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We analyze some features of the role that extra dimensions, of rRdiuthe TeV ! range, can play in the
soft breaking of supersymmetry and the spontaneous breaking of electroweak symmetry. We use a minimal
model where the gauge and Higgs boson sector of the MSSM are living in the bulk of five dimensions and the
chiral multiplets in a four-dimensional boundary. Supersymmetry is broken in the bulk by the Scherk-Schwarz
mechanism and transmitted to the boundary by radiative corrections. The particle spectrum is completely
predicted as a function of a uniqéecharge. The massless sector corresponds to the pure standard model and
electroweak symmetry is radiatively broken with a light Higgs boson weighkidg0 GeV. Theu problem is
solved and Higgsinos, gauginos, and heavy Higgs bosons acquire mag#es Chiral sfermions acquire
radiative squared-massesx; /R?. The effective potential is explicitly computed in the bulk of extra dimen-
sions and some cosmological consequences can be immediately drawn from it. Gauge coupling running and
unification are studied in the presence of Scherk-Schwarz supersymmetry breaking. The unification is similar
to that in the supersymmetric theof\50556-282(199)04621-4

PACS numbgs): 11.30.Pb, 04.56:h, 11.10.Kk, 12.60.Jv

[. INTRODUCTION fundamental theories aiming to unify gauge and gravitational
interactions at high scaldstring theoriesare supersymmet-
The standard moddiSM) of strong and electroweak in- ric. A common feature of these theories is the presence of
teractions is being tested by present high-energy colliders foicompactifiedl extra dimensions. If all dimensions are small,
energies<200 GeV and is proving to describe the corre-of the order of the Planck or grand unified thedGUT)
sponding interactions with great accuracy. By the same tokelength, their detectability is outside the scope of present or
those experiments are putting limits on the scale of newuture accelerators. However, if some radii are larger, they
physics, suggesting thus that extra matter, if it exists, is onlynight have a number of theoretical and phenomenological
relevant in the TeV scale range. In particular these limits damplications[1—4].
apply to the best motivated of the phenomenological low- From the fundamental point of view the presence of large
energy extensions of the SM, its minimal supersymmetricextra dimensions has been proved to be essential to describe
extension(MSSM), putting bounds around the TeV scale onthe strong coupling regime of certain string theor|és,
the mass of the supersymmetric partners. On the other handhile TeV scale superstrings have been construfes].
the origin of the electroweak symmetry breaki(tE§WSB) From the more phenomenological point of view the presence
mechanism remains as the missing building block of the SMof large dimensions can play a prominent role for gauge
or any low energy extension thereof, given the fact that theoupling unification[9-12], for neutrino mass generation
Higgs boson field has been shown so elusive in all experif13], to provide possible alternative solutions to the hierar-
ments to the present day. In the context of the MSSM thechy problem{14—18, and as a transmitter of supersymmetry
problems of the origin and stability of the EWSB scale arebreaking between different boundarigs9]. On the other
alleviated because the latter is related to the scale of supehand theories with a TeV higher dimensional Planck scale
symmetry breaking, and it is further protected against radiapredict modifications of gravitational measurements in the
tive corrections by supersymmetry: the sensitivity of thesubmillimeter rang¢20], while some features of TeV scale
Higgs boson squared-mass to the high scale is not quadratiuantum gravity theories have recently been worked out
(as in the case of the SMbut only logarithmic. However the [21]. Moreover, the usual problems which arise in any fun-
origin of supersymmetry breaking remains the big unsolvedlamental theory, as, e.g., the proton stability and flavor con-
problem in these theories. servation problems, become more acute when the fundamen-
The presence of supersymmetry in the low-energy extental (string) scale is hierarchically below the Planck scale. The
sion of the SM is further supported by the fact that consistentost natural solution to those problems usually arises from
the presence of some discrete gauge symmetrigs i the
fundamental’string) theory, that are protected against gravi-
*On leave from IFAE, Universitat Autooma de Barcelona, tational radiative corrections and can suppress dangerous
E-08193 Bellaterra, Barcelona. higher dimensional operators corresponding to proton decay
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and flavor changing neutral interactions. Finally experimensquark and slepton secjorRadiative corrections on the
tal detection of TeV radii in future accelerators has beerboundary are computed in Sec. Il B by using diagrammatic
proposed as an unambiguous signature of large extra dimemethods. Supersymmetry breaking is mediated by gauge and
sions[22,23. Yukawa interactions from the bulk to the boundary. Explicit
In the above theoretical constructions, where compactifiexpressions are given for soft-breaking terms. In particular
cation scales are in the TeV range, it is therefore tempting t§0ft masses for sfermions and trilinear soft-breaking cou-
assume that both the compactification scale of large dimerRlings are computed. Because of the presence of the fifth
sions and the scale of supersymmetry breaking have a corfimension the breaking is extremely soft and does not de-
mon origin. This is the case if supersymmetry is broken by end at all on the details o'f the ultraviolet physms. The soft
continuous compactification along the compact dimension bj’asses can then be predicted as a function of a urfijue
means of the so-called Scherk-Schwd&9 mechanism charg_e. E_Iectroweak _symmetry bre_ak_lng is analyzed in Sec.
[24,25. The SS mechanism has been recently used to bred¥- It is triggered(as in gauge mediatigrby two-loop cor-
supersymmetry in sectors with which we only share gravital®ctions induced on the Higgs boson mass at the origin from
tional [27,28 interactions(gravity mediated scenaripand sfermlqn soft masses on the boundary. These corrections are
also in sectors that share gauge interactions with the obserpumerically relevant, due to the smallness of the bulk-
able sectof29-37 (gauge mediated scenarjos generate_d positive Higgs bo_son squared-mas_s, and mu_st be
In this paper we will restrict ourselves to the latter sce-th€ leading two-loop corrections to the effective potential.
narios, where both the compactification and the SuperSer{\_/Ilnlmlzanon of the wholg effective potential Ieads_ to eI(_ec-
metry breaking scales are in the TeV range and can theHOW‘?ak symmetry breaking at the correct scale with a light
leave a characteristic signature in the present or next genergM-like Higgs boson and very heavy supersymmetric par-
tion of high-energy colliders: these scenarios will in this wayticles. The rough features of the mass spectrum are as fol-
be testable in the near future. In particular we will concen/ows: the Higgs boson mass is bounded £110 GeV,
trate in simple five-dimension#bD) models where SS com- Squarks and sleptons have masse TeV while heavy
pactification acts on the fifth dimension, as those presentelfiggs bosons, gauginos and Higgsinos weigh0 TeV. The
in Refs.[30,32, where the main features of electroweak andmodel does not have any problem in the sense that the SS
supersymmetry breaking already appear. In this sense ofii€chanism provides an effectiye parameter- 1/R. It pre-
approach will be a bottom-up one, but keeping in mind that itdicts a light Higgs boson, which means that it can be probed
might possibly appear in compactifications of some moret the CERNe"e™ collider LEP, and a right-handed slepton
fundamental higher dimensional theory. However, as we wiles the lightest supersymmetric partiteSP) which can gen-
see the resulting low energy theory will show very little sen-€rate a cosmological problem unleBsparity is broken or
sitivity to the physics at the high scafeutoff). there are light right-handed neutrinf®2,33. Other alterna-
The p|an of this paper is as follows. In Sec. Il we will tive models with heavier nggS bosons and a neutralino as
present the simplest MSSM extension in 5D, compactified ot-SP have been discussed in Sec. V. The most obvious pos-
SY7,, along the lines of the model analyzed in Refs, Sibility is he_\vmg.the chiral and gauge sector living in the
[30,32. All nonchiral matter(the gauge and Higgs boson bulk of the fifth dimension and the Higgs boson sector on the
sectors will be placed on the bulk of the fifth dimension boundaries. These models suffer from theproblem and
while chiral matter(chiral fermion supermultiplejsive on ~ Present some experimental peculiarities. Finally the issue of
the 4D boundaries. The corresponding 5D and 4D tree-levéfnification in the presence of SS supersymmetry breaking
Lagrangians and their interactions are explicitly written inhas been studied in Sec. VI. We have shown that gauge
Secs. Il A and Il B, including contact interactions, betweencoupling running for the theory with SS supersymmetry
fields in the bulk and the boundary, which are necessary fopreaking proceeds as in supersymmetric theories. In particu-
the consistency of the theory. Supersymmetry is broken bjar we have shown that the dependence of the gauge cou-
the SS mechanism in the bulk, using the U{ B symmetry plmg running on the SS breaking parameters is extremely
of the N=2 supersymmetry algebra. The resulting massles8ny, and corresponds to one part in"1@ection VII contains
spectrum contains just the SM particle content plus the sfefour conclusions and Appendixes A and B are devoted to
mions living on the boundary that do not have excitationsPresent some technical details corresponding to the problem
along the fifth dimension and thus do not receive any mas8f gauge fixing in the 5D theory and the calculation of the
from the SS mechanism. One-loop radiative corrections wil€ffective potential.
be studied in Sec. Il for the bulk, Sec. Ill A, and the bound-
ary, Sec. lll B. In the bulk_the one-loo_p effective poten_tial, in Il. TREE-LEVEL LAGRANGIAN
the background of the Higgs boson field zero mode, is com-
puted and found to have a closed analytic form in terms of In this section we present a simple model based on an
polylogarithm functions. The Higgs boson squared-mass al=1 5D theory compactified o%$'/7Z,. The gauge sector
the origin is computed by diagrammatic methods and showand the nonchiral matter live in the bulk of the fifth dimen-
to agree with that obtained from the effective potential: it ission. In the minimal model the nonchiral matter consists on
positive definite in the minimal MSSM extension, which the Higgs boson sector. In nonminimal models we could add
asks for radiative corrections on the boundary to trigger elecany vectorlike extra matter, as, e.g., SU(2jiplets or com-
troweak symmetry breakina common procedure in theo- plete SU5) representations plus their antiparticles. In what
ries where supersymmetry breaking is gauge mediated to tHellows we will restrict ourselves to the minimal modé.
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TABLE I. CompleteN=1 towers of states in the model. We have separated by a semicolon the nonzero modes
coming from an even 5D fieldon the left hand sidefrom
N=1 zero modes N=2 nonzero (>0) modes those coming from an odd 5D fieldn the right hand side
Vector Chiral Vector Hyper We can then see in Table | how the complete=(

—o, . ..,+) towers are constituted.

As we can see from Table | the massless sector of the
theory coincides with the MSSM. The zero modes of the
gauge and Higgs boson 5D fields are 4D fields viith 1
=1 4D chiral multiplets, with well defined renormalizable S“Persymr_“et”c interactions,. while the chiral fields are re-
interactions with themselves and with the bulk fields, live ondUiréd to live on the boundaries and so they are genuine 4D

the 4D boundariegfixed points of the orbifoldSY/Z,). The N-1 Ifields,l as W?hWirlll see in thg nexft :F‘]ecgo?k, f?anlg th(;y
reason for having the chiral matter on the boundary is nof®MPI€te, along with the zero modes of the bulk fields, the

A . - SSM. Of course, to agree with experimental data super-
chirality, that can be obtained by tt#& projection, but the
fact that chiral fermions in the bulk would not receive any symmetry has to be broken. The Scherk-SchwB8

mass from the electroweak breaking mechanism due to th@e%hanisnim] v;/as used in Re[.30]| t% blreak supersyrfnmhe-
underlyingN=2 4D symmetry of the Lagrangian. try by means of a U(1gxU(1)y globa symr_netry of the
theory [a subgroup of the previously mentioned SU{2)

X SU(2)y group] with the corresponding chargegg,qy),*
which the mass spectrum depends upon.

The gauge fields in the 5D bulk belong to the vector su- After the SS supersymmetry breaking theKK mass
permultipletV=gV*T*, whereT“ are the generators in the eigenstatesr(>>0) are now given by two Majorana fermions
adjoint representation of the gauge group SK(BU(2).  (gauginos A", two Dirac fermiongHiggsinog H*™ and
xU(1)y andg the corresponding gauge couplings. The on-four scalar bosongHiggs boson h*™ andH*™, defined
shell field content ofV is V=(Vy,\',X), where M by
=u,5 (u is the 4D indeX \' is a simplectic-Majorana
spinor whose superindeix=1,2 transforms as a doublet of )\(tn)z()\ﬁ(“)i)\f(“))/\/i,
the SU(2% R symmetry and® is a real scalar. The Higgs
boson fields belong to the hypermultiplef§ [an SU(2)
doublet with hyperchargey=—1/2] whose superindex
=1,2 transforms as the doublet of a global group SY(2)
The field content, on-shell, of the Higgs boson hypermultip-
lets is 2= (H,¥?), whereH? are complex Higgs boson
doublets and¥? are Dirac spinors.

The 5D Lagrangian for vector and hypermultiplets is
given by[30,34

VLO) H%(O) Hi(o) VE{]);E(H)'Vgn) Hi(n);Hé(n) H%(n);Hi(")
)\3(0) \pE(O) \y%z(o) )\i(n);)\f(n) \p%z(n);\p&(n) \I,E(ﬂ);qIZR(n)

A. Fields in the 5D bulk

H(tn)E(qfl(n)i\PZ(n))/\/E'
h(t”)E[Hi(”)+Hg(n)I(H%(n)— Hi(n))]/Z,

HED=[H1 ™ —HMF (H3M+HIM)]/2.
2.2

The corresponding masses are given in Table Il, where now
n e Z runs over a whole tower. The masses of the zero modes

1 1 — . .
£5=Tr§[ - EFfA,NJr Dy |2+ iNiyMDyuNi—Ni[2 ] of the even 5D Higgs bosons
_ — 1
+|DyH2+i W yMD W2~ (i V2HIIN W2+ H.c) h‘o):E(Hi(O)JFH%(O)),

2
—W Swa-Hliy2ya- = ; [HI(a™ITH2P?,

1
HO=—(H}©—-H30), 2.3

where the SU(2)X SU(2)y invariance is explicit. Upon
compactification of the theory o8%/Z, the 5D fields are
classified under th&, parity into even and odd fields. The

ever? fields a2re tge vector 1mUI§|pIeVL A aqd the chiral local supersymmetry. Had we included gravity, theMB 1 super-
mgltlplets .(Hz ,2¥) and 2(I-il,\IfZR). ;’he odd fieldsi are the gravity constituted by the zero modes would be spontaneously bro-
chiral multiplets ¥s,%,A{), (H1,Vg), and H3, V(). The  yen with a gravitino masm,,=qgr/R, whereR is the fifth dimen-

7, parity projects out half of the states. In fact the odd com-sjon radius. For other ideas of breaking supersymmetry in a 5D
ponent of the zero modes is projected away while the netheory see Ref[26].

number of towers is divided by 2 since the positive nonzero ?Strictly speaking only th&k symmetry U(1) breaks supersym-
modes of odd fields replace the negative nonzero modes oiietry, while U(1), generates a commofsupersymmetricmass
even fields. In this way the zero modes haveNanl super-  shift for bosons and fermions. This can be explicitly seen from the
symmetry while the nonzero modes are arranged o2 mass spectrum of Table II: had we takggp=0 the corresponding
multiplets in the way that can be seen in Table I. mass spectrum would be supersymmetric.

1The SS mechanism has deep roots in supergr&g24y and su-
perstring[25] theories, where it is known to break spontaneously
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TABLE II. Mass eigenvalues of KK states. let in the bulk® The even auxiliary field gets mixed with the
: odd field of the 5D hypermultiplet. In particular, the off-shell
Field Mass Higgs boson hypermultiplet is given by3=(H? w3 F?),
G n+ad which szplits2 ingo even, rg%«}ff ,F%), (Hi,\I’_%l,Fi), and
—_— odd, H;,VYr,F7), (H3,¥|,F5), chiral superfields. On the
R . :
- boundary, the off-shell chiral supermultiplets are
H® In+q|
R HZ:(HE’\I}E’FZL
h(® [n+(0r—0w)| _
R HlZ(HlTl‘PlIFI)i (25)
H® In+(dr+0h)| S .
— R where the correspondirig fields are given by
Fy=F3—asH7,
are given by r—qu)/R and @Qr+9y)/R, respectively. In Flei_O’)SHé_ (2.6)

the generic casgg# gy no massless zero mode is left in the
theory and this prevents electroweak symmetry breaking The auxiliaryF and D fields appear now in the 4D La-
(EWSB). In the particular casgr=qy=w the Higgs dou- grangian of the boundary fields as in a norm\ak1 La-
blet h(®) is massless, the Higgs sector coincides with that ofrangian. When those fields are integrated out by means of
the standard model and EWSB can proceed by radiative cotheir equations of motions, new interactions terms do appear.
rections, as we will discuss in Sec. IV where we will focus We will now use those results in our particular model, the
on this case. In the limiting case=1/2 there is an extra full development can be seen in Rg19].
massless modé{ (") and the Higgs boson sector is identical L€t us consider a family of left- and right-handed quark
to that of the MSSM. This case will also be discussed in Secsuperfields Q,q,), (U,ug) and (O,dg) living on the bound-
IV where we will show that it is phenomenologically unap- ary atxs=0.* Since only the 5D even fields are nonvanish-
pealing due to the fact that the down fermion sector remaindd at Xs=0, the gauge and Higgs boson supermultiplets
massless since the Higgs that couple to it do not get a vadorm N=1 supermultiplets on the boundary.
cum expectation valu/EV). The gauge superfield V(, A{ , X3~ 353), couplings to
the left-handed quark superfields are given in RES5,19.
After eliminating the auxiliary field<®, we get
B. Fields on the 4D boundary

When considering a 5D theory in an orbifold/Z,
coupled to two 4D boundaries, one has to be careful when 5
dealing with the off-shell formulation of 5D supermultiplets. =t = 9 2fra® 2

. . ; —-Q'(a - = T S(x
The reason being, as discussed in IRE3], that on top of the Q(9s2)Q 2 Ea: (QTQ)"0(x5)
even 5D fields, also thés of odd 5D fields couple to the
boundary, since they are part of the auxiliary fields of the _922 (QTTab)(H;I(Oﬁ){TaH?) 8(xs). (2.7
correspondingN=1 supersymmetry algebra. @

In the case of a vector multiplet in the bulk, the off-shell
multiplet is obtained by adding an SUR}riplet of real-
valued auxiliary fieldsx” [34]: V=(Vy ,\',%,X"). Classi- 3 this case two different auxiliary fields are needed because of
fication under 7, yields even Y, AL,X%) and odd  the SU2) automorphism group of the supersymmetry algebra.
(VS,E,)\E ,)(12) vector superfields. On the boundary, it was “The choice of the boundarg =0 is completely general since we

shown in Ref[19], that the off-shell multiplet/,, ,)\i D), can always make a change of variables in the orbifoleF x5
with — 7R interchanging both boundaries. Our only hypothesis is that all

chiral matter is located on the same boundary. Models with matter
on both boundaries would give rise to a different phenomenology.

SThe last term in Eq.(2.7) comes from the interaction
H1'(0%)IX*H? in the off-shell formulation of the 5D Lagrangian.
Notice that this term was absent from Rgif9] because only gauge
closes theN=1 supersymmetry algebra. The reason for thatie|ds were supposed to live in the bulk therein. It will appear in
can be traced from the transformation law of the particulafgeneral whenever there is matter in the bulk and in the boundary
combination(2.4): it transforms as a total derivative under a with common gauge interactions. In our case no such term will
supersymmetry transformation, which is precisely what it isappear for SU(3), while terms mixing®, U, D, T, andE in the
expected for & field. boundary with the Higgs boson sector in the bulk, as in @d7),

The same argument is valid in the case of a hypermultipwill appear for the SU(2) and U(1), gauge groups.

ﬁsZ[lD#QIZHq—La“D#qL— V2i(@T\lg +H.c)

D=X3-0:3, (2.9
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n=—oo

A similar expression to Eg2.7) holds for the couplings to h
the right-handed superfields. After reducing the Lagrangian 2 (h™M+H™M)Tq, d
(2.7) to 4D, one has in the physical basis V2

B +hHO (DQdr+q, D) +H.c.
£,=|D,Q?+iq o*D,a.— > V2i(Q"\ Mg, +H.c)

n=—o

h? ~ ~
S L+ HO QP24 (™ +HO) B

Zon. - 0?mR N
23, 20— 25 S (@1TeR)%5(0)

~ n+qr— ~
+|QD|2]+hth(“)TQD
2 oo
_g_ AtTaRhM)Tay(n)t
5 n;w }a) QM QhMTHM L He), (2.8 X n+qR+q”H(”>TQB+H i o1
b \/ER B .
where
I1l. ONE-LOOP CORRECTIONS
_ O . (n) In the previous section we have depicted the tree-level
Du=dutiVy +I\/§r1§::1 Vi’ structure of the model. Upon compactification to 4D on
S'/7, and supersymmetry breaking by the SS mechanism,
" the mass spectrum and couplings of zero-modes and KK ex-
5(0)= — E 1, 2.9 citations depend on two parameters andqy . Even if su-

persymmetry is broken in the bulk, fgg=qy = w there is a
massless Higgs boson doubléf’, and EWSB should pro-

. . : ceed by radiative correctiofisTo achieve this task we have
andg is now the 4D gauge coupling that is related to the 5Dt0 com}l)ute the Higgs boson mass induced by one-loop ra-
gauge coupling by|sp=9|sp/V7R.

The Yuk I f the Hi b hiral diative corrections in the bulk or, more generally, the one-
e Yukawa couplings of the Higgs boson chiral super-, etfactive potential in the bulk in the presence of a con-

field H, to the quark superfields on the boundary are giver‘.stant background Higgs boson field. On the other hand,
by supersymmetry, though broken in the bulk by the SS mecha-

Csz{ht[ngwR"‘ \I'E(QUR‘F q.0)— (35H%)60 +H.c]
- |htH§6|2_ |htH§U|2_ |ht0(~3|25(xs)}5(xs),
(2.10

and a similar expression holds for the coupling of the Higgs

boson multiplet, to the quark superfields on the boundary
with the Yukawa couplingh,. After reduction to 4D, the
Lagrangian in Eq(2.10 yields, in the physical basis,

[

L4= E

n=-—o

h
\/_%(h(n)_H(n))QLuR

+hH"(Qug+q, U)+H.c.
htz (n) M2 (m My|2
= 5 (W™ =HM)QI+|(h™ —H™) U

~—~ n+gr— ~~
+|QU|2]—ht%h<mQu

N+0r+0ay

V2R

+h, HMQU +H.c.|. (2.1

For the bottom sector one obtains

nism, is unbroken on the boundary. Transmission of super-
symmetry breaking from the bulk to the boundary should
proceed by radiative corrections as we will see in this sec-
tion. This transmission will be gauge mediated and thus free
of any problem related to flavor changing neutral currents.
These issues will be studied in the present section.

A. Radiative corrections in the 5D bulk

We will start by considering the effect of a tower of KK
states with different masses for bosons and fermions

1
2 _ 2
mg=(n+0g) =l

mé=(n+qg)? n=0+1%2.... (3.1

%1

We want to compute the one-loop effective potential for a
massless scalar modg (the one to be associated with the
SM Higgs boson fielch(®)), induced by this tower of KK
states. This is given in the Landau gaugee Appendix A

by

SFor the caser+ qy all Higgs boson doublets acquire a tree level
mass~ 1/R, which would prevent the possibility of EWSB for val-
ues of 1R in the TeV range.
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4 2, M2 2/ 2 v
V=£Trf d*p p*+M=(¢4)+(n+0gg)/R {,j; Ao
2 (27T)4 nE p2+M2(¢)+(n+qF)2/R2 ’ h®3 __h(O)h(O)___O___ h®
(3-2) ﬁ(n)
() () y(n)
where Tr is the trace over the number of degrees of freedom A i
of the KK tower andM?(¢) is the ¢-dependent mass of the WO A2 h® RO N/ n©®

KK-states. In Eq(3.2 we must first perform the summation
over the KK states and then integrate with respect to the
momentum. The calculation has been performed in Appen-

FIG. 1. Diagrams that contribute to the squared-mass of the
Higgs boson fielch(®).

dix B using techniques borrowed from finite temperature cal-

culations. We obtain

1
oo V(e @)= V(rg, d)], 3.3

V=
12875R*
where

V(ri,¢)=x?Lig(rie *) + 3xLi,(rie *)+3Lis(r;e %)

+H.c,, (3.9

x=2m7RYM?( ),

and Li,(x) are the polylogarithm functions

ri:eiZﬂ-qi,

(3.9

0

Xk
Lin(x)zk}:‘,l o

As in finite temperature, the result is independent of the ul-

L M)
m5, 327TATr[ m*(gg) —Am“(gg)] Tk ¢:0,
(3.8

where
Amz(q)=—1 [Lig(€2™)+Liz(e 2], (3.9
2R?

This coincides with the result in Rdf32], and can be inter-
preted diagrammatically in terms of the diagrams of Fig. 1.
In particular, we can calculate the one-loop mas&f for
the model described in the previous section in the agse
=(gy=w. Considering only the SU(2)interactions, Eg.
(3.8 yields

, 9

m f—
¢ 647"

[9AM?(0)+3AM?(2w) — 12Am?(w)].
(3.10

traviolet cutoff. The above potential is monotonically de- e Higgs boson squared mass at the origin, defined by Eq.

creasing(increasing with x if qe<qg<1/2 (Qz<qr=1/2);
therefore if only Eq.(3.3) is present, is driven to infinity
(zerg. We can expand Ed3.4) for p<1/R (x<1):

2
V{1, ) =3[ Lis(1)+ Lis(r*)] = 2 [Lis(r) + Lis(r*)]
Xt (1-1)?

8In —-r

X+ O(x®). (3.6)

15

This expansion is only valid if is not close to 1, for
=1, the expansion is

3 1
———-logx

1
4, — 5
16 2 X+ —X

15
(3.7)

V(r=1,¢)=6¢(5)— {(3)x*+

+0O(x9),

(3.10, is positive definite and therefore radiative corrections
on the boundary will be required to trigger EWSB, as we
will see in the next sections. This procedure is a common
one in theories where supersymmetry breaking is gauge me-
diated to the sector of squarks and sleptons. The value,of
defined by Eq(3.10 is a monotonically increasing function

of w and takes values in the range<@n,<4X 10 ?/R for
0<w<1/2. Thus the scalar remains around two orders of
magnitude lighter than the compactification scale.

B. Radiative corrections on the 4D boundary

The scalar fields on the boundaliye., squarks and slep-
tong are massless at tree level. Nevertheless, since super-
symmetry is broken in the 5D bulk, the breaking will be
transmitted to the fields on the boundary at the quantum
level.

Let us consider the gauge corrections to the mas®.of

where £(x) is the Riemann-zeta function. Notice that the The interactions betwee@ and the gauge supermultiplet are
only odd-term in thex-power expansion of the potentia?  given in Eq.(2.9). At the one-loop level, the diagrams that
canceldsee also Appendix Bn Eq. (3.3). This means thata contribute tomg are given in Fig. 2. The firstlash two
cosmological phase transition in the 5D theory at temperadiagrams are provided by the interactions in the fisstond
turesT>1/R, that can be described by means of a genuindine of Eq. (2.8), while no contribution at one loop comes
5D field theory at finite temperature, is always second orderfrom the terms in the third line of Eq2.8).

A similar observation has been recently done in R&Y).
From Eqgs.(3.3) and(3.6), we can obtain the mass ¢f at
the one-loop:

We must sum over the full tower of KK excitations. Us-
ing the methods of Appendix B to sum over KK-states, the
diagrams of Fig. 2 give
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A
7\‘(11)
G Ll a 5 (V3
qu
Q
(n) =
~ /;\ ~ ~ (D ~
Q_~h_Q Q_x..___Q

FIG. 2. Diagrams that contribute to the mass@ffrom the
gauge sector.

mg =2 Z(Q)[Am2<0> AmA(qe)], (3.1
47
where C,(Q) is the quadratic Casimir of the

Q-representation under the gauge gréupnd Am?(q) is
given in Eq.(3.9).

The interactions of) with the Higgs boson sector can be
read off from Eqgs(2.11) and(2.12). At the one-loop level

the h, corrections to the mass @ is provided by the dia-
grams of Fig. 3. The result is given by

2
2

ma=

[AM?(dr+0y) + AM?(dr—dn) —2Am3(qy)].
(3.12

A similar expression to Eq3.12 holds for theh,, correc-
tions.
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h(“)’H(n) -
~ l/—\\ ~ o~ H(“) ~
Q->2_Q Q__- --Q
Ug
U
h(n),H(n) I/’\\
Q_.~_Q Qv __.Q

FIG. 3. Diagrams that contribute to the mass@ffrom the
Higgs boson sector.

mZ=[Am?(0)— Am?(qgr) ]/ 72, (3.14

and

Amﬁ=[Am2<qR+qH)+Am2<qR—o|H>—2Am2<qH>]/(2w35
3.1

with Am?(q) given in Eq.(3.9). In Eq. (3.13 we have kept
only the Yukawa couplings, , and definedat,bzhﬁb/4w.

Finally we have computed the contribution of the KK
towers to the soft-breaking trilinear couplings between two
boundary and one bulk fields. This contribution arises from
gaugino loops as depicted in the diagram of Fig. 4. The
leading contribution to the parametdy is provided by the
exchange of gluinos and given by REB2]:

8 a3
t_6 20

I27TqR)_| Li (e I27TqR)]

(3.1

In this way one can compute the radiative corrections to

the masses of the sfermio@sU, D, L, andE, in the model
presented in Sec. Il. The result can be writter] 2%

8 3
6

1 1
e I a2+ GOal)Am + = (at-l—ab)AmH,

2 | A2+ @A
a3 150(1 mg e %3 mH,

1
—~agz+ 15a1)Am + abAmH ,

alAmz (313)

'We are using the convention for the generatorsTJFA
=T(R) %P andTaT2=C,(R)- 1, whereRis a representation of the
gauge group and the unit matrik has dimensiord(R) X d(R),
where d(R) is the dimensionality oR. In particular if N is the
fundamental representation of SU), T(N)=1/2 and C,(N)
=(N2—1)/(2N), and for the adjointAdj) representationT (Ad))
=C,(Adj)=N.

The mixing A; vanishes aigz=0,1/2 and is bounded by
|A|<2x10 2/R. The relative top squark mixing is rather
small: the functiora;(ggr)=A;/nT; is monotonically decreas-
ing with gr and takes the values 0.33, 0.18, 0.12 and zero for
gr=1/10, 1/4, 1/3, and 1/2, respectively.

IV. ELECTROWEAK SYMMETRY BREAKING

In Sec. Il we have described the tree-level mass spectrum
of all KK excitations. In particular we have seen that for
qr=0y=w the zero modé® is massless and thus a good
candidate to become the SM Higgs boson. It is useful to
know howh(® is identified with the two Higgs bosons of the
MSSM, H; andH,. The latter are scalars with the SM quan-
tum numbers 1,2,1/2) and (,2,—1/2), that couple, respec-
tively, to the down and up fermion sector. Therefore, we
have from Eqgs(2.11) and(2.12

1
h<°>=E(U2H*;+H2), 4.9
H;
:
|
N\
6 e ?\‘(l’l) \\ ﬁ

FIG. 4. Diagrams that contribute #y, .
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TABLE Ill. Degrees of freedom and masses for KK modes. 110 . . . . . . . . .
- 105 -
Field d; Mass 100 L
(n)
%4 3x3 n2+1 » 95 L
— 179 L
N 3x2 (ntw? 1 S 85f
2 £
= 2% 80 |
A 2%2 (ntw? 1 ) nr
R +5 Ca(H)God 70 -
(n) 65 -
H 3 (n+2w)2 l 2 2 1 1 1 1 1 1 1 1 1
= 2% 60
0 005 01 015 02 025 03 035 04 045 05

w

FIG. 5. Mass of the Higgs boson field coming from the minimi-
zation of the effective potential.

where o® acts on the SU(2) indices of the Higgs boson
doublet. In the range @ w<1/2 all modesH(™ get masses there were generated at one-loop, E113. However this
proportional to 1R and become supermassive. In particular,correction can be numerically relevant, due to the smallness
the orthogonal field to Eq(4.1), that includes the MSSM of the bulk-generated mass at the origin for the Higgs boson
Higgs bosorH?, H=, andA, get a mass @/R, and then a field, and must be the leading two-loop correction to the
zero VEV. This implies(if h(®) gets a nonzero VEVthat effective potential. This contribution takes the usual form
(Hy)=(H4) or tang=1 in the MSSM language. On the
other hand, the Higgsino zero mode also gets a tree-level 1
massw/R as we have seen in Table II. Therefore, there is no Vap= >

. . 64
u problem in this class of models.

In order to find out whether there is a nontrivial minimum whereM is the mass of the particle on the boundary which

that can induce EWS.B’ the effective potential of &8.3 ._includes the EWSB contribution from the Higgs boson field
has to be computed in the presence of the background flellq(o) . —
and @ is a renormalization scale. The only relevant con-

=2(h©® i ial i i

p= V2(h®). The effective potential in the bulk was 9Ven tibution to Eq.(4.2) is that coming from the top/stop secfor.

In Eq. (3'4) and the background dependent masses vyh|c ow the one-loop potential4.2) is similar to the MSSM

aZp [:)lea_ltr:n Eq(3.5 fcal? I?E reag off froml'?he SH? Lagrangian done, once we have introduced the soft-breaking parameters
.( D). t? mafsg ofa f][no desrdas we .an € C(;r:reg%)n from Egs. (3.13 and (3.16. Finally we will choose the

ing number of degrees of freedordf coming from the renormalization scal€@ as the boundary fixed by the lightest

gSrSuzp structure arelldisp\llz\ilyed in Ta:)Iet-III, ;/t\:hegga;stthe tree-level mass below which the theory can be considered
(2). gauge coupling. We are neglecting the U{Inter- 4D, i.e., the gaugino or Higgsino ma&gR.

actions. The counting of number of degrees of freedom is as Now we proceed in the following way. For a fixed value
follows. F_or the gauge fields we have ‘h”?e degrees of freeéf 0<w<1/2 we write the full effective potential, Eq€3.3)
dom coming from the SU(2)structure(a triplep and three lus (4.2, as a function of andR. By imposing the con-
from the trace over Lorentz indices in the Landau gauge. Fogition t.ha,t<¢>=246 GeV we fix the value of the fifth di-
the gauginos there are three degrees of freedom from th ension raditsR as a function ofw and we can deduce

S:lfziz]Lostrggtrutrﬁe ?—lnid tsvi\’noo;r\?vrg ;258 hgoi?rggarelztugf fgef_rom it the value of all soft-supersymmetry breaking param-
gaug ' 99 9 eters as well as the mass of the light physical Higgs boson

dom arising from their Dirac nature. Finally, in the HIggs o) e jatter is shown in Fig. 5 as a functionof We see
boson sector, since there are no quartic couplings mvolvmgron'] Fig. 5 that the maximurﬁ value is achieved when

(N f ()
?:gii\t/gegwsféelriégggé Sﬁ]mzriizmg??ﬁgt:hg]; tgg co];lnelinenfs 1/3, and that for this particular value afthe Higgs boson
1N P 9 P mass is~107 GeV. The presence of a light Higgs boson is

and the real part of the neutral componetite imaginary ™" ne tact thah(© is a flat direction of theD-term

g? ]rc::eode(;smonly receive the SS masstotal of three degrees potential [30] and therefore its quartic coupling is zero at
. 1

By using the squared-mass and degrees of freedom Valuérsee-level. The spectrum fap=; is presented in Table IV
from Table Il in Eq.(3.3) we see that the squared-mass term
in the potentialmfﬁ is positive for all values ofw [see Eq.
(3.10 and comments that followJitwhich prevents the ex-  ®We can neglect the sbottom sector, since for ganl, this
istence of a nontrivial EWSB minimum. However we have would provide subdominant contributions.
also to include in the one-loop potential the contribution %we are not considering the compactification radius as a dynami-
from the 4D fields in the boundary. Technically speaking thiscal variable. Some ideas on how to dynamically fix the valu® of
is a two-loop contribution because the masses which appeaan be found in Ref32].

Strm*

M? 3
|Og&— E), (42)
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TABLE IV. Supersymmetric chiral spectrum for the model with
1

3 -3.0472
w=3.

1R m, mg mp mg -3.04725
24 TeV 8 TeVv 2.2 TeV 1 TeV 496 GeV -3 0473

for the supersymmetric chiral matter, and in Table V for the =3-04735
Higgs boson sector. For this case the shape of the effectivi
potential is shown in Fig. 6. -3.0474

We also plot in Fig. 7 the mass spectrum of this model as ~ 7
a function ofw. It is worth noting that the overall shape is
similar in every case and also similar to the one in Fig. 5. FIG. 6. Effective potentialin TeV*) as a function of¢ (in

As can be seen in Tables IV, V this model predicts aTeV).
rather heavy spectrum of supersymmetric particles. In spite
of this fact(and unlike the case of the MSSM with a similar Nevertheless, this model is phenomenologically problematic
mass spectrujrthe mass gap between the electroweak scalsince in the limitw=1/2 the theory has a residual symmetry
[O(100) GeV] and the supersymmetric spectrum that does not allow for akl;H, mixing term(i.e.,Bx=0 in
[O(few) TeV] is generated by finite radiative corrections the MSSM languageand therefore the VEV of is zero.
(without any large logarithm as in the MSSMnd there is To see that notice that fav=1/2 the Higgsinan KK mode
no fine-tuning in the usual sense. Notice that the only inde¢in Table Il) is degenerated with the n—1 KK mode, and
pendent parameter in our theorydsand therefore there is theh(™ KK mode with theH(""~1). Therefore the theory in
no possibility to tune the spectrum. The heavy spectrum ofhe bulk and the boundary is invariant under the discrete
Fig. 7 is in fact an unavoidable prediction of the theory.transformation
Another characteristic feature of the spectrum is that the LSP

0 0.1 0.2 0.3 0.4 0.5 0.6

is the right-handed selectron, due to the fact that supersym- h®HEL,
metry breaking is transmitted via gauge interactions. Having _ _

the right-handed selectron as the LSP presents some cosmo- He—HMY,
logical difficulties. A possible way out is tha& parity is

violated, so as the LSP is not stable. Other possibilities were AP oRED,
discussed in Ref32]. We must remark that the results on

the light Higgs boson mass are quite sensitive to the value of (Q,9)<(Q,q.),

Q in Eq. (4.2); a little variation in this value, turns out to

make a large variation in its mass. This implies that there is (U,up) = —(U,up),
a certain uncertainty in the actual valuengf, that would be

aminorated if the two-loop contributions are incorporated. (B,dR)H(f),dR). (4.4

Nevertheless, we think that this two-loop calculation is not
needed yet, since the experimental uncertainties on the vafhis symmetry impliedH,—H,; andH,— —H, and conse-

ues tht anda3 are still |arge. Furthermore we do not eXpeCt quently no mixing_mass term between the MSSM Higgses
that the overall shape of the spectrum would be changed by

these two-loop corrections in the bulk. 102 ¢
Let us finally consider the case=1/2. As we said, we ’

have in this case two massless scalars in the specti{fh,

andH( 1), that can be associated with the two Higgs bosons

of the MSSM: 10" k _
(0) 1 21y * g
h :E[o— H 1 + Hz], E
1 E E
(-1) 1 2%
H :E[U HT —Hsl. 4.3
—1 1 1 1 1 1 1 1 1 1
1TABLE V. Higgs boson sector spectrum for the model with 10 0 005 01 015 02 025 0.3 035 04 045 05
=3. w
tang me Mp= = Mo ma m, FIG. 7. Masses of the different supersymmetric particles of the

spectrum. From top to bottom we have the Higgs boson doublet, the
1 8 TeV 15.9 TeV 15.8 TeV 107 GeV gauginos and Higgsinos, the squarks, the left-handed sleptons, and
the right-handed sleptons.
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can be generated at any loop order. Note also that in the limit ~ VI. UNIFICATION WITH SS SUPERSYMMETRY
w=1/2 the theory has also dR symmetry, since the two BREAKING

Majorana gauginoa (™ and\(~"~%) can combine to form a
Dirac fermion. Consequently the ftrilinear terr(.16 are
not generated in the limib=1/2.

The phenomenology of gauge coupling unification in the
presence of extra dimensions was studied in H&flswhere
it was proven that a sufficient condition for unification is that
the ratio

V. AN ALTERNATIVE MODEL
: : : - b{* — bl
In this section we want to present a different possibility : !
from the model studied above. We will assume quarks and
leptons live in the bulk but the two Higgs boson supermul-
tiplets live on the boundary. This possibility, although it suf- ] MSSM
fers from thew problem, presents a different and interestingdoes not depend oni,{), where b; are the MSSM

Rij= pMSSM_ |, MSSM’ (6.2)
i i

phenomenology. B-function coefficients anth® those of theN=2 KK exci-
Quarks and leptons can arise from the zero modes of hytations. Using bMSSM=(33/5,1_,— 3) and be<=(6/5,—2,
permultiplets. Compactifying i$*/Z,, we can obtain a chi- —6) for the model presented in Sec. Il and in R&0], we

ral theory withN =1 supersymmetr}® We can again use the can see that it does not satisfy the necessary requirements to
SS mechanism to break supersymmetry. Takjpg 0, the  fulfill gauge coupling unification. This fact has recently mo-
squarks and sleptons get masses at the tree-level equal tigated the suggestion of enlarging the model with the extra
gr/R, and the massless sector in the bulk corresponds to tH&ypermultiplets [ (a=1,2) [8] which are SU(3)

SM fermions andas in the model aboyeo the SM gauge X SU(2). singlets and having hypercharye=1. In Ref.[8]
bosons. Now, however, since the two Higgs boson doubletd was proven that the enlarged model unifies as well as the
live on the boundary, the scalar Higgs bosons and Higgsino&!SSM provided that we can introduce a supersymmetric
are massless at tree-level. As in the model above, the scalftass termug=1/R for the new fields, that can be done by
Higgs bosons will get masses from their interactions with themeans of singlet fields getting nonzero VEVs. In this section
bulk!! but the Higgsinos will remain massless at any loopwe Wwill discuss how to incorporate the field in our for-
order; the model suffers from the problem. To make the malism where the SS mechanism breaks supersymmetry and
model phenomenological viable a Higgsino mass must b&0ow the extrgu problem can be solved in a similar fashion
generated. A simple way to give mass to the Higgsino isas theu problem for Higgs boson fields. Also we will study
through a nonzero VEV of a singlé&ffield coupled taH,H,.  the issue of gauge coupling unification in the presence of SS
We will not specify here hov gets a VEV. We just want to  supersymmetry breaking.

point out that the phenomenology of this scenario is quite Introduction of the hypermultiplet§® in our formalism
different from the previous one. The Higgsinos are the LSPs¢an be done along the same lines as those leading to the mass
Since the gaugino mass is very large, the charged Higgsingpectrum and interactions of the hypermultipléfsin Sec.

will be slightly heavier than the neutral Higgsino, with a Il A. In fact, the 5D Lagrangian for the vector multiplet’
mass difference of few GeV[86]. Therefore the LSP is a and the hypermultiplet§? is given by Eq.(2.1) after replac-
neutral particle that does not present the cosmological probing H?—TF2, yielding mass eigenvalues as those given in
lems of a charged one. The mass degeneracy of the Higgsl-able Il after the replacemenj,—qr. There is also the
nos, however, makes their detection problematic. The usuaoupling of matter supermultiplets on the boundary with the
decay channeH ™ —H%ywv cannot be used to deteét™, hypermultipletsi® corresponding to the last term of Egs.
because of the lack of energy of tee decay products. In (2.7) and(2.8). Note that by choosingjr#gr no massless
this case, the detection of the charged Higgsino must be caftodes do appear in the spectrum and all zero modes will

ried out by photon tagging. acquire masses: 1/R, as reql_Jired by gauge coupling_unifi-
cation, without any need to introduce supersymmetric mass
terms.

For scalesQ<1/R the standard Coleman-Weinberg pre-
scription for the gauge couplings gives the one-loop result
for the previous model,

9n a string theory, if the Higgs bosons live on the boundary
(twisted sector of the orbifojdand the quarks live in the bulfun-
twisted sector, the Yukawa couplings can only be generaten
respect the,, symmetry of the orbifoldithrough nonrenormalizable

couplings, as, e.gXH,q, ug, whereXis a SM singlet living on the SM pMSSM_ KK 4
boundary(twisted sectorwhich must acquire a VEV of the order of aifl( Q) =a; 1(/\) + =+ =
the high-scale\ (cutoff). 2w Q 2 M

Notice that in this case, the finite one-loop contribution to the
mass ofH,, arising from the top quark or top squark sedtvat live +
in the bulk can be negativéthis is given by Eq.(3.12 with gy
=0] and dominate over the positive gauge contributidfy. o gt
(3.1D]. This would make the EWSB easier and lead to a heavier % 2 j”\"c _e*(n+wf)2’[M(2:, (6.2
lightest Higgs boson mass. n=—ew Jra72 t

N[ =

1
— 2 bOT(Ry
4w T pa
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where the mass of theth KK excitation of thef field is (' ing N=2 SU(2) algebra, the massless spectrum in the
+wy)/R, we have already introduced tlig projection,M.  Higgs boson and gauge sector coincides with that of the pure
=1/R, the cutoff coefficient if9] r=m/4, b*"=(41/10,  standard model while their fermionic partners acquire tree-
—19/6-7) and the B-function coefficients b are  |evel masses. Chiral sfermions are massless at the tree-level,
b(gauge bosony —11/3,  b(Weylfermion)=2/3,  and  gsjnce chiral matter is supposed to live on the four dimen-
b(complex scalary- 1/3. They obviously satisfy the condi- gjgng] boundary of the fifth dimension.

tion =bT(Ry)=b{ where, for the enlarged MSSM  gypersymmetry is gauge and Yukawa mediated to the chi-
model, ral sector by radiative corrections, which also trigger elec-
troweak symmetry breaking. In those aspects the model

KK _—
b™"=(18/5-2,-6). .3 shares common features with any gauge-mediated supersym-
The last integral in Eq(6.2) metry breaking model but with a very characteristic spec-
trum. Electroweak breaking is achieved with a rather light
S dx ) SM Higgs boson(lighter than ~110 GeV), very heavy
|("))=n=§;oc Jr(M /A)27 Smrer (6.4) gauginos, Higgsinos and non-SM Higgs bosomgh masses

~1/R), and chiral sfermions at some intermediate squared
can be computed with the help of the Poisson resummatiomasses{ «;/R?) whereq; are either gauge or Yukawa cou-
formula plings. The model does not suffer from apyproblem since
. there is an effectiveu parameter~1/R: in fact both the

(o) | - — (#2IX)n2—2i 7o Higgsinos and the pseudoscalar Higgs boson acquire masses
> e ” > e , (6.9
n=—o

£ ~1/R.
n=-—oo
Gauge coupling running and unification in the presence of
and it can be approximated by extra dimensions is studied when supersymmetry is broken

by the Scherk-Schwarz mechanism. Concerning the running,
in the presence of the fifth dimension, we have computed the
contribution from a tower of KK-excitations with a mass
given by (h+ w)/R. The leading contribution;-(AR—1),
Can is w independent, while all the dependence is concentrated
=4 M_c_1+ 1,€ cod27aw) |, 6.8 in subleading contributions which are corrections
~10 ’cos(2rw), and therefore negligible.
where Erf is the error function and we have used its The model we have presented in this paper must not be
asymptotic expansion, which is dominated by the1  considered as a unique model, with unique predictions, but
mode. The functiori6.6) exhibits a tinyw dependence since rather as a representative of a class of models sharing com-

A 1 & cog2mnw)
|(a))—4(M—c—1+ E ng]_ T

[1—Erf(2n\/;)])

e *7/4w~10"". Therefore Eq(6.2) looks similar to mon features: there is some extra dimengipat the TeV
M MSSM_ KK 4 sgale which trig_gers, through the Scherk-Schwarz mecha-
a Q):afl(A)+l_|n_c+ i L nism, the breaking of supersymmetry and the electroweak
' ! 2 Q 2m M. symmetry. Other possibilities, apart from the minimal model
bKK | A we have studied in great detail, have been pointed out, that
'_(__1), (6.7  offer a wide and rich variety of different phenomenological
2m \M¢ outcomes. Since the common feature of all these models is

the appearance of extra dimensions at the TeV scale, they are
festable at present and future accelerators, which makes it
worth pursuing their analysis and, in particular, the search of
their experimental signatures. From a more fundamental
point of view it would be important to find consistent string

In this paper we have addressed the issue of extra dimenwacua reducing to our models at low energies: e.g., D4
sions at the TeV scale as a possible origin of electroweakranes in compactifications of type-lIA orientifolds or D5-
breaking for the standard model, as well as the source of soffranes in type-I (‘) or type-1IB orientifolds. Some of these
breaking terms in its supersymmetric extensions. In ddeas are at present being investigaied,37.
bottom-up approach we have constructed a minimal exten-
sion of the MSSM in a five-dimensional space-time, with

and unification proceeds, concerning KK-modes, as in th
supersymmetric case.

VII. CONCLUSIONS
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APPENDIX A: GAUGE FIXING wherel = 7R is the length of the segmen, is eitherqgg or
gg in Eqg. (3.2, a global minus sign has to be added in the
case of fermions, anB?=p2?+M?(¢).

We will first evaluate the infinite sum over the KK modes

In this appendix we will show that, in the 5D Landau
gauge, the Goldstone bosorf” decouples from the La-
grangian. This is a nice feature of the five—dimensionalin

theory.
We start with the kinetic gauge boson Lagrangian plus a 1 =
gauge fixing terrtf in five dimensions: W= > In[(IE)2+ (n+ w)??], (B2)
n=-—oo
L e 1 M)2 or equivalently, in

ESI_ZF FMN—Z—g(ﬁMV ) . (Al) q Y,

| red f EqA1) lead he foll il IZEi ! (B3)
Dimensional reduction of EqAl) leads to the following == > 7 o
expression: JE === (IE)"+(n+ o)

by means of well known techniques used in field theory at
finite temperature. To this end we will make use of the iden-

©

1 n?
L4= E ( _ ZF(H)MVF,SF3+ EVE&”)V(”)M

n=0 tity
1 11 n? 1 z—(n+tw)m e%er
— (9 V(n),u 2| 4 —9 V(n)(gﬂv(n)_ _V(n)z =2i lim - : ,
25( " ) nzl 2%m 5 5 2§R2 5 (IE)2+(n+w)2772 2 (n+w) T e2|Z_eZIw71' (lE)2+22
) (B4)
n
+= E_l) d,VmWeyM | (A2)  and replace the infinite sum in E@3) by an integral in the

complex planez over a contour which is the sum of the
contours encircling anticlockwise the infinite number of
The propagators fov']” andV{", using Eq.A2), are given poles along the real axis at=(n+ ). We now deform
by this contour into a contour going fromio+ie to —o+ie
(which can be closed clockwise &|— o) and a contour
PP, going from —x—ie to +o—ie (which can equally be
Nt (€~ 1>m ' closed clockwise afz]—), and make use of the residues
P theorem to perform the integral over This easily yields

—i
(mymy_ '
(Vv = R

1
(VIO = (A3) W=IE+ 21 In(1- re 28)+In

1
- 1——e_2'E>], (B5)
p2_ n2/§R2 r
Taking now the limité— 0 in Eq.(A3) we obtain the normal wherer = exp(-2iw), which corresponds to the decompo-

. ; sition of the effective potential as

propagator for a massive gauge boson in the Landau gaugge,
but we note that the propagator for the Goldstone boson V=V® VR (B6)
vanishes, SO/(S”) decouples from the Lagrangian for each
mode. The conclusion is that the Landau gauge in five diThe first term in Eq(B6) comes from the first term in Eq.
mensions leads to the Landau gauge in four dimensions fqB5) and provides a genuine 5D effective potential. It corre-
the gauge bosons and to theitary gaugefor the Goldstone  sponds to the decompactification limR{ ) of the theory

bosons. and it is similar to the zero-temperature term which is ob-
tained in field theory at finite temperature calculations. Since
APPENDIX B: THE EEFECTIVE POTENTIAL the 5D theory is not renormalizable, it must be computed by

) . . ] _introducing a physical cutoff\ in the integral. Then the
In this appendix we will compute the effective potential integral can be given an analytical form as

corresponding to a tower of bosonic and fermionic KK
modes with masses given by E.1). The basic integral we ) 4
vt |

d
have to compute is then Fjl)\/p +M“(¢)
T

4.
V= Efd_p > In[I1?E2+(n+w)?7?], (Bl '
2) (2m4n = " 1647

4 2
[1—5M5+ 1—5\/A7+ M2(3A%+ A2M2Z—2M%) .
(B7)

2ve consider first an Abelian theory, the translation to the non-Notice that upon expansion of E(B7) in powers ofM the
Abelian case being straightforward. only odd power is given by th#° term. This term cancels
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the similar one in the expansion ¥® [see Eq.(3.6)] and V) do cancel. The second term in E&6) comes from the
there is no odd-power term in the expansion of the effectivdast two terms in Eq(B5) which yields, upon integration
potential’®> However, in a supersymmetric theory(B“) over angular variables,
=V and the contributions to the effective potential from
VR = 16 dey y{ln(l—re‘“y””RM)z)Jr rH%H.
327°R*Jo
BThis is in contradistinction with the case of a 4D theory at finite m (B8)
temperature where there is &h® term in the bosonic expansion,
which triggers first-order phase transitions. As a consequence, in a

5D theory at finite temperature the phase transition should be ofinally, they integral can be performed analytically giving
second order. the result that can be found in E¢8.3) and(3.4).
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