 510° GeV?, for extremely
optimized parameter values, so that this contribution re-
mains also systematically smaller than /] , = 10* GeV2.
Hence the two left-right mass mixing terms are limited in
4D mSUGRA, relative to the complete diagonal elements
of the 2 X 2 smuon squared mass matrix.

In the RS version of mSUGRA, one has a trilinear-
induced mass term A, Y, e”*™0,f} f3, where the f7

wave function values at y = 7R, are not constrained from
— £+t .
above by the muon mass because f(z/R = fo " (ca, TR,

whereas the muon mass is controlled by independent fer-
mionic 5D parameters c,,, . in the present SUSY-breaking

scheme.

Similarly, the off-diagonal left-right smuon squared
mass et Y, 0qtanBf7 f% of Bq. (46) can take benefit
from large factors from the scalar wave function overlaps
with the Higgs brane, while tan8 takes comparable values
asin4D SUSYand Y, ~ 1/k is compensated by f7 f} = k
[cf. Eq. (B13)]. Therefore, in contrast to the 4D mSUGRA
case, the off-diagonal mixing smuon mass terms are not
constrained by the muon mass and can thus get higher
values.

In consequence, the left-right mass mixing for smuon
masses can reach higher amounts within RS mSUGRA
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than in 4D mSUGRA. In turn (having a universal
mass my tends to have a configuration with identical di-
agonal squared masses), the splitting between the mass
eigenvalues m; and mg, can be much larger as Fig. 15
illustrates.

In order to obtain this figure, we have scanned the input
parameters over these ranges: tanB € [1;60], m, €
[300;2000] GeV, m, /, € [150;600] GeV, i 0 € [—1,1],
and A,, A, € [0;1000] GeV (see the above discus-
sion). The interval on tanfB corresponds to the domain
allowed by the Higgs potential minimization conditions
in mSUGRA [66]. The choice of m, and m,/, ranges is
based on the constraints coming from SUSY searches at
colliders combined with the requirement that the lightest
supersymmetric particle (LSP) is not the tau lepton super-
partner (the stau) [102,106]; taking higher m, and m,,
values does not modify significantly the scan presented in
Fig. 15. The output smuon mass ranges (i.e., the shown plot
domain in Fig. 15) is motivated by the order of magnitude
of the usual effective 4D SUSY-breaking scale—near the
EWSB scale—allowing one to protect the Higgs boson
against too dramatic mass fine-tuning. The scans here are
not done for negative values of the A, (or A Mleff) terms,
and the u (or u.y) terms are not taken negatively, but
choosing the opposite signs would not change the present
conclusions. Besides, only values in the range
[100; 1000] GeV have been kept for the |u| (or |wesl)
quantity; this is imposed by the orders of experimental
bounds and the Higgs potential minimization conditions
already mentioned. The last remark, as before, is that
having chosen slightly larger parameter ranges—staying
with the same orders of magnitude physically motivated—
would have not affected significantly the obtained numeri-
cal results shown in this part.

my,[GeV]
10007

800}

600F

400

my e [300 ; 2000] GeV
mipe [150 : 600] GeV

Ay €[0,1000] GeV
crel-1:1] tanfel:60]

200 400 600 800 1000 My, [GeV]

FIG. 15 (color online). Points obtained in the plan m;, versus
mg, (in GeV), for an mSUGRA-type scenario within 4D SUSY
[blue points] and RS SUSY [orange points], from a scan per-
formed in the intervals indicated on the plot. The interval
indicated on A, corresponds to the range for the soft trilinear
coupling A, in 4D SUSY and for the A, |of effective dimension-
one parameter defined in RS SUSY (see the text). ¢,/ = ¢

denote now the 5D smuon parameters.

Rr/r
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In conclusion, if a m;, measurement is obtained
at the ILC or even at the LHC at a value larger—
including the experimental uncertainty in this compari-
son—than the 4D SUSY upper limit appearing in
Fig. 15 for a given m; value (assumed to be measured
also), this result would rule out the 4D mSUGRA
scenario [at least in its simplest form] and constitute a
good indication for an RS mSUGRA model. Indeed, all
mg, values above the upper 4D mSUGRA limit can be
reached within RS mSUGRA as shown by the scan over
parameters. Such a discrimination should be already
possible at the LHC given the accuracies expected on
slepton mass reconstructions: A ~5%-10% uncertainty
is reasonable to expect [104] and clearly sufficient in a
large part of parameter space (at high mg ) for the
proposed potential test—given the large mass splitting
reachable theoretically in RS mSUGRA [illustrated in
Fig. 15]. This typical uncertainty of ~5%—10% on the
smuon mass corresponds to illustrative examples studied
in Ref. [104], but, of course, this performance will be
quite model- and parameter-dependent and can be im-
proved by combining different related mass measure-
ments. Note that the present experimental bound
mg, >94 GeV [50,102] is respected on the plot of

Fig. 15.

C. H boson decays

The phenomenological framework of this section is the
same as the one described in Sec. III B. We have seen that
in this RS framework the interactions between Higgs bo-
sons and sfermions can be significantly increased with
respect to the 4D SUSY case. This is mainly due to the
fact that the 5D Cj, . Parameters involved in these Higgs

interactions are quite free (more precisely, ¢ Tk affect only

squark and slepton masses) in RS SUSY, whereas the same
Higgs interactions are fixed by SM Yukawa coupling con-
stants (related to SM fermion masses) in 4D SUSY. In this
section, we will look at the effects of these increases on
Higgs decay branching ratios. The analysis emphasis will
be put on the example of the heaviest neutral Higgs boson
H as, kinematically, the lightest £ field (being heavier than
~91 GeV from LEP results but smaller than ~140 GeV
from SUSY Higgs structure [66]) cannot decay into pairs
of on-shell sfermions (having lower experimental limits of
~10? GeV [50,102]) and hence does not feel optimal RS
effects, except of course if the theoretical upper limit on its
mass m;, can really be sufficiently relaxed in warped SUSY
[43]. The pseudoscalar field A and charged Higgs boson
H= can similarly have increased decay widths into slep-
tons, as we will show occurs for H in RS SUSY.
Technically, the branching ratio formulas for Higgs
bosons can be found in Ref. [66] together with EW and
next-to-leading-order radiative corrections. We have in-
cluded the leading corrections involved: the b quark
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running mass and the radiative corrections to the neutral
Higgs boson masses m;, and my, as well as the corrections
to the trilinear Higgs coupling A Ay, within the € approxi-
mation (see Ref. [66], Sec. 1.3.3, for details).

These branching ratios depend on the various Higgs
couplings; in RS SUSY, the H boson couplings to SM
fermions, Higgs or gauge bosons, and Higgsinos or gaugi-
nos are taken as in 4D SUSY (since heavy KK mixing and
exchange effects are neglected as mentioned above), while
the H sleptons are deduced from top squark couplings
incouplings to squarks—Eq. (21)—and rotation to the
sfermion mass basis.

The higher-dimensional parameters entering these effec-
tive H couplings to squarks or sleptons are ¢, o (with

absolute values around unity), w.s; [see Eq. (22)], and
Als = Ake ¥R ~ TeV, which appears in the scalar
coupling matrix of Eq. (21). The TeV scale parameter
Merr (Alegr) Will be taken numerically as u (A) in 4D
SUSY. Similarly, the effective quantity i, /Rleff =
(i jgke 2k™R)1/2 ~ TeV that shows up in scalar mass
matrices of type (46) is taken numerically approximately
equal to the 4D soft mass 71, ;g ~ TeV [see Eq. (64)]. We
denote as usual the effective 4D soft gaugino masses for
the bino and wino, respectively, M| and M,.

In Fig. 16, we show the branching ratios for the main
decay channels of the H boson as a function of its mass for
a given set of parameters. Both 4D and 5D SUSY scenarios
are represented. The tree-level Higgs mass my (like my,
and the neutral Higgs mixing angle a) depends on the
parameter tanf and on m, (pseudoscalar mass) which
has been varied (above ~200 GeV) to span the m interval
in Fig. 16. The modifications of radiative corrections due to
heavy KK modes are expected to raise Higgs masses by an
amount of at most @(10) GeV [43], so that Fig. 16 would
not be significantly affected by those. The heavy Higgs
mass and tanB ranges considered in Fig. 16 and in the
following Higgs branching ratio plots, namely, my €
[200, 1000] GeV and tanB € [6,30] [107], are clearly in
agreement with the several constraints coming from direct
charged and neutral Higgs boson searches at LEP [66]
or Tevatron run II [102] within a SUSY framework. The
modifications of these constraints due to KK mode
effects should not be significant here for Mgk = 3 TeV
(cf. Sec. ITA).

For the sake of convenience, in this section, we write
only the sets of parameter values in the captions of Higgs
branching ratio plots. But let us give here some general
comments about these sets chosen in the plots. First, the
branching ratios are shown for either positive or negative
values of the A (or Al.¢) and w (or w.) terms as these
signs do not affect the main ratio behaviors. Second, all the
superpartner mass eigenvalues considered respect their
last conservative or combined experimental lower
limits derived from direct SUSY searches at colliders
[50,102,108], some of which we quote here for
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FIG. 16 (color online). Branching ratios of the H boson decays as a function of its mass my (in GeV) within pure SUSY [left] and RS
SUSY [right]. The types of final states are indicated directly on the plot; all kinematically allowed channels for neutralinos (among
,{/? j/?, with i, j = {1, 2, 3, 4}) and squarks and sleptons are summed. The 7 lepton channel is included but not the ones with branching

ratios below ~1072 in this my range (like the triangular-loop-induced decays into photons and gluons). The values for the gaugino
sector parameters in the two plots are u = p.p = 170 GeV, tanB = 6 and M; = 160 GeV, M, = 1000 GeV, leading to the

neutralino masses mgo = 128 GeV and mg = 174 GeV and lightest chargino mass m - = 167 GeV. The other common parameters

X

are taken at A, | = A, = A, = A, = Ay= = —500 GeV. The soft masses in 4D SUSY are /! = 170 GeV and /m} = 1000 GeV for
the squarks and /¢ = 180 GeV and 7§ = 1000 GeV for the sleptons. For this set of parameters, the smallest mass eigenvalues
obtained are m;  =m; =169 GeV for sneutrinos, m; = m; =186 GeV for charged sleptons, m; =216 GeV for the top squark,
and mj, = 179 GeV for the sbottom quark. In RS SUSY, the effective soft masses are mZIeff = 275 GeV, n”ﬁ’? off = 1000 GeV,

it | = 105 GeV, and rig|ee = 1000 GeV leading to m;,, = m;,

while the 5D parameters are ¢,

comparison: mgo > 120 GeV, Mg > 116 GeV, M- >
164 GeV, mg > 120 GeV, mg, > 107 GeV, my, >
95 GeV, and mj; >89 GeV. In order to compare the

Higgs couplings via its branching ratios, we have chosen
the parameters so that the superpartner mass eigenvalues
are approximately identical in the 4D and 5D pMSSM (KK
corrections might be up to a few percent and are irrelevant
in this analysis); this is also motivated by the present
philosophy of developing tests of discrimination between
the two SUSY scenarios (4D versus 5D) for a situation
where light SUSY particles would have been discovered
[and thus their masses at least approximately estimated].
Note also that the lightest neutralino is systematically the
LSP in our choices of parameters so that )?(1) represents the
potential candidate for dark matter as in usual 4D SUSY
theories. In order to minimize the corrections to EW ob-
servables, we have further imposed A, = A,, A, = A, and
my p = rhi/R for soft squark masses and /m; = 7 for the
slepton ones (in the RS case as well). Finally, the sfermion
mass matrices as well as soft trilinear scalar couplings are
taken universal for all families and diagonal in the flavor
basis (which guarantees the absence of FCNC at tree level)
as motivated by the SUSY flavor problem. Note that these
hypotheses imply the absence of flavor mixing in the scalar

, =135 GeV, my = m; =154 GeV, and m; =m; =218 GeV,
= ¢g, = 0.2 for squarks and ¢; = ¢; =
"L R

—0.5 for sleptons (for all flavors).

sector which allows a better identification of the smuon and
top squark studied in Secs. III B and III D. We also assume
that all phases in the soft SUSY-breaking potential are zero
to eliminate all new sources of CP violation. Those as-
sumptions are characteristic of the pMSSM [58].

For simplifying the discussion on this first Fig. 16, we

have chosen large effective Te V-brane soft masses nﬁ;’e’e and

rh,qgfleff so that the heaviest sfermion mass eigenvalues
become large enough to close the associated channels
H— f,f, and f,f,. We see in Fig. 16 that by starting
from a 4D SUSY regime where the W= boson, top quark,
and lightest neutral Higgs channels are dominant (the top
dominance is due, in particular, to the low tanf regime
increasing the top-Higgs coupling) and then moving to the
RS case with small Clun values, the slepton channel is

globally increased and even becomes dominant at inter-
mediate my values. This slepton channel has a width
decreasing with the third power of the H mass which
explains its branching behavior on the plot. The first reason
for having larger slepton branching ratios in that RS case is
that the slepton-Higgs couplings are favored by the large
wave function overlaps between sleptons and the localized
Higgs boson induced by the small T values taken. The

other reason, of the same kind, is the choice of large Cun
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reducing the squark overlaps with Higgs bosons relatively
to the 4D SUSY case. Indeed, one can clearly observe, by
comparing the two plots of Fig. 16, the decrease of the
branching ratio B(H — ¢ ¢) in RS which leads to an in-
crease of B(H — € {).

We now present in Fig. 17 the branching ratios for the
main decay channels of the H boson as a function of my for
another set of parameters [specified in the caption]. The
soft masses nﬁ%, in particular, are smaller than in the
previous figure so that the top squark masses are smaller
and channels into the heaviest state g, open up, leading to a
dominant squark channel at intermediate my in the 4D
SUSY case. The M, , parameters are also typically lower
than in Fig. 16, so that channels into charginos open up and
neutralino channels have larger phase space factors, which
modifies the branching profiles rendering, in particular, the
various gaugino channels dominant above my = 800 GeV
in 4D SUSY. We see as well in Fig. 17 that, compared to
this new 4D SUSY regime with alternatively dominant
squark and bottom channels, in RS the slepton channel
rates can again be greatly enhanced (and still become
dominant at intermediate my) for small enough T val-

ues increasing the slepton-Higgs couplings. This enhance-

ment of B(H — € {) is also correlated with the large Ciun

values allowing one to have small squark-Higgs couplings
relatively to 4D SUSY and, in turn, to have small amounts

of B(H — § §). We note from the RS plot that B(H — 2717)
B(H>XX)
1.00 ¢

0.50 p

0.20
0.10 ¢

0.05

0.02 r

0.01

200 300 50 700 1000 MulGeV]

FIG. 17 (color online).
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reaches values a bit smaller than ~50%, whereas it was
above ~60% in Fig. 16, which is due to the | value
taken larger here.

We present in Fig. 18 the branching ratios for the main H
decay channels as a function of my in the high tanf
regime. We see in this figure that, by starting from such a
4D SUSY regime where the bottom channel is extremely
dominant and going to the RS case, the Higgs-to-slepton
branching ratio is largely enhanced—once again due to the
small ¢ o values—reaching significant levels around 20%

and even dominantly at ~40% for a large my; (thanks to the

H — €€, opening). This B(H — { £) enhancement is also
due to the large cg, I« values, which tend to suppress
B(H — ¢ ) relatively to the 4D SUSY configuration.
The reasons why the H decay width into sleptons cannot
be comparable in size to the one for bottom quark final
states, at my =< 800 GeV in RS, are the large tanf, phase
space, and color factor.

Of course, in the different configuration of relatively
high Clom values, the slepton-Higgs couplings, and in
turn the associated Higgs channels, are not significantly
increased with respect to the 4D pMSSM, as illustrated in
Fig. 19 in a low tan example; note that in the RS case the
sneutrino channel opens up at a larger my due to sneutrinos
being a bit heavier than in the 4D case. The main difference
between the two plots of Fig. 19 is the decrease of the

squark channel in RS due to still quite large cg, &

B(H-XX)
1.00

0.02 r

0.01

200 300 500 700 1000 " [GeV]

Branching ratios of the H boson decays as a function of its mass my (in GeV) within pure SUSY [left] and RS

SUSY [right]. The types of final states are indicated directly on the plot; all kinematically allowed channels for neutralinos (among
b2 j/?, with i, j = {1, 2, 3, 4}), charginos (among ¥{ ¥; . with k, | = {1, 2}), and squarks and sleptons are summed, as in Fig. 16. The
values for the gaugino sector parameters are u = o = 300 GeV, tan8 = 6, M; = 600 GeV, and M, = 190 GeV leading to Mgy =
163 GeV, My = 305 GeV, and My = 164 GeV. The other common parameters are A,|. = A, = A, = —200 GeV and A, |4 =
A, = A;= = —300 GeV. The soft masses in 4D SUSY are nﬁz =210 GeV, rh;é = 220 GeV, and ﬁzf/R = 180 GeV, which give rise to
my  =my = 169 GeV, my =m; =175 GeV, m; =175 GeV, and m;; =206 GeV. In RS SUSY, the effective soft masses are
i | = 500 GeV, bl = 260 GeV, i} | = 125 GeV, and skl = 1000 GeV, giving m;,

D1
171 GeV, m; =~ 171 GeV, and m; =229 GeV, while the 5D parameters are ¢; = c; =0, ¢;, =0.3,and ¢; = —0.5.
1 by qL bg R €/

=m; =165 GeV, my =m; =
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FIG. 18 (color online). Branching ratios for the H boson decays as a function of my (in GeV) within pure SUSY [left] and RS SUSY
[right]. The types of final states are indicated directly on the plot; all kinematically allowed channels for neutralinos, charginos, and
squarks or sleptons are summed, as in previous figures. The values for the gaugino sector parameters are pu = . = 170 GeV,
tanB = 30, and M, = M, = 500 GeV, leading to Mo = 157 GeV, Mgy = 176 GeV, and My = 164 GeV. The trilinear couplings
read as Al = A, = A, = —A, = —A;= = —500 GeV. The 4D soft masses are /77 = 170 GeV, m% = 500 GeV, rhf = 180 GeV,
and n~1fe = 500 GeV, which give my, =my = 168 GeV, mj; = m: =185 GeV, m; =160 GeV, and mj = 177 GeV. In RS SUSY,
the effective soft masses are 7} | = 275 GeV, ngler = 1000 GeV, g lor = 130 GeV, and sigley = 500 GeV, giving m;, =

my =172 GeV, my =m; =165 GeV, and m; =m; =219 GeV, while the 5D parameters are ¢;, , = 0.2 and Clp = —0.5.

parameters (for smaller ¢;, ., one would recover branching  that in RS the slepton masses are mainly generated through

profiles similar to those in 4D SUSY). This leads, in  large TeV-brane soft masses (reduced to the EWSB
particular, to an increase of B(H — y* ", ¥"x°). scale by wave function overlap factors) since the masses

Finally, for a better understanding of Fig. 19, we remark  induced by Yukawa-type couplings to the Higgs VEV are

B(H-XX) BH-~XX)
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FIG. 19 (color online). Branching ratios for the H boson decays as a function of my (in GeV) within pure SUSY [left] and RS SUSY
[right]. The types of final states are indicated directly on the plot. The parameters in the Higgsino or gaugino sector, the scalar trilinear
couplings, and the soft masses in 4D SUSY are the same as in Fig. 17 so that the left plot here is identical to the left plot of Fig. 17. In
RS SUSY, the effective soft masses are 7} |z = 500 GeV, il = 250 GeV, it |.; = 1000 GeV, and 7ingler = 800 GeV, giving
my  =my = 197 GeV, m; =~ m: =169 GeV, m; =~ 165 GeV, and my = 219 GeV, while the 5D parameters are ¢;, = Chp = 0,

¢, = 0.3, and T +0.49.
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suppressed by the present high T values. For compari-

son, within 4D SUSY, the soft masses in Fig. 19 are smaller
(roughly at the EWSB scale) since those are not suppressed
by overlap factors, while the masses induced by Yukawa
coupling constants are negligible due to the tiny lepton
masses.

Let us summarize this part on Higgs decays and con-
clude. In order to maximize the H couplings to sleptons in
4D SUSY, the A terms have been taken of the order of the
TeV and not at zero. The slepton masses have also been
taken close to their lower experimental limits to maximize
the branching ratios of the slepton channel in 4D SUSY.
However, we have found that even in these optimal cases
the slepton channel branchings cannot reach amounts
above ~5% (in agreement with Ref. [66]) while important

slepton branchings can arise in RS—where B(H — € {)
can reach up to ~60% [even larger ratios are accessible,
for instance, by decreasing again T with respect to pre-

sent values or by introducing a right-handed (s)neutrino].
Besides, the other way to try to increase the slepton chan-
nel branching ratio in 4D SUSY is to decrease the other
branching ratios: For that purpose, we have explored—
keeping trilinear couplings at the TeV scale—the main
typical domains of 4D SUSY(-breaking) parameter space
characterized by different types of dominant H decay
channels. The conclusion was still that the slepton channel
rate can never be as important as it can be in RS.
Furthermore, the case of a dominant slepton channel can
occur in RS (see, e.g., Fig. 17), whereas it is impossible in
4D SUSY. This is due to the fact that in 4D SUSY slepton-
Higgs couplings are severely constrained by the small
Yukawa coupling constants of SM leptons. Therefore, the
experimental observation of either a dominant slepton
channel or a slepton channel with, e.g., B(H — {{) =
50% would exclude the 4D pMSSM and indicate the
possible existence of a warped version of the pMSSM.
Such a potential test should, in principle, be doable
at colliders; a four-momentum reconstruction of slepton

PHYSICAL REVIEW D 84, 015016 (2011)

cascade decays based on measured slepton masses could

allow one to identify the decay channel H — € € , which is
necessary to estimate its branching ratio—or (it would be
sufficient here) a lower bound on this ratio. This kinematics
approach being experimentally challenging, one could also
use the clean leptonic event topology to identify the slepton

channel. Indeed, the decay H — € ¢ would lead to final
states with an higher lepton multiplicity due to the decay
€ — €3 (recall that ¥V is the LSP).

D. Top squark pair production at the ILC

In this part we consider the particularly clean environ-
ment of the future leptonic collider, the ILC, and we focus
on the squark pair production which occurs only through
s-channel exchanges. In 4D SUSY, as is well known, the
top squark can be especially light due to its large left-right
mass mixing terms favored by strong Yukawa coupling
constants. We will first provide the theoretical tools needed
for computing the more general cross section of the sfer-
mion pair production through neutral SM gauge boson
exchanges, namely, ete™ — f,-fj (i, j = {1, 2} labeling
the mass eigenstates), in the 4D pMSSM. Then, after a
discussion on the KK squark mixing effects, we will ana-
lyze numerically the obtained cross sections in the two RS
SUSY-breaking frameworks discussed previously (see the
discussion on Fig. 13): with and without brane soft terms.
Note that we concentrate here on the top squark 7, , states
and do not specify the structure of the sector made of the
first generations of sfermions.

1. Formal cross section

Let us describe the cross section for the reaction
ete” — f,-fj [i, j = {1, 2}] proceeding via the exchanges
of the EW neutral gauge bosons—photon (y) and Z bo-
son—in the s channel. For polarized electron and positron
beams, this cross section has the following form at tree
level (it can be found with more details in Ref. [113]):

v @’ : Qjec.m.ci'ai'
olete” _’fifj) = 7 : ((Qjef.m‘)zaij(l -P P, - 22—]2][116(1 -P.P,)—al (P - T+)]D'yZ
s Cr Sy
2
e [0+ a1 = PP~ 2a,0,(P- ~ P.)Dyz) 1)
16sy,¢yy

where sy = sinfy, cy = cosfy, v, =4s3, — 1, and
a, = —1 are the vector and axial-vector couplings of the
electron to the Z boson, whereas Q{, m. 18 the electric charge
of the sfermion supersymmetric partner f. P. denote the
degree of polarization of the e* beams, with the conven-
tion P. = —1,0, +1 for the left-polarized, unpolarized,
and right-polarized e* beams, respectively (e.g., P_ =
—0.9 means that 90% of the electrons are left-polarized

and the rest are unpolarized). c;; is the Z fi]_;j coupling
matrix (up to a factor 1/cy)

—11f, sin26;

I{;Lsinzﬂf - Qjef.m,s%‘,>

(I';Lcoszﬂf — 0l 5%
ij

—11f, sin26;

where 6 7 is the sfermion mixing angle defined by
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fr= cosﬁf;fR

fi= COSfoL + sinﬁj;fR, - sinﬁffL.

(73)

In the 4D pMSSM, this mixing angle is calculated
from the diagonalization of the pMSSM top squark
mass matrix previously given in Eq. (64). In the RS
SUSY setup, it is obtained from the mass matrix derived
in Eq. (46) [possibly including mixings with KK modes]
Finally, in Eq. (71) /s is the center-of-mass energy,
[(s—m~ — m2 _)2 4m m2 ]'/2 and
1 f

S2

(s = m%)? + Iim2’
D — s(s —m2)
vZ (s = m%)? + Tim2’

Dy =
(74)

I', =2.4952 £ 0.0023 GeV [50] being the full decay
width of the Z boson.

2. On the difficulty to distinguish 4D and RS SUSY in
custodial realizations

In our previous studies of Secs. III B and III C, the KK
sfermion mixing effects were subleading relatively to the
studied structural effects on scalar masses and couplings.
In the RS realization with a gauge custodial symmetry in
the bulk, having specific BC KK states (the so-called
“custodians”) with theoretically possible low masses in
the particle spectrum [114], there is a priori a hope that KK
mixings bring other potential signatures of the warped
SUSY version. In this section we thus study the RS version
with an implementation of the SU(2);, X SU(2)g X U(1)x
gauge custodial symmetry in the bulk (introduced in
Sec. ITA). The custodians are the new fermions—without
zero modes—filling the SU(2)g representations to which
matter (MS)SM (super)fields are promoted. Being in a
SUSY context, we thus have to embed the custodians
into superfields which leads to the theoretical prediction
of the existence of custodian superpartners: Let us call
them the “‘scustodians™ (those are scalar fields). Since
we do not consider a SUSY breaking a la Scherk-
Schwarz, the custodians and their associated scustodians
possess the same BC and hence identical 5D profiles and
KK mass spectra. For instance, in complement to the top
squark squark states 7,z and to a possible 7' custodian
[with the same electric charge as the SM top quark ¢ of
which it can be an SU(2)y partner], we would now have
associated scustodians that we denote as tL /R In RS, it is
known that the mixing—induced by the localized Higgs
VEV—of the ¢ quark with, e.g., a ¢’ partner is favored since
the 5D ¢, parameter, expected to be rather small for this
third generation, tends to decrease the # mass m( +)(c,)

[115] and thus to make it closer to m,. The #-f' mixing is

expected to be larger than the 7-#)) mixing [not character-

)

istic of the bulk gauge custodial realization] because me .,
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can be significantly smaller than ) masses [masses of
the first KK excitation of SM top quarks which have
(++) BC] being above ~3 TeV typically from EW
precision constraints. More generally, the small c;, pa-
rameters of the third quark generation (b and t) tend to
increase the b and r wave function overlaps with the TeV-
brane which is the Higgs, a feature which also favors the
t-t' or b-b' mixing. One may expect similar effects in the
third-generation squark sector (by virtue of the same 5D
profiles and KK masses) giving rise possibly to a signifi-
cant mixing between the top squark squarks 7,z and
some light scustodians 7, /R [116]. In our SUSY-breaking

scenario where c; # c,, the ¢; parameter would be related
to the top squark mass only (no more to the precisely
known top quark mass), a freedom that could even re-
inforce the 7-7 mixing. This mixing can affect the Z77
coupling since the Z charge of the 7, QF, can be different
from the 7 one, Q% (it is not the case for the photon and
gluon couplings). Studying the top squark pair production
via the Z exchange is more appropriate at the ILC since
the top squark pair production is dominated by the gluon
exchange at the LHC. The reaction e™e¢™ — f,»z_?j has also
the interest to not involve the W boson nor gaugino
contributions.

However, this task of generating significant corrections
to the Z77 vertex, through 7-7 mixings and a large differ-
ence Q-0 has revealed itself to be quite difficult to
realize for the two following reasons. First, strong
theoretical constraints hold on the choices of group repre-
sentations and hence on the Z charge of the 7/, 0, = I},
(2/3)s%,, due to the gauge structure of Yukawa couphngs
which has to be invariant under the SU(2); X SU(2)g X
U(1)x symmetry (and also allowed by the orbifold sym-
metry). For example, scalar couplings between 7 (left or
right) and some 7 scustodians can be realized only for
scustodians with an SU(2); isospin equal to I3LL/" +1/2.
/R __

Having this, their Qz cannot be very different from Q,

QZL/ *. Second, another (related) origin of suppression in the

variation of Q”R is the compensation between various

scustodlans e.g., between effects from a 7 — 7 mixing
(with Q) = Q% + 1/2) and a 7 — 7 mixing (with Q =
0!, — 1/2). Moreover, the dominant mixing between the 7;
and 7 states tends to reduce the mixing effect of
scustodians.

Based on an exploration of the parameter space and
models, we have found numerically that, even for optimal
group representations and scustodian masses set at
~10% GeV [117], the deviations 8o, induced by the
scustodian mixings on the cross section o(ete™ — fi_fj)
in 4D SUSY cannot be significant in regard to the experi-
mental precision on this cross section measurement
one can reasonably expect at the ILC: 00 ¢y, ~ 5% [113]
(~ 1% at most [118]). Hence we must conclude that testing
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4D SUSY against RS SUSY, by measuring precisely the

cross section o(e”e” — ;1;), is not realistic.

Since the RS SUSY signature of KK top squark (partner)
mixing effects on the 7;7; production is too difficult, one
could think of studying off-shell exchanges or mixing
effects of KK gauge bosons [119], but then the simpler
fermion production, like the top pair production, would
probably be more fruitful to consider as no super-
symmetric cascade decays should be reconstructed there.
Nevertheless, it has already been shown that detecting a
resonance tail [our work hypothesis being that no KK
(gauge boson) states have been produced on-shell] of KK
gluon in ¢7 production at the LHC appears to be challenging
due to small realistic cross sections [120] (see Ref. [121]
for other KK gauge bosons). The indirect effects of such
virtual KK mode exchanges in ¢7 production at the ILC are
more promising [122] but would be polluted by the SUSY
background (77 production followed by 7 — £}, 17 at loop
level, etc.).

3. Discriminating between RS versions: Bulk versus
brane SUSY breaking

In our framework with tree-level SUSY-breaking squark
and slepton masses and trilinear A couplings, where we do
not specify the mechanism at the origin of SUSY breaking
(our phenomenological approach is more ‘‘bottom-up-
like””), we will show that the top squark pair production
at the ILC can be studied in order to differentiate between
different variants of RS SUSY: the scenarios with or with-
out soft scalar mass and trilinear A terms on the TeV-brane.

The KK (s)fermion mixings cannot be significant in the
top squark pair production—the scustodian mixing is ir-
relevant (as shown in the previous subsection), and
a fortiori the same conclusion holds for usual KK top
squarks—so that such effects are not considered in this
part. The heavy (at least at ~3 TeV) KK gauge boson

Oete > 11 1 [fb] Oete > 11 1y [fb]

P_=-06 P,=+0.6 [+/5=500GeV 400

tan B e [2;50]
He[100;1000] GeV

Ac €10, 1000] GeV 300
ire [0 1000] GeV

400 £

s0f. " L
200}

200f:7

wof.” . 100

P_=-06 P,=+0.6 |V5=500Gev 400N

PHYSICAL REVIEW D 84, 015016 (2011)

effects are also neglected in favor of the studied low-
energy structural effects in scenarios with and without
brane soft mass terms.

In Fig. 20, we present the cross sections for the reaction
ete” — 1,1, as a function of the lightest top squark mass
mj, within the 4D pMSSM and RS pMSSM with(out) soft
terms [i.e., top squark masses and trilinear coupling] on the
TeV-brane.

Those results are derived from scans on the parameters
Ciy o taNB, w (Or pegr [see Eq. (22)]), g g [y /Rletr =
(i, gk)'?e %7k in RS SUSYI], and A, (or Al =
A, ke *™R) - As before, the allowed ranges in our scan for
each parameter are tanB € [2;50], u, e € [100;
1000] GeV, i e € [—1,11, sty g, 1ty g less €[0;1000]GeV,
and A, Al € [0;1000] GeV. The experimental con-
straint on the top squark mass, m; > 95.7 GeV [50,102],
is respected on the plots. Once again, the signs of A, (A,|.¢)
and w (uqr) do not affect the present analysis.

The scanned points on the three plots of this figure never
cross the drawn lines. The reason is that these lower and
upper lines, obtained analytically, correspond, respec-
tively, to the cross sections for the extremal Z7,7; couplings
= Q’ZR and ¢ = QtzL associated to cosf; = 0 and
cosf; = 1, as shown in Eq. (72). We also observe that
the obtained regions in the plots end up at the kinematic
limit as expected.

Finally, Fig. 20 was obtained at a center-of-mass energy
/s =500 GeV and for some polarizations of the two
beams, . = *0.6, which are realistic for an ILC pros-
pect. Changing these experimental inputs /s and P.,
changes the production amplitudes as well as kinematic
limits, but these inputs do not affect the main shape of the
obtained scans and are thus not really relevant for our
study. This can be observed by comparing Fig. 20 with
Fig. 21, where the same scans have been done for /s =
800 GeV and P. = *0.9. One can thus freely adjust the

Tete - 11 1) [fb]

P_=-06

P, = +0.6
tan S € [2:50]
€ [100 ; 1000] GeV

A, €0, 1000] GeV

i re [0; 1000] GeV
cur € [-1:1]

tan B €[2;50]
€ [100 5 1000] GeV

cyre [-1:1] 300 e

200

100" -

m;, [GeV]

0
POO 150 200 250 100 150

m;, [GeV] m;, [GeV]

o B
100 150 200 250

200 250

FIG. 20 (color online). Cross section for the reaction ete™ — 7, ?1 (in fb), at a center-of-mass energy /s = 500 GeV and with the
polarizations P [see Eq. (71)] indicated on the plot, as a function of mj, (in GeV) within the 4D pMSSM [left plot], RS pMSSM
without brane soft terms [middle], and RS pMSSM with brane soft terms [right]. All points presented here are obtained from a scan
inside the ranges given on the plots for the parameters c; /p = ¢;, & tanB, and u (and u.s in RS), the soft top squark masses 7, /5 (and

brane masses 7it; /g lt), and the soft trilinear coupling A, (and brane coupling A,|.s). The limiting thick blue lines correspond to the
analytically obtained cross sections for an extremal Z7,7, coupling: ¢;; = Q[ZR [lower limit] and c¢;; = QtZL [upper limit].
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FIG. 21 (color online).

center-of-mass energy and beam polarizations to get an
optimal ratio of signal over backgrounds.

Now that we have described the way Figs. 20 and 21
were obtained, we can compare the three plots of, say,
Fig. 20. The first conclusion is that the whole shapes
of the scans within the 4D and 5D SUSY frameworks do
not offer distinctive features (typically in both cases the
entire domain in between the upper and lower analytical
limits can be filled), forbidding us thus from developing a
new test of discrimination between these two SUSY
realizations.

Comparing the middle and right plots of Fig. 20, we
observe that in the case without brane soft terms only cross
section values roughly in the higher half of the theoreti-
cally allowed region are reached. This means that the
relevant Z charge c|; of the 7; squark [cf. Eq. (72)] is close
to QtZL (e = QtZL corresponds to the upper limit in scans)
and hence that 7; is never too far from being mainly
composed by the 7; state; i.e., cosf; is constrained
(depending on m;,) to be relatively close to unity accord-
ingly to Eq. (73). This result has to be enlightened with the
previously explained upper bound (depending on m; ) on
the highest top squark mass eigenvalue m;, exhibited in

Oere — 1, 7, L1D]
500

e > 1, 1, [b]
500

P_=-0.6

P, = +0.6
tan S € [2:50]

# € [100 ; 1000] GeV
A €[0,1000] GeV
g €03 1000] GeV

P_=-0.6

400 400

300

300

200

200

100 100

mz, [GeV]

P, =+0.6 |Vs=500GeV

m;, [GeV] 96

300 400 50 200 mi; [GeV]

250

300 350 400

The same as in Fig. 20 for \/s = 800 GeV and P. = *0.9.

Fig. 13 [left plot] in the absence of brane soft terms. The
presence of an upper bound on m;, reflects the existence of
an upper limit on the amplitude of mixing between the two
f; and 7y squark states. More formally, the mixing angle
0; € [0, 7/2] in the 4D pMSSM [see Eq. (73)] is con-
strained to a smaller range [0, Org] (with Ogg < 77/2) in the
warped pMSSM without brane soft terms. So we recover
the conclusion from the middle plot of Fig. 20. Starting
from the case of the middle plot of Fig. 20 and adding, in
particular, a soft trilinear top squark coupling on the TeV-
brane has the virtue of enlarging the mixing between 7; and
iz after EWSB. Doing so, the scanned points now fill the
whole allowed theoretical region as can be seen in the right
plot of Fig. 20.

In Fig. 22, we further illustrate the e e~ — 7,7, reaction
as a function of mj,, with \/E = 500 GeV. The scanned
points on plots never cross the drawn lines corresponding,
respectively, to the cross sections for the extremal
Ziyt, couplings ¢, = QF and ¢, = Q% associated to
cosf; = 1 and cosf; = 0 [see Eq. (72)]. We observe that
in the 4D pMSSM case [left plot], there is a theoretical
lower limit on m;, around m, as we have already described
when discussing Figs. 13 and 14 [see also Eq. (69)].

Oete > H 1y [be
500

P.=+06
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p € [100 ; 1000] GeV

A, €[0,1000] GeV

ik € [0;1000] GeV

cure (=13 1]
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crel=1:1]

300

200

100

0
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150

200 Sso~ i, [GeV] %% 0 ey, [GeV]
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FIG. 22 (color online). Cross section for the reaction e*e™ — 52?2 (in fb), at a center-of-mass energy /s = 500 GeV and with the
polarizations .. indicated on the plot, as a function of m;, (in GeV) within the 4D pMSSM [left plot], RS pMSSM without brane soft
terms [middle], and RS pMSSM with brane soft terms [right]. All points presented here are obtained from a scan inside the ranges

given on the plots for the parameters ¢z = ¢;, .

tanS, and u (and w. in RS), the soft top squark masses 7 /x (and brane masses

g rlee), and the soft trilinear coupling A, (and brane coupling A,ler). The limiting thick blue lines correspond to the analytically

obtained cross sections for an extremal Z7,7, coupling: ¢y, = QtZR

[lower limit] and c,, = Q'ZL [upper limit].
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In the middle plot of Fig. 22, without brane soft terms,
only cross section values in a lower part of the theoretical
region are reached; that is to say that the relevant Z charge
¢y, of the 7, squark [cf. Eq. (72)] is close to Qg* (cpp = QIZR
corresponds to the lower limit in the scan) and thus that 7,
is never too far from being mainly composed by the 7
state. This is consistent with the analysis of the middle plot
of Fig. 20, which has revealed that 7; is never too far from
being mainly composed by the 7; .

In Fig. 23, we finally illustrate the e* e~ — fl_fz reaction
as a function of m;, with /s =800 GeV. Now the
scanned points on plots never cross the line corresponding
to the cross section for the extremal Z?l?z coupling ¢y, =
—(1/2) X I§, = —1/4 [unique line drawn on the three
plots] associated to sin26; = 1 [see Eq. (72)].

In the middle plot of Fig. 23, without brane soft terms,
the reason why the cross section values never reach the
analytical line at ¢;, = —1/4 is that sin26; never reaches
unity. Indeed, we have seen that, in the warped pMSSM
without brane soft terms, the mixing angle 6; is constrained
from above.

For instance, a measurement of the cross section
o(e*e” — 7,7;) and mass my;, at the ILC could allow one
to distinguish between the two RS scenarios of SUSY
breaking. Indeed, the case where the experimental
values of o(e*e™ — 7,7;) and m; would fall outside the
theoretically predicted domain in the middle plot of
Fig. 20 would exclude the scenario without soft scalar
mass and trilinear A terms on the TeV-brane. Such mea-
surements would be compatible with the other RS version
(presence of brane soft terms) if they belong to the theo-
retical region in the right plot of Fig. 20 [otherwise, these
experimental data would conflict with both 4D and 5D
SUSY].

The same kind of test could be investigated with
measurements of o(e*e” — f,7,) and m;, [see Fig. 22]
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or by reconstructing o(e*e” — 715) and, e.g., m;, [see
Fig. 23]. It is interesting to note that performing the
three above tests together at the ILC could even lead to
correlated indications for the RS model with brane soft
terms.

Such tests are possible if the predicted theoretical
regions have fixed conservative limits. Now we have
seen when discussing Fig. 13 that the theoretical region
was limited (from above) by the minimal c;, I values. It is
thus [see the above discussion] the case also for the
theoretical domains obtained in the middle plots of
Figs. 20-23—not speaking about the absolute limits
(blue lines) induced by the extremal Z couplings.
However, in the case of a bulk gauge custodial symmetry,
one should impose typically ¢; , = —0.5 [69] to avoid
the existence of too light scustodians, which would have
been observed at colliders. There would thus be fixed
limits to the theoretically allowed domains. By the way,
the above constraint, more strict than the one we have
imposed: Ciyn > —1, would lead to an even more re-
stricted area of spread scanned points. Furthermore,
some information (and hence constraints) can be obtained
on the ¢; , parameters from top squark mass related
measurements.

Concerning the experimental feasibility of such tests, a
reasonable precision expected at the ILC for the o(e*e™ —
£;f;) measurement is 80, ~ 5% [113] (~ 1% at most
[118]), while it was shown in Ref. [123] that m; recon-
structions at the ILC with an accuracy around 1% can be
obtained by using 20 fb~! of data. The exact uncertainties
reachable at the ILC depend on the methods used and
SUSY(-breaking) parameters. Stating on the above uncer-
tainties at the percent level is realistic and sufficient for the
realizations of the proposed tests, given the large sizes of
theoretically forbidden regions in the middle plots of
Figs. 20-23.
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FIG. 23 (color online). Cross section for the reaction et e~ — 7, ?2 (in fb) at a center-of-mass energy /s = 800 GeV as a function of
mz, (in GeV) within the 4D pMSSM [left plot], RS pMSSM without brane soft terms [middle], and RS pMSSM with brane soft terms
[right]. All points presented here are obtained from a scan inside the ranges given on the plots for the parameters ¢,/ = ¢;, . tanf3,

and u (and pr in RS), the soft top squark masses 7y /z (and brane masses 7y /gler), and the soft trilinear coupling A, (and brane
coupling A,|.¢). The limiting thick blue line corresponds to the analytically obtained cross section for an extremal Z7,7, coupling:

Cip = *(1/2) XI_%L = *1/4
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IV. CONCLUSION

If the fundamental theory of nature is of the string theory
kind, the effective low-energy model manifesting itself at
present and future particle colliders would probably be a
higher-dimensional SUSY model. In this paper, we have
studied the theory and phenomenology of such models
entering the class of particularly well-motivated frame-
works with a warped space-time.

First, we have derived in a consistent analytical way,
within the realistic 5D pMSSM context, the effective 4D
Lagrangian for the brane-Higgs interactions as well as the
complete sfermion mass matrices (illustrating explicitly
the example of the top squark quark) induced partially by
such interactions.

Those theoretical investigations have provided us with
the necessary tools to perform concrete phenomenological
studies of the RS SUSY models. In this respect, we have
first demonstrated that the cancellation of quadratic diver-
gences in the one-loop corrections to the Higgs mass is
deeply related to the 5D anomaly cancellation (similarly to
4D). We have also found that the quadratic divergence
cancellation occurs for any 5D cutoff, which means possi-
bly for a “truncated” 5D SUSY theory (as it must be due to
its nonrenormalizable aspect). In these loop calculations,
the accent was also put on the justification of the infinite
KK summation required in the KK regularization which
opened up a rich debate in the literature a decade ago.
Possible perspectives are the extensions of these calcula-
tions to the sfermion masses.

Concerning collider physics, there is a crucial question:
In the hypothetical situation where some superpartners
were discovered whereas all KK modes were outside the
reach of direct detection (at the LHC and/or the ILC), how
could one distinguish experimentally between a pure 4D
SUSY scenario and a warped 5D SUSY model? In particu-
lar, the virtual effects of KK gluon excitations on the top
squark pair production at the LHC might certainly be at
least as tricky to detect as the similar effects for the top pair
final state [120]. We have developed some tests that could
help distinguishing, specifically, the RS pMSSM (with
bulk SUSY-breaking sfermion masses and brane-Higgs
bosons) from the 4D pMSSM. For instance, we have shown
that the heaviest top squark eigenstate can reach lower
mass values in the RS pMSSM than in the 4D pMSSM.
Other clear 4D-RS pMSSM differences, that may be used
for data-based discriminations, are those arising from the
slepton mass sector of mSUGRA scenarios where larger
mass splittings can occur in 5D setups. Finally, in the same
philosophy applied to the SUSY Higgs sector, it has been
shown, in particular, that branching ratios of H decay
channels into sleptons can reach dominant levels in the
RS pMSSM, a feature absent from the 4D pMSSM. In the
future, it will be interesting to explore a related direction:
The search at hadron colliders for the SM Higgs boson—or
the lightest neutral 4D SUSY Higgs field A~—could be
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affected by new significant contributions to the gluon-
fusion mechanism induced by 5D effects [if not too
much constrained by present experimental data], effects
representing other potential distinctive signatures of 5D
SUSY scenarios. We conclude our phenomenological
analysis with the suggestion of complementary methods
for pinning down the presence of soft terms on the IR
boundary by using top squark pair production at the ILC,
which is more related to the discrimination between vari-
ous RS pMSSM versions.
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APPENDIX A: THE SUPERSYMMETRIC 5D
LAGRANGIAN

We consider the usual warped space-time based on the
5D metric G,p:

ds? = Gpdx*dx® = e_z"(”nw,dx“dx” — dy?,

(A1)
y € [—7R,; +7R,],

VG =fdellG 451 =4(— (e 20y =470, (A2)

where capital Latin letters A and B are 5D Lorentz indices,
Muw is the 4D flat (4, —, —, —) Minkowski metric, and x*
denote the usual coordinates (u = 0, 1, 2, 3), while y pa-
rametrizes the fifth dimension.

1. Superfield content

Writing higher-dimensional SUSY Lagrangians with
ordinary N = 1 4D superfields only allows one to make
the N = 1 4D SUSY invariance manifest, and it prevents
from explicitly covariant forms. In spite of these limita-
tions, it allows for a more compact form than when using
the component fields themselves and also to easily get the
bulk-boundary couplings. We thus adopt this formalism.
This approach was first developed for theories with 10
dimensions [124] and then extended to other dimensions
[125] and to incorporate the radion superfield [39].

In this appendix, we derive explicitly in terms of the
fields, within the RS SUSY framework with a bulk U(1)
gauge symmetry, the whole Lagrangian encoding the
Yukawa and gauge couplings of the two N = 1 5D (or N =
2 4D) bulk hypermultiplets {®;, ®; "} and {P§, DS~} to
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two N = 1 4D complex chiral superfields localized on the
TeV-brane called HY (as it will play the role of the “up-
type” neutral Higgs superfield when extending this toy
model to the pMSSM) and HS, (for “down-type”’). The
N = 1 chiral superfield ®@; (the subscript L corresponds to
the chirality of the contained fermion field once promoted
to a four-component spinor: See just below [126]) with
Neumann BC at y = 0, 7R, [denoted as (+ +) in the main
text] reads as

D, (xH, y; 6, 0) = L (x*,y) + V2607, (x#, y)e~1/D70)
— 00F (x*, y) + i00"00 , ¢ (x*, y)

APy _
+—=000540, (x*, y)e~1/D70)

V2

| E—
= 700000,0" b (x*, y), (A3)
{; being the two-component spinorial field, ¢, its scalar
superpartner, and F; the auxiliary field, whereas its com-
plex conjugated expands according to

D(xt, y;0,0) = b (x4, y) + V207, (x, y)e~(1/270)
—00F (x*y) — iﬁa"‘é’_aﬂq_ﬁL(x“, y)

+ HHU“GMZL(X“,y)e_(l/z)"(y)

-

060000,,0" ¢ (x", ), (A4)

Bl

and its charge conjugated superfield with Dirichlet BC at

y = 0, 7R, [denoted as (——)] is

Dy (x4, 330, 0) = b (x#, y) + V20, (x#, y)e1/270)
— 0OF§ (x*, y) + i00+00 , ¢ (x*, y)

Py _
+—=0005"09, x(x*, y)e” (1/270)

V2

1
— 4 06080,0" b7 (3", y). (A5)

1

Q(x*,y;,6,0) = 7

5

3, being a real scalar field.

| | R— 1
+ —zeaaaﬂ 3, Ay (x#, y)e 17270 — Zaaaaaﬂaﬂ—2[2(xﬂ,y) —iAs(x*,y)],
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We define another superfield ®¢ through its charge con-
jugated state [this will allow us to introduce only left-
handed chiral superfields, as usually in the 4D pMSSM]:
D (x4, y; 0, 6) = prlxk, y) + V20 xg(x#, y)e (1/270)

— O00F g (x*, y) + iﬂaﬂéaﬂd),e(x“, y)

i _
+ ——0005™ G,LXR(X’L, y)e (1/2)a(y)

V2

1
= 700060,0" (. y), (A6)

and the opposite BC superfield is

Df (x4, 3160, 0) = PRt y) + V204p(x, y)em /20
— 0OFG(xH, y) + iaa/’«éam;(x#, y)
i _
+—=000G"9 , r(xt, y)e~ 1/2e0)
| R
- 190006M6“¢§(x“,y). (A7)
In our notations, the four-component fermions #, /z (L/R
indicating the Lorentz chirality) read in terms of the two-
component fields as

Pt = (L %), gy = (£,0), p' = (x )

We consider a U(1) gauge symmetry whose N = 1 5D (or
N = 2 4D) gauge supermultiplet is known to have the
same field content as one N = 1 vector supermultiplet
with (++) BC, for which we write the decomposition as
(in the Wess-Zumino gauge)

V(x*,y:60,0)=00"0A,(x*,y) —i606 A, (x, y)e~C/2ok)
+ 000X, (x*,y)e /Do) + 10000D(x*,y),
(A8)
A, denoting the gauge boson, A, the Weyl gaugino field,

and D the complex auxiliary field, plus one (——) N =1
chiral superfield, that we write as

1
[S(x#, y) = iAs(x#, y)] = iV20 A, (x*, y)e~1/D70) — 99 F o (x2, y) + iﬁo“ﬁau—z[i(x”,y) —iAs(x*, y)]

A9
7 (A9)

2. Superfield action

The field content described in the previous subsection together with the following action Ssp define the toy model
analyzed in this part. This action is given by Ssp = Sgauge T Shiggslbrane T Smater With, following the formalism of

Ref. [39],
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1
Sgauge = Z [dsx[dza(WaWa + H.c.)

+ [de/d‘*ae*%(y)(ayV - %(9 + Q))

2
(A10)

Smatter

= [de/d40e*2"()’)(<i>Le*2quVCI>L + O, eV,
+ DS e 28UV DG + DG 2898V DT
+ / d°x f d20e7370)(d; 7 [Ds — 2gq, Q]

+ @57 [Ds — V2gqrQ]P¢) + Hee, (A11)

SHiggs |brane
=dex[d“ae—%(y)([_Tge—@gqf,g)VHS

— —(2g9,0)V
+HY% Csduy) HY8(y—mR,)

+ [dsx[d206_3"(Y)(MH2H2 + YHID, D$)8(y— 7R,)

+Hec, (A12)

where g () is the 5D gauge (Yukawa) coupling constant,
Ds =9, — (% — ¢y p)o’ [with o’ = 9,0(y) = sgn(y) X k,
sgn(y) being a step function], and the U(1) charges of the
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superfields HB,w ®,, and @7 mustobey gy + g + g =
0, g + quy = 0. The above c¢; /g terms represent 5D
mass terms in the superpotential of the superfields
®, /s that will lead to 5D fermion and 5D scalar mass
terms, as will appear soon. In the above action, the funda-
mental parameter u is of the order of k.

3. Auxiliary field Lagrangians

The 5D Lagrangian for the gauge auxiliary field D is
given by [from now on, ¢ stands for o(y)]

Ly=1D?+e72D(d,—20")%
—8e 2 D(q (L — 5 P7) + qr(brdr— PR bk)
_ ge—ZU'D(qu ‘JEHS (’bHB + qu $H2¢H2)6(y - 77Rc)x
(A13)

¢y and ¢H2 being the scalar field components of the

superfields HY and Hg, respectively.
The 5D Lagrangian for the auxiliary field F(, is given by

.EQ = e_ZUFQFQ
- \/583_30((61L¢2¢L + qrdidr)Fq + Hc.).
(A14)

The 5D Lagrangian for the matter auxiliary fields,
namely, F;, Fg, F§, and F§, is given by

Lp= e 2(F Fp + F{FS + FrFg + F4F%) — e 39 (F¢Ds¢p, — F DLdp$ + FyDspp — FrD5i%) + H.c.
+e7372g(q (P F + Fpy) + qr(diFr + Frdg))E + He.

— e Y (o drFrL + P Fr)6(y — mR,) + Hec,

where D} = 9, — 3+ ¢, g)o’. This Lagrangian is ob-
tained after integrating by part (for convenience).

The 5D Lagrangian for the Higgs auxiliary fields Fpo
and F HO is given by

Ly=e 7 (FyFpy + FHSFHS)‘S(.Y — 7R,)
— e (uFpodp + ndpFryo

+ YFpdrdr)é(y — mR.) + He. (A16)
4. Auxiliary field solutions

The solutions of the equations of motion for the auxil-
iary fields are the following ones:

D=—e27{(9,—20)3 — g(q.(Pr b — Pi b)
+qr(rdr — d5b%) — 8(quo bpo b

+ i bro )5y — TR}, (A17)

(A15)

[

Fo = —2ge (q b5 b1 + qrdisdr), (A18)

Fp = —e “((Dy + g3) 5 — sy — WRC)J’HBQ_SR),
F§ =e 7(Ds — g2)y, (A19)

Fr= _3_”((1)/5 + gz)d_’?} - yé()’ - WRC)J’HQ(Z’L),
Fi = e 7(Ds — g2) by, (A20)

Fpy=e " (b +VYdodr) Fp=c "ady. (A21)
Plugging those back into the above Lagrangians, we get

L, =-1D?% Lo =—e2FgF, (A22)
Lp=—e2(F F, + FSF§ + FgrFg + F4F%), (A23)

Ly=—e2(FypFy + FHgFHg)ﬁ(y — mR,). (A24)
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5. Scalar field Lagrangian

The whole 5D Lagrangian—all SUSY Lagrangians given in terms of 5D fields in this appendix are provided before field
redefinition through warp factors—for scalar fields Ly;, + Lcatar» With Lear = Lp + Lo + L + Ly, can be rewritten
in explicit forms as

'Ekin = 67206M$H136M¢H25(y - 7TRC) + 87206},'(,51{28”'(!51.125(}7 - 7TRC) + 87206M$L6#¢L
+e720,p5 oM s + 720, pro* g + €279, pG* b, (A25)

VG Lye = D5 D5y + DsprDschg + |,U«|2¢_3H2¢’H25(y — 7R.) + |Y8(y — mR) P b — Dl
+1Y8(y — mR)ppopr — Dibi1* + lwpm + Yo drl?8(y — mR.) + 2¢%lq 5 b1 + qrdidrl?
+ %l(ay —20')2 - g(QLA¢L + QRAqu + [‘1112&1—124"1—12 + ‘11—184_’112¢1-1§}]5(y - 7TRL~))|2, (A26)

where, e.g., Ay, = drdr — ¢4 P%. By developing the |Dseh|, [DL|?, and [(8, — 20”)2|? terms from above, one finds
the 5D scalar masses:

mf,,L/R,(,);/R = (ci/R Toepr — DK+ G F cpr)d,(0,0), m} = —4k* + 29,(9,0). (A27)

If one now develops the last two lines proportional to the g gauge coupling in the above Lagrangian, one finds (after a few
simplifications)

_\/E_lﬁscalar = DS(Z)LDS(bL + DS(iRD5¢R + |1U“|2(5H2¢H26(y - 7TRC) + |y8(y - 7TRC)¢H2¢L - Dg¢§€|2
. 1
+1Yé(y - 77'Rc)¢Hg¢R - ng’ﬂz + |M¢H3 + Y dpl*6(y — 7R,) + §|DI§E|2

- g(QL(d_’LQ"L - d’i(f_’i) + qR(d_’Rd)R - ¢fe¢_31ce) + oy — WRC)(QH;’J’Hgd’HB + ‘IHgd_’Hgd’Hg))DgE

2
+ 8 GRUBLE + 1651 + gl + 16519 + 8 = 7Ry bl + 2l bugl)
+8%(a7ldi oLl + arldrdrl” + 4 a8 (v — TR S bpml®) + 2qLar(lbLdrl?
— L d&l> — 1S Prl* + |5 d&I> + 2(¢5 L psbr + Psbrds PL))
+8%(q(amlbrdml® + amldrdml®) + arlamldrdml® + auldrdml?)d(y — 7R.), (A28)

with DX = o, — 207

One can also simply add the soft bilinear terms for the Higgs fields on the TeV-brane, and having, as usual in RS, soft
squared Higgs masses and Bu (Higgs mixing) scales of the order of k squared leads to 4D effective soft terms with a scale
at the TeV. The soft scalar trilinear A couplings are discussed in detail in the main text.

6. Fermion field Lagrangian
We now derive the fermionic part of the 5D Lagrangian issued from the actions in Egs. (A10)-(A12):

Liermion = —€ *7(x1 DY + X DY + xwD2ir + XrDYg) — ie 37 ({po#0, 00 + (ro#0 . Lk)
—ie 7 (xLo "I X+ XROP I XR) — i€ (Lot dpo fyggﬂaué;yg)(s(y — 7R.)
— e (A0, = 3Ny + Ay(0y — 3K)Ay) — ie 3T (Ao, Ay + Aot Ay)
- 6740(,“{;13{112 + Ybuolilr + Ybrlnolr + Yo )o(y — mR,)
— iV2e 7 g(quy (g hidy — bl i) + duo(brmAi g — brolod))8(y — 7R,)
- iﬁe—“”S(‘]L(‘Z’LMfL — $L{ ) + gr(drMlr — drirA1)
+iv2e 4 g(q (Bs Axe — b5 XL A)) T ar(bihixr — diXrA)
— iv2e 7% 8(qr (b5 Mady + drxiho) + qr(BaAale + drxrhy) + He, (A29)

where DY = 9, — (2 — ¢, /g)0”" and ¢ o, are the Higgsino two-component spinors.
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7. Gauge field Lagrangian

Finally, the gauge interactions encoded in the superfield actions of Eqgs. (A10)—(12) read in terms of the 5D gauge

fields as

_ _1
£gauge - ZFMV

Fr +1e7279 A0 A* + 1e7279 5913,

+ e_ZU(D#(ﬁLD“d)L + D/_L(i)ZD'“(ﬁz + DM(,ﬁRD'U'(ﬁR + D/Ld);‘eD'“(ﬁfe)
— e 39(ifpo*D Ly + ix oD,y + ilgo* D, {r + ixgot D, xg)
+ 6_2U(D#¢H3D”¢Hg + D/L¢H2DM¢H2)8(.V — 7R,)

- e_3g(i§H80-MD/.LZH2 + lZHSO-MD,U,ZHg)a(y - 7TRc)J

where
D, =0, +igqrA,/ld, + ngHB.,,AMDM¢D#¢
= 0,004 +igq(dd,d — i, P)A*
2,27 : 7
+ g°q°ppA, A ilo* D, L
= i{a"‘aﬂf - gq{a“ZAM.
To compare with another parametrization often found in
literature, one can rewrite the secon_d term of Eq. (A30) in
terms of the new coorcklinate 7= %()) y=0ez= % =R
andy=7TRC(:>z=%R"ER’):

1
%e—zv(ayAMV — ——A (ag - EaZ)A#. (A31)

APPENDIX B: WAVE FUNCTIONS

1. Generic relations

Any wave function f,(y), for an nth KK state along the
fifth dimension y, satisfies the orthonormalization condi-
tion (after the usual RS field redefinition)

[ Ry = B, B1)

showing that f,(y) has dimension 1/2, and the complete-
ness relation (see, for instance, Ref. [127])

> a0 fa0") = 80y = ¥ (B2)
n=0

2. Solutions for free vectorial fields

For the equations of motion in the warped SUSY back-
ground, the solutions for the wave functions along the fifth
dimension of the free 5D vectorial field in Eq. (A8), with
KK decomposition

[e o]

At y) =3 AR (Mg (),
n=0

are [7] forn = 1

(A30)

1 e’ MW o
++ — - J
gn () "“‘szan[ 1( k )
M(n) o
opromy (Y25

L (MW k) + (MM k)T (M ™ [ k)
Y (M™/k) + (MW /k) Y[ (M™ [k)’

where o = o(y) = klyl, J,, Y,(J}, Y}) are the (differenti-
ated) Bessel functions, M) = M}fl)( is the nth KK gauge
mass, and N,, is the normalization constant. Note that these
wave functions are given here before the field redefinition
usually done in the RS model. The solutions for the wave
functions of the associated 5D scalar field in Eq. (A9), with
KK decomposition

(B3)

b (M) =

S(xt,y) =D 20 (k) g, (v), (B4)
n=1

are [7] forn =1

= g f2)
M(n) s
+b5*(M<n>)YO( ke )]

_ Jo(M™ /k)
Yo(M™ /k)

For completeness, we present the wave functions of the
would-be A5 component, even if we work in the gauge
where As = 0 together with the constraint 9#A,, = 0:

(B5)

by ~(M™) = = b (M™).

As(xt,y) = 3 AP (#)ay = (),
n=1
with, forn = 1,

a,” (y) =e7g, (). (B6)
Using the various relations on Bessel function deriva-
tives, one obtains the useful following relation:

(9, —20N)g, () = —MWe*7g ¥ (y).  (B7)

There is also a term — (o’ /') g, ~, but this term gives rise
to a vanishing contribution when replaced in couplings and
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integrated over y because o' = 2k[8(y) — 6(y — wR,)]
and g, vanishes at y =0, 7R,.. One finds also the
relation
ay8r T (y) = MMg,(y). (B8)
Equations (B7) and (B8) allow one to recover the dif-
ferential equations [128]

1
%(ez(f }gﬁ(y))= —(M")2gi () (BY)

and [7]

PHYSICAL REVIEW D 84, 015016 (2011)
3. Scalar and fermion fields and SUSY breaking

Similarly, the solutions for the wave functions along the
fifth dimension of the 5D scalar fields introduced in
Appendix A, with KK decomposition

brir(y) = 3 V) fi epriy), (BID)
n=0

b5 (0 3) = N ) (epry), (B12)
n=1

read as [7]

—2c
1 L/R ___  k(1/2)=cLip)y=mR,)
—e 179 ( “259v&n (y))_4kzg;_(y)=(M(n))2ez(rgn__(y)‘ fo (CL/R’y) ‘/7‘/ — e (- Qe R)kmR. !
(B10) (B13)
|
for the unique zero mode and as [defining aLi r = lcr = 1/2]]
n) o (n)
e’ m; e m; e
++ . Ty ( L/R ) + bt ™y, ( L/R ):I’
fn (CL/R y) \/TT N [ k aL/R(mL/R) a k (B14)
i gy = 272 cr/m) Wy, () K) + (/R (om0
+ \m = = s
e 2= /2= )W, (om0 (m)/RY L (i) /R)
fﬁi(C it )= S n( )#62_0- J - M + b (m(”) )Y _ m(Ln/)Re
n L/R>Y gnly \/QTT—R—C— Nn e ap  NL/R e, k » (Bls)
(n)
o ( (}’l) ) _ JQZ/R(mL/R/k)
R e /1)
for KK modes (n = 1), where m(") = m (¢, z) is the
L/R KK /R n —— .
nth KK scalar mass (the KK fermion spectrum is identical xp(xt,y) = Z X( )(x“)a’n (cL3y), (B19)

as we do not consider Sherk-Schwarz—like mechanisms of
SUSY breaking) and N, is the normalization constant. At
this level, the field redefinition has not been performed for
the nth wave functions.

From the above wave function expressions, we deduce
the useful relations

(0y — (cpp + %)U/)f;_(CL/R;)’)

= —m@(cp)e’ f  (cymiy) (B16)
(8, = (=crp + D (cpriy)

= mKK(CL/R)e fn~ (CL/R§)’)- (B17)

Concerning fermions, an example of KK decomposition
is (in the two-component notation)

L6k y) = e wf (e y),

n=0

(B18)

where c; parametrizes the 5D mass of the ®; superfield in
Eq. (A11). The wave function w, *(c.;y) [respectively,
w, “(cp;y)] is exactly equal [after the RS field redefini-
tion] to the scalar superpartner wave function f, " (c.;y)
[respectively, f, ~(c.;y)] as imposed by SUSY. This re-
mains true as long as the SUSY breaking does not occur
through the Scherk-Schwarz mechanism. In fact, these

scalar wave functions f, e depend on the scalar bulk
mass a and boundary mass b, which are imposed by 5D
SUSY to be the following functions of the fermionic super-
partner bulk mass c;o’ [cf. Eq. (A29)]: alc;) =
¢? =¢; —15/4 and b(c;) =3/2 % ¢, [cf. Eq. (A27)],
relations rendering the scalar and fermion wave functions
identical in terms of the c¢; parameter. Analog remarks
hold for the cyp case as well as for the KK masses
m%)((CL/R)-

A possible SUSY-breaking framework—that we con-
sider in this paper without specifying the underlying
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breaking mechanism—is that additional bulk or brane
masses arise for the scalar fields, encoded, e.g., in a(c; ) +
Sa and b(cy) + 8b: These corrective masses spoil the
SUSY relations between scalar and fermion bulk or brane
masses and in turn break SUSY. It is more convenient for
the numerical calculation parts to define, e.g., a new cj
parameter for scalars such that a(c;) + da = a(c}) and
b(cy) + 8b = b(c}), i being different from the fermion
(or superfield) mass parameter c; in this framework. Then

the fermion wave functions can still be written
) +/ " (cp;y), while the scalar wave functions
A "~ (c¢};y) are now controlled by an independent

mass parameter related to the amount of SUSY breaking.

Note that such a SUSY-breaking framework resembles
the situation where additional (with respect to the pure 5D
SUSY Lagrangian) bulk masses, e.g., dc¢; o’ would appear
for fermions. Indeed, the SUSY bulk masses for fermions

¢; o’ would be shifted to c{ o' = (¢, + 8c¢;)o’,anew mass
independent from the scalar ones depending on a(c;), b(c;)
[one would deal here with a);,r+/__ (c{; y) and f;[+/__ (cr;
y)]. This framework would be quantitatively equivalent to
the previous one for final physical masses but would lead to
an interesting alternative to usual SUSY-breaking frame-
works (4D or 5D): Here typically both fermions and their
scalar superpartners would be initially heavy (mainly due to
their large and identical effective Yukawa couplings gen-
erated by equal wave functions), i.e., respecting the lower
bounds on scalar masses, while the fermions would become
lighter (reduced down to their measured masses) because of
the effect of their arising SUSY-breaking bulk masses
[6c/g > 0] on wave functions.

APPENDIX C: 4D VERSUS 5D PROPAGATORS

For a generic bulk field (expressed in terms of 7 = e;@) )
D(xt,2) = Y " (x#)Sy (2)
n
satisfying the orthonormalization condition

R (R\3
f dz(—) SRS =5,

R Z
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the 5D action and the corresponding KK decomposed 4D
action are given by

1 R /R\3 -
Ss=—= fd“xf dz(—) D(xH, 7)
2 R z
, , .3 a?
X | ntra,0, — 9 + Zaz + 2 d(x#, z), (C1)
1 -
Si=—3 f d'xy () (00,9, +m) " (). (C2)
The equation of motion reads as
3 2
[0+ 20+ S0 @ = misio)
Z Z

and the 2-point functions are defined as follows:

3 2
From Ss: [p2 + 92 —EGZ —%]Gg“(pz;z, N=¥8(z—17),
(C3)
from Sy: [p? — m2]G (p?) = 1. (C4)

From above, one can find the relation between the 4D and
5D propagators:

G5 (p*i2d) = 3 G (P (S (@)
n=0

o SM(2)SM (1)

C5
27 (C5)
SEIO) SEIO) / SSJn) szn) /
_ (z)2 (z)+z (2Z) EZ). (C6)
p =1 PT—my
Indeed, one can check that

2 ) 3 a’ Sa( 2 /
P +3z_;3z_z—2 G5 (p*;2,7)

3 a2 n n n
_ [ P =2, - Z_z]zcg (PSP ()SE()

n 3 a2 n n
= S ot e - S s @)
= Y G (PIp? - m1sP ()8 ()

=Y SRS = 8z — 7). (C7)
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