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Abstract. We propose a mechanism that the soft supersymmetry breaking masses can be induced from the dynamical
rearrangement of locdl (1) symmetry in a five-dimensional model. ThE1) symmetry possesses several extraordinary
features. The eigenstatesf1) do not equal to those of boundary conditions. Thé) charge of standard model particles

does not equal to that of superpartners. A ldgd) charge hierarchy among superpartners and a standard model gauge
singlet is necessary in order to obtain the massé&} bfTeV.
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INTRODUCTION

Our goal is to derive soft supersymmetry (SUSY) breaking mass@$ofTeV from the dynamical rearrangement of
gauge symmetry[1], which is a part of Hosotani mechanism[2], or throught the effective potential induced by radiative
corrections. At first sight, it seems to be impossible because any unbroken global SUSY cannot induce non-vanishing
effective potential. Here we would like to change the point of view and answer the question what and how our ordinary
assumptions should be modified or relaxed in order to derive wanted terms from the dynamical rearrangement. On
the way, we will encounter triple difficulties and introdud€l) gauge symmetries with very strange properties to
overcome them.

What we want to know is the physics around the TeV scale beyond the Standard Model (SM). The standard tactic is
to attack the problems in the SM. Our related one is the gauge hierarchy problem[3, 4] or naturalness problem[5, 6].
The problem is thatinnatural fine-tuning is required to obtain the Higgs mass of order weak scale or to stabilize the
weak scalelf nature does not require the fine-tuning for the Higgs mass, we have the idea that new physics might
exist around the TeV scale and/or a high-energy physics might have little to do with the SM. It means that some
symmetry suppresses or cancels the effects of interactions, or the coupling between a high-energy physics and the SM
is extremely weak.

A powerful candidate to solve the problem is SUSY because unwanted divergences can be canceled out by the
SUSY. When SUSY is broken softly, logarithmic divergence appears but harmless if the mass difference is less than of
order TeV scale. Then if nature takes advantage of SUSY to solve the problem, SUSY might be broken softly around
the TeV scale and superpartners might appear around the TeV scale. Based on the SUSY, people usually construct
models according to the scanario thatigh-energy physics is described by a quantum field theory (QFT) respecting
SUSY, the SUSY is spontaneously broken in some hidden sector, and soft SUSY breaking terms are induced in our
visible sector by the mediation of some messeffigers

Now it's time to explain the outline of our exotic scenario[8]. Our scenario isSHBY is explicitely broken, at
some high-energy scale, in the presence of extra gauge symmetries in the bulk, but boundary conditions (BCs) of
fields respect N= 1 SUSY on our brane and soft SUSY breaking terms are induced from the dynamical rearrangement
of extra gauge symmetrieat this stage, the following question arises. In the presence of explicit SUSY breaking
interactions, the gauge hierarchy problem and the naturalness problem revisit or not? If the magnitude of corrections
were small enough, unnatural fine-tuning would not be required. For the time being, we assume that explicit SUSY
breaking interactions are extremely weak without specifying the origin of such breaking terms.

The content of this paper is as follows. In the next section, the background including preceding works is reviewed
and basic ingredients of our scenario are listed. In section 3, a model is presented to illustrate our idea. Conclusions
are given in section 4.
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A SCENARIO

Let us explain the background and our scenario in order. That is, the relevant preceding study for the origin of soft
SUSY breaking terms from extra dimensions and basic ingredients of our scenario are presented.

First relevant preceding work is the Scherk-Schwarz mechanism[9]. In this mechanism, SUSY breaking terms
originate from the different BCs between fields and those superpartners. For example, by imposing the following
BCs for five-dimensional (5D) scalar fiete(x,y) and its superpartnep(x,y):

P(x.y+2MR) = M9p(x,y) , WYX y+2MR) = P(x,y), (1)

the massless modg® (x) of scalar field acquires the masgR after compactification, and then SUSY is broken down.
Herea is a constant phase aRds a radius of the circl&'. In order to obtain the mass 61)TeV, the magnitude of
a should takeD(R/TeV—1). If the extra dimension had a very small size such fat O(1/10'%)GeV 1, a should
be tiny such a©(10~13).

The Scherk-Schwarz mechanism has been applied to the minimal SUSY extension of SM (MSSM) on the 5D space-
time M* x (St/Z)[10, 11]. HereM# is the four-dimensional (4D) Minkowski space, a8tfZ, is one-dimensional
(1D) orbifold, which is obtained by dividing* with the Z, transformationy — —y. TheN = 1 SUSY in 5D theory
is regarded a®l = 2 SUSY in 4D language. The gauginos consist of doublets uSU¢?)r. Here R means &R
symmetry. By imposing the following BCs for gauginos:

( j\\; )(X7—Y)=)'S( _/\)\21 )(w), ( j\\; )(X,y+2nR)=e2m“”2< ﬁ; )(x7y)7 @)

the SUSY is partially broken down td = 1 in 4D language and thd = 1 SUSY is softly broken down with the
gaugino mass proportional to the constant plegseHereT, is the second component of Pauli matrix.

The next one is the dynamical rearrangement[1]. In this mechanism, the physical symmetry and spectra are obtained
after the determination of vacuum state fixed by the Wilson line phases as a minimum of the effective paiential
The following two pictures are gauge equivalent. One is a system with the periodic BCs for matter fields and the
non-vanishing vacuum expectation values (VEVSs) for extra-dimensional components of gauge fields. The other one is
that with the twisted BCs and the vanishing VEV. In the case with 5D model, it is summarized schematically as

{o(x,y+2mR) = @(xy) , (A)=2ma/R} ~ {@(xy+27R)=e""p(xy), (A)=0}, 3)

whereAy is the extra-dimensional component of gauge field anstands for the gauge equivalence. Through the
mechanism, the gauge symmetry can be dynamically broken down or restored.

From the above observations, the following question arises natusatipossible to break SUSY from the dynamical
rearrangement? Or does the Scherk-Schwarz mechanism work dynamically?

If we try to answer affirmatively, we encounter two major barriers suddenly. One is on SUSY. Unbroken SUSY
usually leads to the vanishing effective potential and so the Hosotani mechanism does not work to generate terms we
want. The other one is on broken charge (and SUSY). To generate soft SUSY breaking masses, relevant broken charge
of SM particles (except Higgs bosons) should vanish, but those of superpartners (except Higgsinos) should not vanish.
That is, the SM particles and their superpartners do not have a common quantum number for some gauge symmetry. A
possible candidate for relevant broken charg@U$2)r. Hence we need a theoretical framework with a I&8id(2)r
symmetry. Furthermore a theory should have a local SUSY be@ui&r is not orthogonal to SUSY.

As a framework with a locabU(2)g symmetry, 5D supergravity (SUGRA) is known[12, 13], and the breakdown
of SUSY from the Hosotani mechanism has been studied in this framework[14, 15]. From the 5D SUGRA including
S'/Z, as the extra space, the following effective potential is obtained
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3
Veit = 3568 2
whereNy andNy are numbers of vectormultipletes and hypermultiplets in the bulk, respectively. From (4) enly
or 1/2 can be obtained in the absence of other SUSY breaking sources. Then it leads to unbroken SUSY or large
SUSY breaking ifR is very small. Here, the third barrier appears, that is, how we should obtain the SUSY breaking
masses with an appropriate size. This is a tough barrier because the result (4) is robust from the fact that the effective
potential is relevant to the numbers of particle contents and the normalizat®d(@jr charges is fixed from the



group theoretical reason. In this way, we arrive the no go theorensdfiaBUSY breaking parameters ofiQreV
cannot be obtained via the Hosotani mechanism from any SUSY QFT without SUSY breaking sources and with flat
small extra dimensions
We would like to escape the no go theorem by modifying or relaxing assumptions. In fact, we fitldetleais a
chance if SUSY were broken in the bulk in the presence of ex¢tic Here WhyU (1)? What does the exotld (1)
mean? And how do SUSY breaking terms come from? Those are questions we will address.
Next we explain the basic ingredients of our scenario. They consist of six parts.

(1) The space-time is made from a productf and the extra spad®. Our 4D world is a brane or boundary in the
bulk.

(2) The relevant gauge group@sy x G'. HereGgy is the SM gauge grou@sy = SU(3)¢ x SU(2). x U(1)y and
G’ is an exotic gauge group. Gauge multiplets live in the bulk.

(3) The same number of bosonic fields and fermionic ones exits, e.g., as a remnant of SUSY at a higher energy scale
beyond our starting QFT. The corresponding partners have a same quantum numb&dyndert a different
quantum number under’ Hencethe SUSY is manifestly broken in the bulk at a turn of the switcH.GFi&n
the SUSY breaking effects must mediate on the brane. To avoid the gauge hierarchy problem and the naturalness
problem, we assume that the coupling between the SUSY breaking source and the SM sector is extremely weak
with a tiny gauge coupling and/or a tiny charge.

(4) The G is broken down to its subgroud’ on our brane by suitable BCs relating the extra dimension, which
respect the SUSY. Hendbe N= 1 SUSY can be realized in the low-energy spectra on our bedrtee tree
level. We assume that all fields are singlets (or fields and their would-be superpartners have a common quantum
number) undeH’.

(5) The MSSM fields come from zero modes of bulk fields and our brane fields. Physics can be described as the
MSSM without soft SUSY breaking terms on our brane at the tree level.

(6) The dynamical rearrangement @f/H’ occurs and soft SUSY breaking masses are induced. Those masses are
proportional to the VEVs of extra-dimensional components of broken gauge bosons and broken charges, that is,
generators of5’/H’. To obtainms,s, of O(1)TeV, tiny charges are required andd¢l) symmetry is suitable.

(This is the answer for the question whiy1).)

A MODEL

Let us illustrate our scenario in a more abstract form. The space-time is assumeMfot&'/Z,). We introduce
the exotidJ (1) gauge fieldﬁ\,i;)(x, y) (M =0,1,2,3,5) with the following BCs:

Ay (xy+21R) = Al (x.y) 5)
AL (6 —y) = AT (0y) s AL (6 —y) = AL () 6)
A (x2mR—y) = —A (xy) . AS)(x2mR—y) = AL (x,y) . 7)

ThisU (1) is broken down by the above BCs because the massless mé{fe) dft =0,1,2,3) is absent. On the other

hand, the massless modeArgf) survives and becomes a dynamical one, which plays a central role on the dynamical
rearrangement.

Let us explain a way to assigfy even parity forAé’). This method is a variant given in Ref. [16]. We introduce a
doubletgy (k= 1,2) under theZ, reflection whose BC is given by,

(X, Y+ 2MR) = no@(X,y) , @(X,—Yy) = Mm@(X,y), @(X,2nMR—-y)=n2@(x,y), 8

2 We do not specify the origin of exotic gauge symmetries. As a conjecture, bulk fieldsGvignantum numbers might be solitonic objects
originating from unknown non-perturbative dynamics on the formation of space-time structure in a more fundamental theory. Or they might be
survivers from SUSY multiplets after decoupling some partners.



wheren; andn; are intrinsicZ, parities whose vaules a#€l or —1, andng = nin». We can construct th&, invariant
Lagrangian density. For example, the extra-coordinate part of kinetic term is given by

d5+iq AL 0 ( @ >
0 05 —iq AL )

where we omit the SM gauge bosons irrelevant of our discussion and the gauge coupliit)of to avoid a
complication. From (9), th&, doublet is the eigenstate &f(1). On the other hand, the eigenstates of BCs are
constructed from linear combinations such that= (@ + @)/+/2 and they obey the following BCs:

2

; 9)

@ (XY +21R) = No@:(X,Y) , @:(X,—Y) =£M@e(Xy), @(X,2mMR—y) =M@ (Xy) . (10)
Using them, (9) is rewritten by
LT RTETR o (Ae(-f))z e \2+ - (11)
iq,A(57> Js Q- a * ’

Where(piO> is a zero mode. We find &U(2)-like structure in the first expression of (11). In this way, mass terms can

be obtained iﬁéf) acquires the non-vanishing VEV. The question left behind is how to dé&iéfé> with a suitable
size.
The BCs of MSSM fields in the 5D space-time are given by

Am (X, Y+ 21R) = A (XY) ,
Ak =) (5 )= Jouy.
A% —y) = —¥At(xY) , A%(x —y) = A%(xY) | (13)
Au(%,2mR—y) = Au(x.Y) , ( Az"‘ )(x,ZnR—y)=—( A; )(x,y),

p

T(x,y+2mR) = Z(xy), A'(xy+2mR) =Al(xy), (12)

Ax.2mR—y) = —At(xY) , A%(x,2MR—y) = BA*(xY) , (14)
Wixyram =iy (B Jxyran = (B Yoy 1)
Wiy =) (e Yoo = (G Joxw. (16)
Wixzmroy) = —ewcn) Gy Jxzrmoy = (G Yo an

whereAy is the 5D SM gauge bosonk, is a real scalar fieldA1,A2) are gauginosy' are fermions represented

by four-component spinors an@', ¢°') are complex scalar fields. The index indicating the SM gauge group or
generators is suppressed amdpresents particle species. Here, those fields are given by the eigenstates of BCs, e.g.,
¢ and@®" are regarded a@, and@_, respectively, wittng = n1 = N> = 1. We assume that sfermions, gauginos and
Higgs bosons have the non-vanishih¢l) chargegs for the eigenstates &f (1) gauge symmetry, andgy, but those
partners do not. Then we obtain the following effective potential for 5D MSSM particles:

B =—4Cy Z —cos [2rmagB] +4Cz Z —cos [2rmouf] — SCZ g n—]écos[Znnq]B] ; (18)
n=1

S n=1

whereC = 3/(128m°R*) and = <Aé_)>R. We find that the effective potential is minimizedft= 0 if gss have the
same magnitude af; andqg,. Then SUSY is unbroken.
By changing the BCs withg = 1 into those wittng = —1 for sfermions, the following effective potential is obtained

sy g _402 Z cos{Znn (;Jrqsﬁ)] +4CZ Z 0s[2rmna,B] BCZ 21:5003[27“1%3] . (19



We find that the effective potential is minimizedg = 1/2 where we take a common valgdor gs for simplicity.
Then SUSY is broken down, but much bigger soft SUSY breaking masses are obtdisd/é@ry small. This result
is similar to the case of 5D SUGRA.

In order to construct a realistic model, we introduce a sector with a SM gauge singletseU (1) charge igjo,
which leads to the following effective potential:

V&8 = —4C inls cos[ZTm (; + qmﬁﬂ . (20)

If de is much bigger than others, this potentié}[3] dominates over the MSSM one and the minimum is given by
0o = 1/2 and SUSY is broken down. Then soft SUSY breaking mass€§DfTeV can be derived ifisps are tiny
compared withge. Hereds, gx andgy are denoted agsp as a whole. Let us explain it furthermore. The magnitude of

<q¢Aé_>> is estimated as /A2R) and that of soft SUSY breaking masses is estimateg#$2qsR). Even if 1/R is
0(10'%)GeV, the masses @(1)TeV are obtained with a large hierarchy such tpafge = O(10-13) or a very tiny
chargegsp unless the magnitude of is big. Hence we find that large charge hierarchy ofg/qe = O(R/Tevl)is
necessary in order to obtain the soft SUSY breaking masseglgTéY.It is a difficult problem whether such a large
charge hierarchy is derived naturally. This is one of problems in our scenario.

The u parameter can be induced by the dynamical rearrangement of abiitbegauge symmetry([8].

CONCLUSION

We have proposed a scenario with an illustrating model. Our scenario is that SUSY is explicitely broken, at some

high-energy scale, in the presence of extra gauge symmetries in the bulk, but BCs of fieldsMesge&USY on

our brane and soft SUSY breaking terms are induced from the dynamical rearrangement of extra gauge symmetries.
The big problem in our scenario is the origin of exdti¢l) symmetry. The exotics come from the following three

bizarre features. First one is that the eigenstatés$(@j symmetry do not equal to those of BCs and it can méke

parities ofA(57> even. Then it turns out to be a seed of dynamical rearrangement. The second one is thdl) the
charge of SM particles does not equal to that of superpartners and it turns out to be a seed of SUSY breaking. The last
one is that there is a large charge hierarchggfde = O(R/TeV~1) and it turns out to be a seed of TeV scale.

Another big problem is how to formulate our scenario in the framework of SUGRA. In the presence of explicit
breaking terms for a local symmetry, the theory can, in general, fall into the inconsistency such as the breakdown of
unitarity and so on.
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